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PREFACE TO THE EIGHTH EDITION

This Eighth Edition of the Concrete Manual reflects the Bureau of
Reclamation's continuing effort to bring to its construction staff members
information on the latest advances in concrete technology which would be
useful to them in administering contracts for construction of the Bureau's
water resource development projects throughout the western States. Evolv-
ing from a set of loose-leaf, blue-printed instructions, the first tentative
edition of the manual was published in 1936. Since that time, the Bureau
has published seven editions, each recording the many advances in con-
crete technology developed during the intervening years. The Seventh
Edition was published in 1963.
Althoughfundamentalprecepts of good concrete practice do not change,

continued research and development of the technology bring about sig-
'nificant improvements that keep concrete in the forefront as a versatile,
dependable, and economical construction material. This Eighth Edition
of the Concrete Manual underscores this progress; it embraces substantial
supplemental information relating to many of these improvements in con-
crete control and technology. Chapter III (Concrete Mixes) now includes
compressive strength design criteria for concrete containing water-
reducing, set-controlling agents. Chapter VII (Repair and Maintenance
of Concrete) has been rewritten to describe in detail techniques intro-
duced in the Seventh Edition for using epoxy in concrete repairs. This
latest edition of the manual also includes a brief discussion of concrete-
polymer materials, new composites which have considerable potential in
construction. Information on the manufacture of concrete pipe has been
supplemented and revised. Shotcrete containing coarse aggregate, used
for tunnel support, is discussed, and methods for removing stains from
concrete surfaces are now described in detail. As in the past, new and
helpful suggestions relating to field laboratory sampling and testing
equipment are included.

The manual, published primarily for use by the Bureau's construction
engineers and inspectors, supplies engineering data and outlines methods
and procedures to be followed in administering construction specifications
and contracts. References in the manual to "laboratories," "Denver lab-
oratories," "Denver laboratory," and "Denver ot•ce" designate the
Bureau's Engineering and Research Center at Denver, Colo. Howard J.
Cohan, Chief of the Division of General Research, provides overall ad-
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iv CONCRETE MANUAL

ministrative direction to the many technical research and testing activities,
of which preparation of this manual is but one.

Although issued primarily for Bureau of Reclamation staff use, the
manual has received widespread acceptance throughout the United States
and in many foreign countries. More than 120,000 copies of previous
editions, including 40,000 copies of the Seventh Edition, have been dis-
tributed throughout the world. Indicative of this world-wide recognition
of the technical value of the manual is the fact that it has been translated
into Spanish, Italian, and Japanese.

Some procedures in this manual are directly referred to by Bureau of
Reclamation specifications. When this is done, these referenced proce-
dures have the full effect of specifications requirements. However, there
may be instances where procedures and instructions in the manual are at
variance, in some respects, with specifications requirements. In these in-
stances, it must be understood that the specifications take precedence. It
is also emphasized that each employee of the Bureau of Reclamation is
directly accountable to his supervisor; thus, he should request advice
concerning any doubtful course of action from the proper authority.

This edition of the Concrete Manual and earlier editions represent the
expertise of individuals too numerous to mention. Their substantial con-
tributions are acknowledged with appreciation, for their efforts provided
the foundation on which each succeeding edition has been based.

Engineers in the Concrete and Structural Branch, Division of General
Research, prepared the manuscript for the Eighth Edition. Engineer A.
B. Crosby, under the direction of E. M. Harboe, then Acting Chief of
the Concrete and Structural Branch, coordinated the initial preparation
for this edition and was in charge of the major revisions. Substantial
contributions were made by the present Chief, Concrete and Structural
Branch, J. R. Graham, and engineers H. E. Dickey, N. F. Larkins, L. C.
Porter, and J. D. Richards. H. Johns, Applied Sciences Branch, also
contributed significantly. The assistance of R. N. Hess for his work on
the tables and figures, and his technical review is also acknowledged.
Personnel in the Technical Services and Publications Branch, Division of
Engineering Support, edited the manuscript; the Publications and Pho-
tography Branch in the Commissioner's Office, Washington, D.C., re-
viewed the manuscript and proofs and arranged for printing. The assist-
ance of these, and many other engineers and technicians, past and pres-
ent, who contributed in various ways to this publication, is gratefully
acknowledged.

This Eighth Edition of the Concrete Manual has had a distribution of
approximately 17,000 copies, not including the 16,000 copies of this
reprint.



A PERTINENT OUOTATION

Although a concrete manual may fully describe the steps necessary for
the accomplishment of first-class work, such an exposition, no matter how
perfect, will not in itself insure concrete of good quality. This was recog-
nized by Franklin R. McMillan, member of the Concrete Research Board
for Hoover Dam, who, in concluding his "Basic Principles of Concrete
Making" published in 1929, stated:

"* * * one further requirement remains. There must be a recognition
on the part of someone in authority that uniform concrete of good quality
requires intelligent effort and faithfulness to details all along the line--
proper materials, proper design, proper mixing and transporting, and
special care in placing and protecting. It must be recognized that to obtain
the desired results some qualified person must be made responsible for
these detailsl and having been made responsible, must be entrusted with
the necessary authority.

"Too often individuals in ultimate authority have the desire for con-
crete of the proper quality, but fall short of attaining it through failure to
delegate the necessary authority and to fix the responsibility for results.
It is not uncommon to find a construction superintendent in a position to
ignore the recommendations of the engineer where, in his opinion, they
impede the progress of the work or increase the cost. If, under such
conditions, quality is subordinated to first cost, durable structures cannot
be expected.

"It must not be assumed that because it requires well-directed effort
to produce uniformly good concrete the cost is necessarily increased. There
have been any number of examples in recent years where rigid control of
the concreting operations not only has given concrete of the required
quality but has shown a distinct saving in first cost as compared with
earlier experiences in which only indifferent or unsatisfactory results were
obtained. But even if the first cost is increased by the requirements for
definite quality, the ultimate cost which must include maintenance and
repair charges will be greatly decreased."
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Chapter I

CONCRETE AND CONCRETE MATERIALS

A. Introduction

1. Concrete Defined.--Concreteis composed of sand, gravel, crushed
rock, or other aggregates held togetherby a hardened paste of hydraulic
cement and water. The thoroughly mixed ingredients, when properly
proportioned,make a plastic mass which can be cast or molded into a
predetermined size and shape. Upon hydration of the cement by the
water, concretebecomes stonelike in strength and hardness and has utility
for many purposes.

2. Progressin Concrete.---Concrete has founduse in hearly all typesof
construction--fromhighways, canal linings, bridges, and dams to the
most beautiful and artistic of buildings. With the addition of reinforce-
ment to supply needed tensile strength, advances in structural design, and
the use of prestressingand posttensioning,it has become the foremost
structural material. The growing popularityof concrete in the United
States is attested by the phenomenal growth of the portland cement
industry;althoughit produced less than 2 milliontons of cement a year
in 1900, it produced at an estimated rate of about 80 million tons of
cement per year in 1971.

Concrete technology has progressed and evolved with the times and
with new discoveries. In the latter part of the 19th century, concrete was
ordinarily placed nearly dry and compacted with heavy tampers. Vir-
tually no reinforcement was used at that time. With the development of
reinforced concrete in the early part of this century, very wet mixes
became popular and much of the concrete was literally poured into the
forms and had neither good strength nor durability. This practice con-
tinued until investigations began to emphasize the importance of using
scientifically designed mix proportions to produce a uniform concrete of
improved workability, durability, and strength. Notable among the early
investigations were those of Abrams, who formulated the "water-cement
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ratio law" and demonstrated the importance of restricting this ratio for
a given cement content to the lowest value consistent with the required
workability of concrete for the particular work. The development of
vibration to consolidate concrete aided materially in the placement of lower
slump mixes and eliminated the necessity for sloppy mixes.

The development of special cements, such as high-eady-strength cement
for use where the concrete is put to early service, low-heat cement for
massive construction, sulfate-resisting cement for use in sulfate soils and
waters, and the introduction of expansive cement and set-controlled cement
have all increased the versatility of concrete. In recent years, the
introduction of pozzolanic materials reduced the costs of some concretes.
The processing of aggregates to remove undesirable constituents by such
methods as heavy media separation, hydraulic jigging, and elastic
fractionation, in some instances permits making sound and durable concrete
with aggregates which were otherwise unsuitable. Under investigation in
the laboratories now is the impregnation of concrete with different
monomers followed by polymerization, or hardening, of the monomer. This
process increases manyfold the compressive, tensile, and flexural strengths,
moduli of elasticity, and other physical properties of the concrete.
About 1938, an outstanding contribution to good concrete was made

when it was discovered that small amounts of well-dispersed entrained
air not only improved workability of concrete but also multiplied several
times its resistance to freezing and thawing. This led to current widespread
use of air-entraining agents, both as introduced at the mixer and as
incorporated in air-entraining cements. Whereas it was once thought that
all desirable properties of concrete depended on securing a maximum of
solid substance, it is now recognized that the most dense concrete is not
necessarily the most durable. Other admixtures, such as water-reducing,
set-controlling agents and nonionic polymeric pumping aids to improve
placeability, are now frequently used.

Concrete ingredients were once batched by volume with attendant
inaccuracies and nonuniform results. Batching by weight has now
superseded this practice, with resulting improvement in the uniformity
and economy of concrete. The separation of coarse aggregates into two
or more sizes was another improvement in practice, minimizing segregation
during handling and bettering concrete quality. Thus, whereas concrete
was once considered to be a simple mixture of coarse aggregate, sand,
cement, and water, mixed and placed in any convenient manner, the
modern concept is a carefully proportioned mixture combining admixtures
as needed to obtain the optimum quality and economy for any use.

3. Making Good Concrete.--Improved practices and techniques have
added greatly to our ability to produce good concrete, and engineers are
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in close agreement on the practical needs for producing it. They recog-
nize that, in addition to proper ingredients, a modern formula for suc-
cessful concrete production would include common sense, good judg-
ment, and vigilance.

There is still some concrete which, through carelessness or ignorance
in its manufacture and placement, fails to give the service that would
otherwise be expected. It is the responsibility of those in charge of con-
struction to make sure that concrete is of uniformly good quality. The
extra effort and care required to achieve this objective are small in rela-
tion to the benefits. Good engineering dictates acceptance of only the
best. This axiom is especially true of concrete, for the best usually costs
no more than the mediocre. In fact, good concrete practices result in
better quality concrete and often lower costs by reducing placing diffi-
culties. All that is required to achieve the best is an understanding of the
basic principles of making good concrete and close attention to proven
practices during construction.

B. ImportantPropertiesof Concrete

4. GeneralComments.--The characteristics of concrete discussed in the
following sections should be considered on a relative basis and in terms
of the degree of quality that is required for any given construction pur-
pose. A concrete that is durable and otherwise satisfactory under condi-
tions which give it protection from the elements might be wholly unsuited
in locations of severe exposure to disintegrating influences. Watertight-
ness is essential for a hydraulic structure, but strength and rigidity are
obviously the primary structural requisites for an office building. It is
apparent that the closest practicable approach to perfection in every
property of the concrete would result in poor economy under many con-
ditions and that the most desirable structure is one which meets all
reasonable requirements for serviceable life, safety, and appearance. In
other words, a structure must be adequately designed and properly con-
structed of concrete strong enough to carry the design loads and also
economical, not merely in first cost but in terms of ultimate service.

The principal properties of good concrete, their interrelationships, and
the elements which control these properties are summarized in figure 1.

5. Workability.--Workability has been defined as the ease with which
a given set of materials can be mixed into concrete and subsequently
handled, transported, and placed with minimum loss of homogeneity. The
importance of plasticity and uniformity is emphasized because these es-
sentials to workability have marked influence on the serviceability and
appearance of the finished structure.

Workability is dependent on the proportions of the ingredient ma-
terials, as well as on their individual characteristics. The degree of work-
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principal properties of good concrete, their
relationship, and the elements which control them. Many factors are involved
in the production of good, uniform concrete. 288-1)-795.
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ability required for proper placement and consolidation of concrete is 
governed by the dimensions and shape of the structure and by the spacing 
and size of the reinforcement. For example, concrete having suitable 
workability for a pavement slab would be difficult to place o r  would even 
be unusable in a thin, heavily reinforced section. Over the years many 
devices for measuring workability of concrete have been developed. How- 
ever, none of the methods evaluates all of the characteristics involved. 
These characteristics include ease of placing, finishing qualities, and 
bleeding or other forms of segregation. The use of entrained air has 
minimized effects of harshness in a concrete mix, but the determination 
of workability is still dependent somewhat upon judgment developed by 
experience. 

Consistency o r  fluidity of concrete is an important component of work- 
ability and can be measured with reasonable accuracy by means of the 
slump test. The standard slump test is used on Bureau of Reclamation 
work but is conducted in such a manner (see fig. 2 and designation 22 in 
the appendix) as to provide additional assistance in judging workability 
of the concrete. Figure 2 shows slump specimens from two mixes having 

Figure 2.--Slump test for consistency as performed by the Bureau. By tapping 
the side of a slump specimen with the tamping rod (see view at 
right), additional information as to the workability of the concrete is obtained. 
PX-B20717. 
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the same slump. In the two views at the right, the specimens have been
tapped with the tamping rod as prescribed in designation 22. The con-
crete in the upper view is a harsh mix, with a minimum of fines and
water. It may be efficient for use in slabs, pavements, or mass concrete
where it can readily be consolidated by vibration, but it would be quite
unsuitable for a complicated and heavily reinforced placement. The con-
crete in the lower view is a plastic, cohesive mix; the surplus workability
is needed for a difficult placement. However, if it is used where it can be
easily placed and Vibrated, such a mix would be inefficient because it
contains excesses of cement, fines, and water. Thus, it is evident that,
while measurement of slump gives a valuable indication of consistency,
workability and efficiency of the mix can be judged only by how the
concrete goes into place in each part of the structure and how it responds
to consolidation by good vibration. Efficient mixes do not have much
surplus workability over that needed for good results with thorough
vibration.

The influence of temperature on the slump of concrete is indicated in
figure 3.

For Bureau of Reclamation work, the maximum permissible slump of
concrete, after the concrete has been deposited but before consolidation,

7
I I I 1 I I

• Each point represents the average obtained
6 •. with 12 cements

" I"- I
5 •"V/i th 1•2 -inch max. aggregate

°z 4 •

2 With 6-inch max.aggreg

I

0

""o--

Mix proportions maintained constant for all temperatures
I I I I I I

40 50 60 70 80 90 100

TEMPERATURE. DEGREES FAHRENHEIT

Figure 3.--Relationship between slump and temperature of concrete made
with two maximum sizes of aggregates. As the temperature of the ingredients
increases, the slump decreases. 288-D-108A}.
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is restricted by specifications to 2 inches for concrete in tops of walls,
piers, parapets, curbs, and slabs that are horizontal or nearly horizontal;
4 inches for concrete in arch and sidewalls of tunnels; and 3 inches for
concrete in other parts of structures and in canal linings. The slump of
mass concreteis usuallyrestrictedto a maximum of 2 inches. If concrete
cannotbe placed withoutexceedingspecified slump limitations,it may be
concludedthat the mix proportionsare in need of adjustment.The mini-
mum slump that can be used, commensuratewith desired workability,
requiresthe least amount of cement and water. In general, the wetter the
consistency,the greater the tendency toward bleeding and segregation of
coarse aggregate from the mortar.

6. Durability.--Adurable concrete is one that will withstand, to a sat-
isfactorydegree, the effects of service conditionsto which it will be sub-
jected, such as weathering,chemical action, and wear. Numerouslabora-
tory tests have been devised for measurement of durabilityof concrete,
but it is extremely difficultto obtain a direct correlationbetween service
recordsand laboratoryfindings.

(a) Weathering Resistance.--Disintegration by weathering is caused
mainlyby the disruptiveaction of freezing and thawingand by expansion
and contraction,under restraint, resulting from temperature variations
and alternate wetting and drying. Concrete can be made that will have
excellent resistance to the effects of such exposures if careful attention
is givento the selectionof materialsand to all other phases Of job control.
The purposeful entrainment of small bubbles of air, as discussed in
section 14(b), has also helped to improve concrete durabilityby de-
creasing the water content and improvingplaceabilitycharacteristics.It
is also importantthat, where practicable,provisionbe made for adequate
drainage of exposed concrete surfaces.

Much has been learned regardingthe resistance of air-entrainedcon-
crete to frost action, especially with respect to the influence of internal
pore structureon durability.Dry concrete, with or withoutentrainedair,
sustains no damaging effects fro:n freezing and thawing. Non-air-en-
trained concrete with high cement content and low water-cement ratio
(0.36+) develops good resistance to freezing and thawing primarily
because of its relativelyhigh density and attendant high impermeability
(or watertightness)which reduce the free (or freezable) water available
to the capillarysystem and/or through inflow under pressure. However,
withinthe usual range of water-cementratio specified for exposed struc-
tural concrete (maximum 0.47 to 0.53), greatly increased resistance to
freezing and thawing is effected by the purposefulentrainment of air.
This entrainment, in the form of multitudinousair bubbles ranging in
size from less than 20 micrometers (submicroscopic)to about 3,000
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Figure 4.-Typical pattern cracking on the exposed surface of concrete affected 
by alkali-aggregate action. PX-D-32049. 

micrometers (macroscopic), provides relief for pressures developed by 
free water as it freezes and expands. 

( b )  Resistance to Chemical Deterioration.-Concrete deterioration, 
attributable in whole or in part to chemical reactions between alkalies in 
cement and mineral constituents of concrete aggregates, is characterized 
by the following observable conditions: ( 1 ) Cracking, usually of random 
pattern on a fairly large scale (see fig. 4 ) ;  ( 2 )  excessive internal and 
overall expansion; ( 3 )  cracks that may be very large at the concrete 
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surfaces (openings up to 11/2 inches have been observed) but which
extend into the concrete only a distance of from 6 to 18 inches; (4)
gelatinous exudations and whitish amorphous deposits, on the surface
or within the mass of the concrete, especially in voids and adjacent to
some affected pieces of aggregate; (5) peripheral zones of reactivity,
alteration, or infiltration in the aggregate particles, particularly those
particles containing opal and certain types of acid and intermediate
volcanic rocks; and (6) lifeless, chalky appearance of the freshly fractured

concrete.
Deterioration of concrete also results from contact with certain chem-

ical agents. The chemical action of a number of substances on unprotected
concrete is shown in table 1. The table is intended to provide general
guidance only, and salts listed as having no action might be aggressive at
high concentrations or at high temperatures. Attack may assume one of

several forms:
(1) Erosion of concrete results from the formation of soluble

products which are removed by leaching. Attack by organic and in-
organic acids is in this class. Attack by acids is seldom encountered
at sites of Bureau work. This is a fortunate circumstance because
no type of portland cement offers resistance to the forms of acid cor-
rosion listed in table I. Where likelihood of acid corrosion is in-

Table 1.--Effects of various substances on hardenedconcrete

Substance

Petroleum oils, heavy, light, and volatile .............
Coal-tar distillates ................................
Inorganic acids ..................................
Organic materials:

Acetic acid .................................
Oxalic and dry carbonic acids .................
Carbonic acid in water ........................
Lactic and tannic acids .......................
Vegetable oils ...............................

Inorganic salts:
Sulfates of calcium, sodium, magnesium, potassium,

aluminum, iron.
Chlorides of sodium, potassium ...............
Chlorides of magnesium, calcium ..............

Miscellaneous:
Milk ......................................
Silage juices ................................
Molasses, corn syrup, and glucose .............
Hot distilled water ...........................

Effect on unprotectedconcrete

None.
None, or very slight.
Disintegration.

Slow disintegration.
None.
Slow attack.

Do.
Slight or very slight at-

tack.

Active attack.

None.
Slight attack.

Slow attack.
Do.

Slight attack.
Rapid disintegration.
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dicated. an appropriate surface covering or treatment should be 
employed. 

Whcn cement and water combine, one of thc compounds formed 
is hydrated lime, which is rc3dily dissolved by water (often made 
more asgressivc by the prcscnce of dissolved carbon dioxide) passing 
through cracks, along improperly treated construction planes. or 
through interconnected voids. The removal of this or other solid ma- 
terial by leaching may seriously impair the quality of concrete. The 
whitc deposit, or efTlorcsccncc. commonly sccn on concrete surfaces 
is thc result of leaching and subsequent carbonation and evaporation. 

( 2 )  Ccrtain agents combine n~ith ccment to form compounds 
which have a low solubility but which disrupt thc concrete because 
their volume is greater than the volume of the ccment paste from 
which they were fol-nlctl. Disintegration may bc attributed to a com- 
bination of chemical and physical forces. In  dense concretes this 
type of attack \vould be largely superficial. Porous concrete would be 
affected throughout the mass. Most prominent among aggressive sub- 
stances which afl'ect Bureau concrete structures arc the sulfates of 
sodium. magncsiuin, and calcium. These salts which are known as 
white alkali are frequeiltly encountered in the alkali soils and ground 
wntcrs cf thc nestern half or the Unitcd States. 

The strongcr thi. conccntratio!l of these salts the more active the 
corrosion. Sulf:~te solutic!ns increase in strength in dry seasons when 
dilution is at a minimum. Thc sulfates react chemically with the 
hydrated lime and hydrated calcium aluminatc in cement paste to 
form calcium sulfate and calcium sulfoaluminate, respectively, and 

Figure 5.-Disintegration of concrete caused by sulfate attack. PX-D-32050. 
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Table2.mAttackon concrete by soils and waterscontainingvarious
suHate concentrations

Relative degree of sulfate
attack

Negligible ..............
Positive 1 ...............
Severe s ................
Very severe a ...........

Percent water-soluble sulfate
(as SO,t) in soil samples

0.00 to 0.10
0.10 to 0.20
0.20 to 2.00
2.00 or more

mg/I sulfate (as S04)
in water samples

0 to 150
150 to 1,500
1,500 to 10,000
10,000 or more

I Use type II cement.
a Use type V cement, or approved combinationof porthndcement and pozzohnwhich has been shown

by test to provide comparable sulfate resistance when used in concrete.
3 Use type V cement plus approved pozzolan which has been determined by tests to improve sulfate

resistance when used in concrete with type V cement.
these reactions are accompanied by considerable expansion and dis-
ruption of the paste. Figure 5 illustrates the effect of sulfate attack
on concrete in a canal lining and a turnout wall. Concrete contain-
ing cement with a low content of the vulnerable calcium aluminate is
highly resistant to attack by sulfate-laden soils and waters. (See sec.
15(b).) The relative degrees of attack on concrete by sulfates from
soils and ground waters are given in table 2.

(3) Where concrete is subjected to alternate wetting and drying,
certain salts, such as sodium carbonate, may cause surface disin-
tegration by crystallizing in the pores of the concrete. Such action
appears to be purely physical. •'•

(4) In environments such as flash distillation chambers of de-
salination plants where concrete is exposed to condensing cool-to-
hot water vapors or the resulting flowing or dripping of. distilled
water, the concrete is rapidly attacked .by this mineral-free liquid.
The liquid rapidly dissolves available lime and other soluble com-
pounds of the cement matrix. Subsequent rapid deterioration and
eventual decomposition result. The only palliative known at this
time is complete insulation of the concrete from the mineral-free
water by coatings or lining materials which are not affected by the

water.
(5) Concrete in desalination plants is adversely affected by the

feed water, sea water, or brine from wells. At these plants, high-
quality concrete has been found unsuitable for use in brine exposures
at temperatures of 290 ° F but suitable at 200° to 250° F provided
adequate sacrificial concrete is made available for surface deteriora-
tion. Below about 200° F no provision for sacrificial concrete is gen-
erally required. Deterioration such as occurs at the higher tempera-
ture is a chemical alteration of the peripheral concrete paste which
results in extensive microfracturing with resultant reduction of com-
pressive strength, effective cross-sectional area of the member, and
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eventual structural integrity. "The rate of deterioration has been
found to vary directly with temperature. Furthermore, since chemi-
cal alteration occurs when the hot sea water brine comes in contact
with the concrete, the rate of deterioration could be expected to vary
directly with permeability.

(c) Resistance to Erosion.--The principal causes of erosion of con-
crete surfaces are: cavitation, movement of abrasive material by flowing
water, abrasion and impact of traffic, wind blasting, and impact of floating
ice.

Cavitation is one of the most destructive of these causes and one to
which concrete or any other construction material offers very little re-
sistance regardless of its quality. On concrete surfaces subjected to high-
velocity flow, an obstruction or abrupt change in surface alinement causes
a zone of severe subatmospheric pressure to be formed against the sur-
face immediately downstream from the obstruction or abrupt change. This
zone is promptly filled with turbulent water interspersed with small fast-
moving bubblelike cavities of water vapor. The cavities of water vapor
form at the upstream edge of the zone, pass through it, and then collapse
from an increase in pressure within the waterflow at a point just down-
stream. Water from the boundaries of the cavities rushes toward their
centers at high speed when the collapse takes place, thus concentrating a
tremendous amount of energy. The entire process, including the forma-
tion, movement, and collapse or implosion of these cavities, is known as
cavitation.

It may seem surprising that the collapse of a small vapor cavity can
create an impact sufficiently severe and concentrated not only to dis-
integrate concrete but to indent the hardest metals; however, there is
abundant evidence to prove that this is possible and of common occur-
rence. The impact of the collapse has been estimated to produce pressures
as high as 100,000 pounds per square inch. Repetition of these high-energy
blows eventually forms the pits or holes known as cavitation erosion.
Cavitation may occur in clear water flowing at high velocities when the
divergence between the natural path of the water and the surface of the
channel or conduit is too abrupt, or when there are abrupt projections or
depressions on the surface of the channel or conduit, such as might occur
on co:lcrete surfaces because of poor formwork or inferior finishing of the
concrete. Cavitation may occur on horizontal or sloping surfaces over
which water flows or on vertical sulfaces past which water flows. Figure
6 is an illustration of cavitation erosion on surfaces on and adjacent to a
stilling basin dentate. The collapse of the cavities is accompanied by
popping and crackling noises (crepitation).

Data from model studies and from field operation records have en-
abled designers to eliminate cavitation in most structures, and progress in
this direction is still being made.

i



CHAPTER I-CONCRETE AND CONCRETE MATERIALS 13 

Figure 6.--Cavitation erosion of concrete on and adjacent to a dentate in the 
Yellowtail Afterbay Dam spillway stilling basin. Fast-moving water during a 
flood flow caused a pressure phenomenon at the concrete surface which 
triggered the cavitation damage shown here. P459--902. 
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Figure 7.-Abrasion erosion of concrete in the dentates, walls, and floor of the 
Yellowtail Afterbay Dam sluiceway stilling basin. The "ball-mill" action of 
cobbles, gravel. and sand in turbulent water abraded the concrete, thus 
destroying the integrity of the structure. P459-D-68905. 

Where low pressures cannot be avoided, critical areas are sometimes 
prolccted by facing with nictal or othcr appropriate materials which have 
better resistancz to cavitation th:un concrete. Introduction of air into the 
ctrcamflow at an upstream point has also been effective in reducing the 
occurrencc of cavitation :und diminishing its cffects on some structures. 

Erosion dan~:igc to concrctc caused by abrnsivc materials in water can 
be as severe as cavitation damage but generally \vould not cause a cata- 
strophic failurc :IS c~lvitaticn can so casily do. The hydraulic jump sec- 
tions of spillway and sluiceway stilling basins, where turbulent flow con- 
ditions occur, are p~~rticularly vulnerable to abrasion damage. The water 
action in these areas tends to s\vecp cobbles, gravel, and sand from the 
downstrc:~ni ril.crbc3 back into the concrete-lined stilling basin where 
the action becomes onc of n grinding ball mill. Even the best concrete 
cannot withstand this severe wearing action. Figure 7 shows the abra- 
sion erosion that occurred to the dentates, walls, and floor areas of 
the Yellowtail Afterbay Dam sluiceway stilling basin. Characteristic of 
this type of erosion is the badly worn reinforcing stccl and aggregate. 
Contrast this with c:~vitntion damage (fig. 6 )  which reflects little o r  no 
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wearing of the aggregate particles. Although the most severe cases of
abrasion damage occur in the areas just described, similar damage could
be expected in diversion tunnels, canals, and pipelines carrying waste-
water.

Use of concrete of increased strength and wear resistance offers some
relief against the forces of erosion brought about by movement of abra-
sive material in flowing water, abrasion and impact of traffic, sandblast-
ing, and floating ice. However, as is evident with cavitation erosion, the
most worthwhile relief from these forces is prevention, elimination, or re-
duction of the causes by the proper design, construction, and operation of
the concrete structures.

7. Watertightness.--Hardenedconcrete might be completely watertight
if it were composed entirely of solid matter. However, it is not practicable
to produce concrete in which all spaces between the aggregate particles
are filled with solid cementing medium. To obtain workable mixes, more
water is used than is required for hydration of the cement. This excess
water creates voids or cavities which may be interconnected and form
continuous passages. Furthermore, the absolute volume of the products
of hydration is less than the sum of the absolute volumes of the original
cement and water. Thus, as hydration proceeds, the hardened cement
paste cannot occupy the same amount of space as the original fresh paste;
consequently, the hardened paste contains additional voids. Purposefully
entrained air and entrapped air also produce voids in the concrete,
although the former, as will be explained, contributes to the watertightness
of the concrete rather than to its permeability.

From the foregoing discussion, it is evident that hardened concrete is
inherently somewhat pervious to water which may enter through capillary
pores or be forced in by pressure. Nevertheless, permeability may be so
controlled that construction of durable, watertight structures is not a
serious problem.

The inherent perviousness of concrete can be visualized by considering
the internal structure of plastic concrete. Immediately after concrete place-
ment, the solids, including the cement particles, are in unstable equili-
brium and settlement forces water upward, thereby commencing the
development of a series of water channels, some of which extend to the
surface. Gradually the larger pieces of aggregate assume stabilized posi-
tions, through point contact or otherwise, and form a skeleton structure
within which settlement continues. The mortar settlement forces addi-
tional water upward, and part of it comes to rest below the larger pieces of
aggregate. Finally, between the sand grains, the cement tends to settle
out of the water-cement mixture (a water-cement ratio as low as about
0.30 by weight being required before the cement particles cease to be in
suspension) and to leave water voids above the settled cement paste. At
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the completion of this stage in the mixed concrete, the initial water (the
principal contributor to objectionable voids) is no longer homogeneously
distributed in the paste but fills (1)relatively large spaces under aggregate
particles, (2)the fine interstices among settled cement particles, and (3)a
network of threadlike, interconnecting water passages. For air-entrained
concrete the internal pore structure is somewhat different because the
noncoalescing and separated spheroids of air reduce bleeding considerably
and also reduce the water channel structure. As hydration of the cement
proceeds (assuming that water is supplied as necessary) gel development
reduces the size of the voids and thereby greatly increases the
watertightness of the concrete. For this reason, prolonged thorough curing
is a significant factor in securing impermeable, watertight concrete.

8. Volume Change.--Excessive volume change is detrimental to
concrete. Cracks are formed in restrained concrete as a result of
contraction because of temperature drop and drying at early ages before
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sufficient tensile strength has developed. Cracking is not only a weakening
factor that may affect the ability of concrete to withstand its designedloads,
but also may seriously detract from durability and appearance. Durability is
adversely affected by ingress of water through cracks and consequent
accelerated leaching and corrosion of the reinforcement steel. Further
disintegrationoccurswhen cracked concrete is exposed to freezing and thawing.
Concrete is also subject to disintegration when it contains alkali-reactive
aggregates and high-alkali cement (cement containing in excess of 0.60 percent
of equivalent soda) or is subjected to water bearing soluble sulfates. Differential
stresses in concrete occasionedby differences in volume change characteristics
of ingredients (see sec. 18 (d)) tend to break down the internal structure and
the bond between cement paste and aggregate particles and may cause
disintegration of the concrete particularly after repeated expansion and
contraction. Expansion of concrete, under restraint, may cause excessive
compressive stress and spalling at joints.

Drying shrinkage is affected by many factors which include, in order of
importance, unit water content, aggregate composition, and duration of initial
moist curing (see fig. 8). The principal drying shrinkage of hardened concrete
is usually occasionedby the drying and shrinking of the cement gel that is
formed by hydration of portland cement. Aggregate size, mix proportions, and
richnessof mix, among other factors, affect drying shrinkage principally as they
influence the total amountof water needed in the mix. Additions of certain
pozzolans may increase the drying shrinkage and others may decrease it. This
effect is proportional to the pozzolan's relative water requirement. Fly ash
typically reduces the drying shrinkage; natural pozzolans are variable in this
respect. Initial drying shrinkage, which is somewhat greater than the expansion
caused by subsequent rewetting, ranges from less than 200 millionths for dry,
lean mixes with good quality aggregates to over 1,000 millionths for rich mortars
or some Concretes containing poor quality aggregate.
Concretewithstands compressive stress but allowable tensile strength of

concrete should seldom exceed 10 percent of the compressive strength.
Concrete restrained to the extent that high tensile stresses are produced
through shrinkage will invariably crack. Total restraint could theoretically
produce tensile stresses ranging between 600 and several thousand pounds per
square inch, depending upon the shrinkage characteristics and elastic properties
of the particular mix.

Autogenous volume change, although it may occasionally be an
expansion, is usually shrinkage and is entirely a result of chemical reaction
within the concrete and aging. Furthermore, it is in no way related to
volume change resulting from drying or any other external influence. The
magnitude of autogenous shrinkage varies widely, ranging from an in-
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significant 10 millionths, the lowest value observed to date, to somewhat
in excess of 150 millionths. Autogenous shrinkage, in contrast to drying
shrinkage, is relatively independent of water content but highly dependent
upon the characteristics and amount of the total cementing material; it
is greater for rich mixes than for lean mixes. Portland cement-pozzolan
concretes always produce greater autogenous shrinkage than do similar
mixes without pozzolan. Usually the most significant autogenous shrinkage
takes place within the first 60 to 90 days after concrete is placed.

The thermal coefficient of expansion is the change (thermal expansion
or contraction) in a unit length per degree of temperature change. The
thermal coefficient of concrete varies mainly with the type and amount of
coarse aggregate and is slightly affected by richness of mix, water content,
and other factors. Various mineral aggregates may range in thermal coef-
ficients from below 2 millionths to above 7.5 millionths per degree F.
The coefficient for concrete is usually estimated to be the weighted average
of the coefficients of the various constituents; thus, the coarse aggregate
has the greatest effect.

The neat cement paste (gel) has a minor effect on thermal expansion.
The coefficients of neat cement pastes vary from below 6 millionths to
above 12 millionths depending upon saturation, age, degree of hydration,
and chemical composition. Usual values are between 5 and 8 millionths
for well-cured specimens in either dry or saturated condition; however,
intermediate moisture contents result in higher thermal expansions.

Normally, concrete aggregates, except crushed materials, are hetero-
genous mixtures of different rocks and act as an average of the more
common materials. Hence, average concrete, for estimating purposes,
changes about 5.5 millionths of its length for each degree Fahrenheit of
temperature change. Volume changes resulting from temperature vari-
ations involve both aggregate and cement paste, and volume changes
caused by wetting and drying are usually considered to be principally
related to the cement paste. However, volume changes caused by thermal
and moisture changes can produce the same disintegrating effect. Dete-
rioration can also be produced by volume changes resulting from chemical
reactions between reactive constituents in the aggregate and the alkalies
(Na•O and K_•O) in the cement and also between soluble sulfates occur-
ing in the soil or ground water in contact with a concrete structure and
the tricalcium aluminate (C::A) compound in the cement.

Formation of cracks caused by volume change is largely dependent
on the degree to which contraction is resisted by internal and external
forces. An example of internal restraint conducive to exterior cracking
is a large block of concrete, the surfaces of which are drying or cooling
while the interior of the mass is not so affected. Concrete canal lining
is a good example of concrete subject to both internal and external re-
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straint. The external restraint varies with the type and condition of sub-
grade. Unreinforced lining on a subgrade such as sand is not greatly re-
strained, and cracks resulting from drying shrinkage are relatively far
apart and wide. On a rough, tight earth subgrade or on rock, where re-
straint is high, the cracks in unreinforced lining are more closely spaced
and narrower. Reinforcement in the lining, through its bond to the con-
crete, distributes stresses and thereby reduces the spacing and width of
cracks. Difference between moisture contents of the exposed and back
faces may produce curling and eventual cracking.
Chemical combination of cement and water (hydration) is accompa-

nied by generation of considerable heat which, under certain conditions,
has an important bearing on the volume change of concrete. In small
structures heat of hydration is generally of little consequence as it is
rapidly dissipated. In massive structures heat of hydration may cause a
temperature rise of as much as 50 ° to 60 ° F, which may constitute all
or a large part of the difference between the maximum and minimum
temperatures of the concrete. Much of the heat is generated during the
early age of the concrete, when compressive stress developed by restraint
ef the expansion that accompanies temperature rise is relatively low. Two
conditions are responsible for this low stress: at early age the modulus of
elasticity is low; and creep, being greater, affords considerable relief of
stress.

When heat is dissipated or removed, there is a decrease in the temp-
erature and consequent contraction of the concrete. This volume change
occurs at later age, when the modulus of elasticity is greater and stress
relief by creep is less. Tensile stress induced when contraction is re-
strained will cause cracking if the stress exceeds the tensile strength of
the concrete.

9. Strength.--Experience on Bureau work has demonstrated that con-
crete properly placed and cured will usually develop adequate compres-
sive strength when the maximum permissible water-cement ratio has
been established on the basis of durability requirement. Where greater
strength is required for structural members, it may be necessary to use
a lower water-cement ratio.

Tests of drill cores of more than 28 days' age taken from structures al-
most invariably show greater strengths than those obtained from control

cylinders that are standard cured for 28 days. The extent of such excess
strength generally varies with the age of the cores and the conditions
contributing to continued hydration of the cement. (See table 3.)

Routine compressive strength tests of specimens subjected to standard
moist curing give valuable indications of the uniformity and potential
quality of the concrete in a structure. Tests of cylinders which have been
cured out of doors, exposed to the weather, have no Value and may be
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Figure 9.•ompressive strength of concrete dried in laboratory air after
preliminarymoistcuring.288-D-2644.

entirely misleading. The test results cannot be correlated with those for
standard-cured specimens and, because of their high surface-to-volume
ratio, the specimens do not simulate conditions in the structure. To de-
termine the adequacy of curing and strength development of concrete
representing that in precast pipe or other units, test cylinders are fabri-
cated and cured in a manner similar to that used in the manufacture and
cure of the units. In the manufacture of these precast concrete units,
steam curing is most generally used to accelerate production.

Figure 9 indicates that development of strength stops at an early age
if the concrete specimen is exposed to dry air with no previous curing.
Concrete exposed to dry air from the time it is placed is about 50 percent
as strong at 6 months' age as concrete moist cured 14 days before being
exposed to dry air.
Curing temperatures have a pronounced effect on strength develop-

ment. Tests indicate that longer periods of moist curing are required at
lower temperatures to develop a given strength than are necessary at higher
temperatures. Continued curing at higher temperatures for the full 28-day
period (see fig. 10) resulted in strength development which varied directly
with temperature, the highest strength being developed by the highest
temperature at this age. However, at later ages this trend was reversed, the
specimens made and cured at lower temperatures developing the higher
strengths.

Curves shown in figure 11 represent concrete that was cured at 70° F
after the specimens were held at the casting temperature for 2 hours.
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Under such treatment, the specimens made at the lowest temperature
attained the highest strengths. These results agree with those obtained on
some Bureau projects where the strengths of field control cylinders were
higher during the cooler months than during summer months even though
all cylinders were moist cured at about 70° F soon after fabrication.

Compressive strength, tensile strength, flexural strength, and shearing
strength of concrete are all more or less directly related, and an increase
or decrease in one is generally reflected similarly in the others, though
not in the same degree. Where flexural strength is an important consid-
eration, as in the construction of road pavement, beam tests are fre-
quently employed for control purposes.

On a few occasions projects have reported significant reductions in
concrete compressive strengths at early ages, unexplainable by curing
conditions or testing procedures; the lower strengths were the result of
change in composition of the cement and/or a decrease in fineness. Lower
total amounts of C:•A and C:•S (see sec. 15a) will reduce early strength,
but variations in cement fineness cause gre_ater fluctuations than vari-
ations in the usual ranges of C::A and C:,S amounts. These fluctuations are
apparent in mill test reports of cube strengths. However, the compressive
strength at later ages is usually much closer. (See comparison between
types I and III cements with type IV in fig. 23.) Variations in cement
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fineness occur more frequently, exert more influence on concrete compres-
sive strengths, and affect the uniformity, of concrete control since pri-
mary control is based on concrete strengths at 28 days' age. In either
case, the ultimate strength of the concrete is minimally affected. Where the
cement used shows slow strength development, precautions may be neces-
sary to assure adequate strength before subjecting the structure to service
loads.

The degree of uniformity of concrete strength is a measure of success
or failure in attaining adequate field control. Without adequate quality
control of concrete manufacturing operations, wide variations in strength
will occur and extra cement will be needed to ensure that the quality of
the concrete will meet minimum requirements. Also, for concrete of a
given average strength, expectation of wide variations in strength neces-
sitates use of lower working stresses in design. Lack of reasonable uni-
formity in desirable properties, as indicated by strength variations, can be
expected to manifest itself eventually in objectionable variations in dur-
ability and higher cost of maintenance.

10. Elasticity.---Concrete is not a truly elastic material, and the graphic
stress-strain relationship for continuously increasing loading is generally
represented by a curve. For concrete that has hardened thoroughly and
has been moderately preloaded, the stress-strain curve is, for all practical
purposes, a line of constant slope within the range of usual working
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stresses. The stress-strain ratio determined from the virtually straight
portion of the stress-strain curve is called the "modulus of elasticity."
When the loads are increased beyond the working range, the stress-strain
curve may deviate considerably from a straight line, indicating that stress
and strain are no longer proportional (see fig. 12). However, the stress-
strain ratio is fairly uniform for compressive stresses'up to 75 percent of
the 28-day breaking strength, as indicated in the figure. Usually, concretes
of higher strength have higher elastic values, although modulus of elas-
ticity is not directly proportional to strength. The elastic modulus for
ordinary concretes at age of 28 days ranges from 2 million to 6 million
pounds per square inch.

For most materials, the modulus of elasticity does not vary with age,
and the elastic recovery at the time of load removal is equal to the elastic
deformation at the time the load was applied regardless of the duration
of load application. In concrete, however, the modulus normally increases
with age so long as the concrete remains sound; therefore, both initial
deformation and subsequent elastic recovery depend on age. The increase
in modulus of elasticity as concrete ages accounts for a large part of the
tensile stress which develops when concrete that is restrained from ex-
panding and contracting freely is heated at an early age and cooled at a
later age.
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In addition to the static method of determining stress-strain relation-
ships, in which strains corresponding to test load stresses are measured
directly, the modulus of elasticity may be determined by dynamic
methods involving either measurement of the natural frequency of vibra-
tion of a specimen or measurement of the velocity of sound waves through
the material. Dynamic methods are used to determine the extent of de-
terioration of concrete specimens subjected to freezing and thawing tests
or affected by alkali-aggregate reaction. They provide simple and rapid
means for frequently determining the modulus of elasticity without
damage to the specimen. A decrease in the modulus, measured by a
lower natural frequency or wave velocity, indicates deterioration of the
concrete.

11. Creep andExtensibility.--When concrete is subjected to a constant
sustained load, the deformation produced by the load may be divided into
two parts: elastic deformation, which occurs immediately but would en-
tirely disappear on immediate removal of the load; and creep, which
develops gradually. In most concrete structures, dead loads that act con-
tinuously constitute a large part of the total load; thus, both immediate
strain and gradual yielding must be considered when computing deforma-
tions of such structures. Gradual yielding also has an important effect on
the development of stresses caused by slow temperature changes or dry-
ing shrinkage. This behavior has often been called plastic flow, but the
term creep is preferred to distinguish it from plastic action of a different
sort which may result in stress adjustments when a part of a structure or
member is overstressed. Plastic action of concrete, like the plastic flow
of metals, is irrecoverable and may be considered to be a type of incipient
failure; creep, however, is at least partly recoverable and occurs even at
very low stress.

Extensibility is the property of concrete that enables it to withstand
tensile deformation without cracking. Extensibility differs from strength
in that it involves limiting deformations rather than limiting loads. Elas-
ticity, creep, and extensibility are interrelated properties of considerable
importance.

(a) Creep.--Under sustained load the creep of concrete continues for
an indefinite time. In a long-term test, two concrete specimens under
sustained load were still showing deformation after 20 years. However,
creep proceeds at a continuously diminishing rate. The Bureau now de-
termines by a computer program the exact relationships of creep variables
from values determined in laboratory tests on the same maximum size
aggregate as that in the structure.

The following equation can be applied to experimental data from creep
tests to obtain an approximate value for the creep function.
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1
e=--+/(K) loge (t+ 1)

E
where:

, = total deformation,
E= instantaneous elastic modulus,
/(K)=a function representing the rate of creep information with

time, and
t = time under load in days.

The function /(K) is large when concrete is initially loaded at an early
age and small when concrete is loaded later in time. The function loge
(t+ 1) indicates that concrete continues to deform with time at a dimin-
ishing rate but with no apparent limit. Although tests made thus far ap-
pear to support the view that concrete will creep without limit, it is
generally assumed that there is an upper limit to creep deformation.

Figure 13 illustrates the deformation record of a typical laboratory test
specimen loaded at the relatively early age of 1 month but removed 6
months later. Because of the increased age of the concrete at the time
of unloading, the elastic and creep recoveries are lower than the deforma-
tions under load, the result being a nonrecoverable shortening if the load
were compression or a nonrecoverable elongation if the load were tensile.
The typical curves in figure 14 for 4- by 8-inch cylinders give a general
conception of the rate at which creep develops and of the effects of
changes in water-cement ratio and intensity of load. The curves show
that creep is increased with increasing water-cement ratio and that creep
is approximately proportional to load intensity. Most of the factors which
increase strength and modulus of elasticity reduce the creep. Generally,
concretes made with aggregates of loosely cemented granular structure,
such as some sandstones, creep more than those made with dense, com-
pact aggregates such as quartz or limestone. From a 10-year study of the
creep properties of five mass concretes, tests indicate that there is a de-
finite relationship between creep and elasticity and that if a creep-
strength relationship exists for concrete, it is small and hidden by the
effects of type of aggregate, type of cement, cement-aggregate ratio, in-
clusion of pozzolans, and possibly other conditions.

Creep is often taken into account approximately in design by using a
reduced value of the modulus of elasticity. When more exact relationships
are needed, such as in the computation of stress from strain measurements
in mass concrete, creep is susceptible to mathematical analysis and pre-
diction through the followinggeneral properties:

(1) Creep is a delayed elastic deformation involving no changes
corresponding to crystalline breakdown or slip and is not the plastic
flow of a viscous solid.

(2) At working stress creep is proportional to stress, but when
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stress approaches the ultimate strength of concrete, creep increases
much more rapidlythan stress.

(3) When the effect of age on changing the propertiesof con-
crete is taken into account, all creep is recoverable.

(4) Creep is independent of sign; it bears the same proportion
to either positive or negative stress.

(5) The principle of superposition applies to creep.
(6) Poisson's ratio is the same for creep strains as for elastic

strains.
(b) Extensibility.--Measurements have been made of the extensions

(strains) on the tension faces of beams which were loaded progressively
until the first cracks became visible and of the extensions of direct tension
specimens to the point of failure. Extensibility is evidently a function of
elasticity, creep, and tensile strength, and its value depends not only on
the properties of the concrete but on the rate at which the tensile load is
applied. Under fairly rapid loading (too rapid to permit creep), plain
concrete beams have been extended about 150 to 190 millionths before
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the appearance of cracks visible to the unaided eye (open about 0.0015
inch). Sealed cylinders of concrete have been subjected to direct tension
in increments of 50 pounds per square inch at intervals of 28 days until
failure occurred. The total extension at time of failure ranged from 70
to 110 millionths. These values were from 1.2 to 2.5 times as great as
the extensions shown by direct-tension specimens under rapid loading.

The Bureau performed a series of tests on extensibility in which concrete
cylinders 6 inches in diameter and 24 inches long were cast at 70 o F and
hermetically sealed in soft copper jackets, with strain gages embedded on
the longitudinal axes. The length of cylinders was held constant by spring
tension frames while the cylinders were taken through a rising and falling
temperature cycle simulating the temperature cycle in the interior of mass
concrete. During the first few days, temperatures reached maximums of
100 ° to 110 ° F, and the specimens were in compression. As temperatures
dropped, the stresses changed to tension. Specimens made with type I and
II cement ruptured under tensile stresses of 210 to 225 pounds per square
inch before the initial starting temperature of 70°F was reached.
Specimens made with type IV cement or a combination of 70 percent
type II cement and 30 percent pozzolan ruptured under tensile stresses
of 270 to 300 pounds per square inch at approximately 60 o F. Although
these tests did not permit extensibility measurements, they illustrate the
effect of extensibility with respect to cracking of concrete.

A high degree of extensibility is generally desirable, for it permits the
concrete to better withstand effects of temperature changes and drying.

12. Thermal Properties.--Thermal properties are significant in
keeping differential volume change at a minimum in mass concrete,
extracting excess heat from the concrete, and dealing with similar
operations involving heat transfer. Thermal conductivity is the rate at
which heat is transmitted through a material of unit area and thickness
when there is unit difference in temperature between the two faces. When
thermal conductivity is divided by the product of specific heat and unit
weight, a single coefficient termed "diffusivity" is obtained. Diffusivity
is an index of the facility with which concrete will undergo temperature
change. The main factor affecting the thermal properties of a concrete
is the mineralogic composition of the aggregate, which is a factor not
definable in specifications. Specifications requirements for cement,
pozzolan, percent sand, and even water content are modif3,ing factors,
but they have negligible effecL Entrained air is a significant factor, as
it is a good insulator, but economic and other considerations which govern
the use of entrained air outweigh the significance of its effect on change
in thermal properties.

13. Weight. --The weight of concrete is important in structures that rely
on weight for stability, such as gravity dams. Unit weight is increased by
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the use of aggregate having high specific gravity and by the use of maxi-
mum amounts of coarse aggregate well graded to the largest practicable
size. Tests of the unit weight of hardened concrete are readily made by
displacement when the volume of the specimen cannot be computed

accurately.
The unit weight of fresh concrete is employed chiefly as a means for

checking the yield of batches, the cement content, and air content, but it

is also indicative of the unit weight of the hardened concrete. Average

values are shown in table 4.

Table 4.--Observedaverage weight of fresh concrete

(Pounds 9er cubic foot)

Average values

Maximum
size of Air Water, Cement,

aggregate, content, pounds pounds
inches percent per cubic per cubic

yard yard

aA ....... 6.0 283 566
11/2 ...... 4.5 245 490
3 ........ 3.5 204 408
6 ........ 3.0 164 282

Unit weight, pounds per cubic foot 1

Specific gravity of aggregate z

2.55 2.60 2.65 2.70 2.75

137 139 141 143 145
141 143 146 148 15C
144 147 149 152 154
147 149 152 154 15•

1 Weights indicated are for air-entrainedconcrete with indicated air content.
On saturated surface-dry basis.

C. Effects of Various Factors on the Properties of Concrete

14. Entrained Air Content, Cement Content, and Water Content.--Ex-
perience in field and laboratory has conclusively demonstrated that dur-
ability and other properties of concrete are materially improved by the
purposeful entrainment of 2 to 6 percent air. Purposeful entrainment is
accomplished by adding an air-entraining agent to the concrete mix. The

use of an agent results in the dispersion throughout the mix of non-
coalescing spheroids of air having diameters of from 0.003 to 0.05 inch.

The amount of air entrained is a function of the quantity of agent added.
Current investigations indicate that various parameters of the air void sys-
tems materially affect the properties of the concrete and that the most
desirable parameter is that of small, closely spaced air bubbles obtainable
with most of the commercial air-entraining agents in common use today.

Since air content has an important effect on water content and also af-
fects cement content to some extent, the effects of these three factors on

the properties of concrete are considered together.
(a) Effects on Workability.--Entrainment of air greatly improves the

workability of concrete and permits the use of aggregates less well graded
than required if air is not entrained. This explains why it is possible and
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usually desirable to reduce the sand content of a mix in an amount ap-
proximately equal to the volume of entrained air. Entrained air reduces
bleeding and segregation and facilitates the placing and handling of con-
crete. Reduced bleeding permits finishing of concrete surfaces earlier and
usually with less work. Each percent of entrained air permits a reduction
in mixing water of 2 to 4 percent, with some improvement in workability
and with no loss in slump.

(b) Effects on Durability.--Entrainment of 2 to 6 percent air, by use
of an air-entraining agent, increases considerably the resistance of con-
crete to the disintegrating action of freezing and thawing. The entrained
air dispersed throughout the concrete in the form of minute, disconnected
bubbles provides spaces where forces that would cause disintegration can
be dissipated. The effects of different percentages of entrained air on the
resistance of concrete to freezing and thawing are indicated in figure 15.

Experience shows that, within the range of water-cement ratios and"
maximum size aggregates generally used, concretes containing various
optimum percentages of entrained air are several times as durable as
similar concrete made without entrained air and that low water-cement
ratios contribute considerably to the durability of concrete (fig. 16). En-
trained air is generally regarded as occurring in the mortar fraction of the
concrete; and as mortar is replaced by coarse aggregate with increasing
maximum size, the air content is decreased from about 8 percent for
concrete containing aggregate graded up to 3•-inch maximum to about 3
percent for concrete containing aggregate graded up to 6-inch maximum.

Air voids constituting the optimum percentage of entrained air should
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be entrained by an approved and effective air-entraining agent and should
be dispersed throughout the mortar fraction at an average spacing of
0.007 inch to assure optimum durability. Many factors such as consis-
tency, gradation, sand content, particle shape of aggregate, and type and
amount of agent influence the characteristics of the initial air void system
formed during mixing. However, characteristics or parameters are little
influenced by subsequent handling and consolidation. In fact, consolida-
tion of freshly mixed concrete improves the air void system by decreasing
air content through elimination of the undesirable larger air voids; these
larger voids are broken up into smaller voids, thus increasing the number
but reducing the average size of the air voids with the spacing factor re-
maining essentially constant.

It has been observed that a normal amount of consolidation or vibration
tends to improve the durability of air-entrained concrete even though
some of the entrained air is lost in the consolidation process. This reduc-
tion in air has a beneficial effect on strength in that it allows recovery of
some but not all of the compressive strength lost through initial entrain-
ment of air. An excessive amount of vibration may cause segregation of
the mortar and coarse aggregate with detrimental effects on many of the
properties of the concrete.

Entrainedair further contributes to the durability of concrete because
it reduces the water channel structure in hardened concrete by improving
workability and reducing bleeding in the fresh concrete.

Reduction in water-cement ratio materially increases the resistance of
concrete to sulfate attack. Test results indicate that entrained air, up to 6
percent, slightly increases resistance of concrete to chemical attack. This
improved resistance is undoubtedly obtained by the increased watertight-
ness due to the reduction in water channel structure.

Resistance of concrete to erosion is related to compressive strength;
therefore, resistance to erosion is increased as the water-cement ratio is
decreased. When air entrainment results in a reduction in strength, erosion
resistance is likewise reduced.

(c) Efjects on Permeability.--The pronounced effect of water-cement
ratio on permeability of concrete is depicted in figure 17. Note that perme-
ability increases rapidly for water-cement ratios higher than 0.55 by
weight.

Water-pressure tests on concrete containing entrained air show that
permeability is not appreciably affected by entrained air in the percentages
ordinarily used in construction if the water-cement ratio remains un-
changed.

Tests of lean mass concretes containing pozzolans indicate increased
resistance to the flow of water when finely ground pozzolans are used.
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(d) Effects on Volume Change.--Drying shrinkage is governed mainly
by unit water content. The cement content of a mix has very little effect
on the drying shrinkage except as it may influence the water requirement.
Ordinarily this effect is small.

Figure 18 reveals that drying shrinkage increases with the water con-
tent. This figure also shows that as entrained air content is increased, dry-
ing shrinkage increases. However, because entrainment of air permits a
reduction in water with no reduction in slump, net shrinkage is not ap-
preciably increased. This fact is demonstrated by the curve for mixes using
1 l/•-inch-maximum size aggregate.

(e) Effects on Strength.--lnvestigations involving thousands of tests
and extending over a long period of time have demonstrated conclusively
that the most important factor influencing the strength of concrete is the
water-cement ratio. Typical graphs in figure 19 show how strength varies
with water-cement ratio. For a given water-cement ratio the strength is
reduced about 20 percent for air contents recommended in section 20, but
when the percentage of air is held constant, as is usually the case for any
given maximum size of aggregate, the strength of concrete varies directly
with the water-cement ratio.

Entrainment of air in concrete causes a decrease in strength. However,
if advantage is taken of the increase in workability through reduction in
water, the strength loss will be partially compensated. The curves in figure
20 present the reduction in strength which results from the indicated per-
centages of air entrained in concrete containing ¾-inch-maximum size
aggregate, 43 percent sand, constant cement content, and a constant 3-inch
slump.

For a given amount of entrained air, the magnitude of reduction in
strength varies with the maximum size of aggregate used. With mixes con-
taining larger size aggregate, the strength reduction becomes less until,
with mass concrete containing 6-inch-maximum aggregate and small
amounts of cement, the reduction is negligible.

Strength is also a function of the voids-cement ratio, V/C, as shown in
figure 21. In this ratio, the term C represents the absolute volume of
cement in a unit volume of concrete. The term V represents the total
voids in a unit volume of concrete; that is, the combined volume of water
and air voids.

(f) Effects on Elasticity.--Although modulus of elasticity is not di-
rectly proportional to strength, Concretes of higher strength usually have
higher elastic moduli. Thus, the modulus of elasticity generally increases
with a decrease in water-cement ratio or air content.

(g) Effects on Creep and Extensibility.--Indications are that creep
and extensibility are increased to some extent as air content or water-
cement ratio is increased.

(h) Effects on Thermal Properties.--The thermal properties are not
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materially affected by changes in air, cement, or water content within the
range of practicable mixes. However, the conductivity of hardened con-
crete does vary inversely with the air content and directly with the water
and cement contents.

(i) Effects on Unit Weight.--The unit weight of concrete is reduced
in direct proportion to the amount of air entrained. An increase in water
cortient tends to decrease the unit weight. An increase in cement content
will increase it.

15. Portland Cement.--Portlandcement as a hydrated paste is the
binder of concrete. The binder, often called cement gel, governs in large
part most of the properties of concrete. Much scientific and technological "
information is available on the composition of portland cement and on
the chemical nature of each of the compounds or phases, as they are
sometimes called. In this manual the term compound is used.

(a) Compound Composition oJ Cement.--The composition of the ce-
ment clinker may be expressed for practical purposes in amounts of four
major compounds, C3S1, flC2S, C:,A, and C,AF. This simplification is justi-
fied as a matter of convenience and, in fact, the deviations from a more
exact expression of kind and amount of compounds have no discernible
effects on the correlations to be discussed. Generally, no one of the major
compounds occurs as a pure compound; glass may also be present as a
compound. All four major compounds may contain substantial amounts
of extraneous ions, including those of minor constituents, as substituents
in the lattice. In the terminology of cement, it is becoming common prac-
tice to call "impure" C:,S, alite, and "impure" beta C•_S, belite. The C.•A
containing extraneous ions is still generally called CaA. The C4AF (in
reality the solid solution, C6A•F-C._,F) generally approaches the com-
position of C,AF and is designated C,AF; the term "ferrite phase" is,
however, frequentlyused. In addition to the compounds described, cement
clinker contains minor constituents--some of which, in major part, are
substituted in the lattice of one or more of the major compounds.

Portland cement clinker is made by intimately intergrinding selected
proportions of an argillaceous material consisting largely of A120:,, Fe=O3,
and SiO_•, and a calcareous material that supplies the CaO. Small quanti-
ties of iron ore or silica may be added to the mix to obtain a desired
clinker composition. The mixture as a slurry or dry powder is passed
through a rotary kiln at increasingly higher temperatures, the maximum
being between about 2,550 ° F and 2,800 ° F. At the highest temperatures
of burning, about 25 to 30 percent of the solids are present as liquid
(melt) which consists largeiy of CaO, AI•O:•, and Fe20:•, some MgO, and

In these and other abbreviated formulas,C=CaO, S--SiO.*, A=AI203, F__-Fe.•O•,
S=SO.-, N=Na20, K=K.*O, and H--H•.O.
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a little SiO2. The CaO in the liquid, the amount of which is continuously

replenished, reacts with the SiO2 to form C._,S. The C2S in turn reacts in
seiid state with CaO to form C:,S. The C4AF and C.•A are crystallization
products of the melt as it cools.
The rate of cooling of the product as it discharges from the kiln may

markedly affect certain properties of the cement. Clinkers of identically
computed compounds may cause marked differences in properties of
concrete.
The clinker generally contains small quantities of MgO, Nao_O, K20,

SO3, free CaO, TiO2, P20•, and Mn20•, and trace amounts of many ele-
ments. All originate from the raw materials and a small amount from fuel
ash, but the manner of burning and cooling the clinker may affect the
amounts and distribution of these in the clinker. The K20 and SO3 may
appear in part as K=SO, and a part of the K•O may become beta C2S.
The K20 enters the lattice of beta C._,S but may also be present in part in
other compounds. The other minor constituents as well as some of the
A1203 and Fe.,O.• are also variously distributed in lattices of the major
compounds. For example, the major substituents in C3S are A1203 and
MgO, and the product is called alite.

Portland cement is an intimately interground mixture of cement clinker
and predetermined amounts of gypsum (about 2.5 to 8.3 percent) re-
quired for controlling set and obtaining optimum strength. The oxide
composition of the cement relates to the composition of the raw mix (kiln
feed). The compound composition of the clinker relates partly to the
thermal history of burning and cooling.
Attempts to correlate compound compositions of cement with prop-

erties of cement paste or concrete yield generally only qualitative answers.
Three reasons account for lack of precision in the correlations:

(1) Calculated compound composition may differ substantially
from the compositions obtained by direct measurements with X-ray
diffraction and optical microscopy.

(2) The differences in contribution of pure and impure com-
pounds to the physical properties of concrete could be very sub-
stantial. For example, alite gives much higher early strength than C3S.

(3) The compounds of the cement interact during hydration. The
hydrated calcium silicate (the cement gel) may contain in its lattice
variable, but up to very substantial, amounts of the A1203, Fe_oO3,
and SO3 of the cement.

For practical purposes, approximate compound composition of a
cement can be determined from the oxide analysis using the nomographs
in figure 22.

Notwithstanding the above-described limitations, the approximate cor-
relations between amounts of calculated compounds and the properties



CHAPTER I•CONCRETE AND CONCRETE MATERIALS 43

of concrete are of great technological importance. The C3S (alite)
correhtes with high early strength; such strength increases are enhanced
by larger amounts of C3A in the cement. These strength-favorable
compositions produce more heat per unit during hydration than cements
of other compositions. By contrast, beta CzS (or belite) hydrates more
siowly with accompanying lower strength and lower heat of hydration.
Larger amounts of C3A, although increasing early strength, cause lower
strengths at later ages. C3A has other unfavorable properties. Cements
with increasing contents (above 5 percent) are much more susceptible
to sulfate or saline solution attack..Excluding gypsum recrystallization, C3A
is the principal cause of abnormal setting of cements.
The resistance of concrete to sulfate and saline solutions generally

improves with decreasingamounts of C3A and C4AF in the cement. C4AF
has a lower heat of hydration than C3A but is not a significant contributor
to strength. When present in large amounts, it may actually decrease
strength slightly.

Among the minor compounds of cements, MgO is generally limited
to a maximum of 5 percent in specifications. The delayed hydration of
MgO in amounts exceeding this limit in moist or intermittently moistened
concrete leads to deleterious expansion. Free CaO is a criterion of degree
of burning in the manufacture of cement. Federal specifications do not
specify limits on permissible amounts, but free CaO is limited to about
1.0 percent maximum by the producers.

The NazO and KzO, if present above certain amounts, when extracted
by water in a moist concrete, may cause swelling of certain aggregates,
such as opal, and resultant expansion of the concrete. This is known as
the alkali-aggregate reaction. The deleterious effects of the reaction can
be prevented by using low-alkali cements, aggregate not subject to alkali
attack, or certain amounts of selected pozzolans. The limitation on amounts
of alkali in Federal specifications is that the summation of percentages
of NazO+0.658 of percentage of KzO shall not exceed 0.60 percent.
However, there are a few reported instances where this limitation was
not sufficient to avoid reaction which over a period of years led to
significant deterioration.

(b) Types o/ Cement.--The first classification of cements into five
types--l, !I, III, IV, and V--has persisted in principle. Several
modifications, such as the use of air-entraining agents in types I, lI, and
111 to provide air-entraining cement, have not otherwise altered the
requirements of the specifications. Federal Specification SS-C-1960/3,
classifies the five types according to usage: type I for use in general
concrete construction when the special properties specified for
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types II, III, IV, and V are not required; type 11 for use in general con-
crete construction and in construction exposed to moderate sulfate at-
tack; type III for use when high early strength is required; type IV for
use when low heat of hydration is required; and type V for use when
high sulfate resistance is required.

The only major compound limitation on type 1 and type I11 is that the
amount of C:,A shall not exceed 15 percent. However, the Federal speci-
fications permit limiting the C•A content for type III to 8 or 5 percent
when moderate or high sulfate resistance, respectively, is required. The
compound restriction on type II cement is a maximum C:,A content of
8.0 percent and, when needed and specified by the purchaser, a maximum
of 58 percent of C:,A + C:,S. The type IV cement is limited to a maximum
of 7.0 percent of C3A and 35 percent of C:,S. Type V cement has limits
of 5.0 percent C:•A and 20.0 percent of C,AF+2(C.•A) as maxima.

The relative proportions of the major compounds in the five types of
cement are illustrated in table 5. Figure 23 shows strengths of concretes
made and cured under similar conditions for the five types of cements.
Heat of hydration and temperature rise for the five types are presented

in figure 24.
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in addition to the usages of the five types of cement already mentioned,
Federal Specification SS-C1960/3 gives further information. Provisions are

Table 5.---Compoundcomposition of portland cements

Type of cement

Type I ........
Type lI .......
Type III ......
Type 1V ......
Type V .......

Compound composition, percentage

Free MgOC:•S C2S CaA C4AF CaSO, CaO

49 25 12 8 2.9 0.8 2.4
46 29 6 12 2.8 0.6 3.0
56 15 12 8 3.9 1.3 2.6
30 46 5 13 2.9 0.3 2.7
43 36 4 12 2.7 0.4 1.6

Ignition
loss

i12
1.0
1.9
1.0
1.0

stated under which any of the five types of cement may be required,
at the discretion of the purchaser, to meet low-alkali or false set limitations.
Additionally, type II or type IV may be required to meet limitations on
heat of hydratioia. For a type II, either a maximum heat of hydration
or a maximum limitation on C3A plus C3S content, or both, may be
specified.

Use of type I cement is generally permitted only in precast or
precast-prestressed concrete items not to be in contact with soils or ground
water. In such cases, use of this type of cement is an alternative to use
of type II or type IlI. As types I and II are both suitable for use in
general construction, use of type II for this purpose in Bureau work is
preferable because of the generally moderate sulfate conditions occurring
in soils and ground waters in many areas throughout the western part
of the United States. Types I and II are normally available at the same
cost. Type II cement is also specified for use in mass concrete, and the
heat of hydration and C3A plus C3S content limitations are required to
minimize cracking caused by temperature gradients.

In the past, type IV cement was used in construction of Bureau dams
because of lower heat of hyration. This cement has the disadvantage of
slow strength development and higher cost. Development of mix designs
utilizing pozzolans and water-reducing admixtures to allow decreases in
cement content and general improvements in the technology of dam
construction made possible the substitution of type II cement for the
type IV. These advances have resulted in improved quality and reduction
of costs.

Type I11 cement is used where rapid strength development of concrete
is essential, as in emergency construction and repairs and construction
of machine bases and gate installations. It is also used in laboratory tests
where quick test results are necessary. Where this type of cement is used,
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curing and protection of the concrete may be discontinued at earlier ages.
Concrete having high early strength may also be produced with an
accelerator (see see. 20). So doing eliminates the need for changing the
type of cement and also decreases the cost.

Type V cement is essential where structures such as canal linings,
culverts, and siphons will be in contact with soils and ground waters
containing sulfates in concentrations that would cause serious deterioration
if other types were used. By reference to table 5, it will be seen that
the sum of C3S and C2S is unusually high in this cement and that the
sum of C•A and C4AF is less than for any other types. This combination
of low C3A and C4AF imparts much greater resistance to sulfate attack
than is attainable with other cements.

Portland-pozzolan cements, mixtures of portland cement and certain
chemically active natural or artificial materials called pozzolans, are covered
by Federal Specification SS--C-1960/4 and ASTM Designation C 595.
Portland-pozzolan cement are manufactured by intergrinding the pozzolan
with the portland cement clinker at the mill.

Expansive cement is a hydraulic cement that expands during early
hardening. There is no Federal specification for expansive cements but
they are coveredby ASTM Designation C 845. Either type I or II portland
cement is the major binding material of expansive cements. Various cement
formulations have been identified in the industry by letters K, M, and
S. The expansive constituents are C4A3S, calcium aluminate cement (CA
and C12A7), and C3A in types K, M, and S cements, respectively. All
contain "ff in excess of that normally present in portland cement and range
in amount from approximately 4.5 to 6.0 percent.

Expansive cements are used to produce what is known as shrinkage
compensating concrete. If the early expansion of the concrete is restrained
by reinforcement, formwork or other restraint a compressive stress is
developed in the concrete. This compressive stress compensates for later
volume change due to drying and prevents or reduces cracking due to
drying shrinkage. Most expansive cements are not resistant to sulfate attack
and should not be used in concrete that will be exposed to sulfates unless
satisfactory resistance has been determined by test.

Laboratory investigations indicate a high sensitivity of expansive cements
to aeration and variables of temperature and curing, and careful attention
must be given to these factors during any concrete mixing and placing
operation. Laboratory investigations also indicate this high sensitivity of
expansive cements to variables would generally make questionable their
effective use in combination with water-reducing, set-controlling agents
and pozzolans.
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Set-controlled cement, a type applicable to work of an unusual requirement
for hardening rate, is now on the market. White cement, a readily available
product, can be used for special architectural and esthetic treatments of
structures which would otherwise contain ordinary gray-colored portland
cement.

(c) Fineness o[ Cement.--Higher fineness increases the rate at which
cement hydrates, causing greater early strength and more rapid generation
of heat. Although total heat generation and strengths at later ages are
somewhat greater for the finer cements, the effects of higher fineness
are manifested principally during the early period of hydration.

Because of their extremely small size, the finer cement particles are
not susceptible to separation into size fractions by means of screens, and
special methods have been devised for making quantitative approximations
of size distribution. Instruments known as turbidimeters and
air-permeability apparatus are in common use for this purpose. The
measure of fineness is known as specific surface and is the summation
of the surface area, in square centimeters, of all the particles in 1 gram
of cement, the particles being considered as spheres. The Wagner
turbidimeter method for determining the specific surface of cement, the
accepted standard for many years, has been replaced in Federal
specifications by the Blaine air-permeability method.

As determined by the Blaine method, specific surface of most modern
cements ranges from 2,600 to 5,000 square centimeters per gram. Federal
Specification SS-C-1960/3 stipulates that for all types of cement, except
type III on which there is no fineness requirement, the average specific
surface determined with samples representing a bin of cement shall be
not less than 2,800. Although there is no definite ratio between the surface
areas of cement as determined by the Blaine and Wagner methods, and
approximation of the Wagner values may be made by dividing the Blaine
specification requirements by 1.8.

Cements having a specific surface less than about 2,800 (Blaine) may
produce concrete with poor workability and excessive bleeding (water gain
at the top of concrete caused by settlement of solids prior to initial set).
Bleeding often causes unsightly sand streaking on concrete surfaces. Within
the normal fineness range, decreased fineness increases water requirements.
Greater fineness improves early strength development. However, tests
indicate that resistance to freezing and thawing is slightly lower when
finely ground cement is used in concrete cured under conditions similar
to those used in the field.

Evidence of differences in strength, heat of hydration, production of
laitance, bleeding tendency, and durability has been observed in comparing
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cements otherwise considered to be similar on the basis of fineness tests
and chemical analyses. Causes of these differences are not fully understood,
but it is suspected that dissimilarities in raw materials and manufacturing
processes are responsible. Differences in inherent air-entraining
characteristicsof the cements may be contributing factors. Some attempts
to analyze and regulate these more obscure effects on concrete quality
have been made, and the matter is receiving increasing attention.

16. Abnormal Set of Portland Cement.--Abnormal set, or
premature stiffening, of cement impedes or prevents proper placing and
consolidation of concrete. A normal setting concrete may be defined as
one that retains its workability for a sufficient period of time to permit
proper placing and consolidation. The period of time required between
completion of mixing and completion of consolidation may be as short
as 10 minutes or may extend up to 2 hours. The loss of workability during
the interval is called slump loss, measurable either by the slump test or
Proctor Needle Penetration Test (ASTM C 403 Standard). In the
laboratory, abnormal setting is determinable as decrease of penetration
of a 1-centimeter-diameter, 400-gram Vicar needle in a mortar, following
the method of ASTM C 359 Standard.

Abnormal set may be due to one or more causes, and different types
of set are known (or designated) as false, delayed false, quick, delayed
quick, and thixotropic. In the following definitions, paste, mortar, and
concrete are interchangeable words. According to ASTM C 359 Standard,
"False set is the rapid development of rigidity in a mixed portland cement
paste (without evolution of much heat) which rigidity can be dispelled
and plasticity regained by further mixing without addition of water." False
set as described is often caused by recrystallization of gypsum (which was
dehydrated during grinding) in the immediate postmixing period. The
corrective for this type of false set is the maintenance of sufficient amount
of gypsum in the cement during manufacture to cause total precipitation
of dehydrated gypsum during the mixing of concrete. False set is also
occasionally causedby continuation of ettringite precipitation for several
minutes in the postmixing period. Ettringite (C3A" 3CS'H32) is formed
by the reaction of the C3A, gypsum, and water. In a normal setting
cement, ettringite precipitates as a slightly previous coating over the
exposed surfaces of C3A crystals and stops temporarily the fast hydration
of C3A. This is the generally accepted theory explaining gypsum as a
set retarder.

Delayed false set is phenomenologieally and chemically the same as
false set except that the recrystallization of gypsum (and infrequently
ettringite precipitation) occurs after the remixing at 11 minutes in ASTM
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C 359 Method. Both false set or delayed false set can be dispelled by
further mixing.

According to ASTM C 359 Standard, "Quick set is the rapid develop-
ment of rigidity of a cement paste (usually with the evolution of consider-
able heat) which rigidity cannot be dispelled nor can plasticity be regained
by further mixing without addition of water." Quick set is caused by
rapid and uninterrupted precipitation of ettringite. Quick set has not been
encountered in Bureau work for several years. Delayed quick set occurs
when the ettringite reaction has temporarily stopped during mixing but
is reactivated during remixing at 11 minutes or shortly thereafter. Pastes
or mortars exhibiting delayed ettringite precipitation continue to set;
therefore, this set is not dispelled by further mixing. The dispelling or
nondispelling of delayed sets is the criterion for calling one delayed false
set and the other delayed quick set.

Thixotropic set may be defined as a very rapid and pronounced de-
velopment of rigidity of a cement paste immediately upon cessation of
mixing. This rigidity is dispelled without recurrence by additional mixing
up to 2 minutes, but infrequently longer mixing may be required. This
type of set was determined in the Bureau laboratories to be caused by
interaction Of opposite electrostatic surface charges on different com-
pounds in ground cement clinker. Such charges, detected in a few cements
obtained from different projects, were probably induced by aeration. It
has been found that electrostatic charges can be caused by aeration of
ground clinker or cement at 50 percent relative humidity. An instrument
called a thixometer (adapted from a Stormer paint viscometer) has been
developed to measure the relative strengths of bonds between particles
in a cement-benzene slurry. The difference in the total load to shear the
set slurry and the load to maintain free flow after set is broken divided by
the total load provides an index ratio to express thixotropic set.

17. Classification and Use of Pozzolans.--Pozzolansare siliceous or
siliceous and aluminous materials which in themselves possess little or
no cementitious value but will chemically react, in finely divided form
and in the presence of moisture, with calcium hydroxide at ordinary tem-
peratures to form compounds possessing cementitious properties.

All pozzolans owe their chemical activity to one or more of five kinds
of substances: (1) siliceous and aluminous, artificial or natural glass; (2)
opal; (3) calcined clay minerals; (4) certain zeolites; and (5) hydrated
oxides and hydroxides of aluminum. T-hey can be classified petrographi-
cally as follows:

(1) Clays and shales (must be calcined to activate).
Kaolinite type
Montmorillonite type
Illite type
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(2) Opaline materials (calcination may or may not be required).
Diatomaceous earth
Opaline cherts and shales

(3) Volcanic tufts and pumicites (calcination may or may not be
required).

Rhyolitic types
Andesitic types
Phonolitic types

(4) Industrial byproducts.
Ground brick
Fly ash
Silica fume

Except for rare occurrences, natural pozzolans must be ground before
use. The clayey pozzolanic material, including altered volcanic ashes and
tufts as well as shales, must be calcined at temperatures between 1,200 °
and 1,800 ° F to activate the clay constituent.

Pozzolans are normally not specified for concrete unless advantages in
their use outweigh the disadvantages of storing and handling an extra
material. Pozzolans may be used to improve the workability and quality
of concrete, to effect economy, or to protect against disruptive expansion
caused by the reaction between certain aggregates and the alkalies in
cement. Most good quality pozzolans also increase the resistance of con-
crete to deterioration in exposure to soluble sulfates in soil or ground
water. Fly ash is more effective and consistent for this purpose than the
natural types. In addition to improving workability of concrete, most
pozzolans will reduce heat generation, thermal volume change, bleeding,
and permeability of concrete. Some pozzolans, particularly calcined clay
and shales, require more water than portland cements. When additional
water is required, additional cement is also required to maintain a specified
water-cement ratio and to assure that the concrete will meet design
strengths. The additional cement increases the cost of the concrete, and
the additional water increases drying shrinkage, which may result in in-
creased cracking. Also, investigations demonstrate that concrete contain-
ing pozzolan must be thoroughly cured; otherwise resistance to freezing
and thawing will be reduced.

The following pozzolans are known to control alkali-aggregate reac-
tion effectively, even when reactive aggregate and high-alkali cement
are used:

( 1 ) Highly opaline material, such as diatomaceous earth and opaline
chert.

(2) Certain volcanic glasses.
(3) Certain calcined clays.
(4) Fly ash.
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All the materials listed here reduce expansion caused by alkali-aggregate
reaction, with fly ash being generally the least effective. However, the
effectiveness of these pozzolans in controlling disruptive alkali-aggregate
expansion is generally diminished if calcium chloride is added to the mix.

Pozzolans that will control alkali-aggregate reaction can be divided into
two groups: (1)certain amorphous siliceous and aluminous substances; and
(2) certain calcined montmorillonite-type clays. Materials of the first group
include opal and highly opaline rocks of any type; kaolin clays calcined
in the range 1,200 ° to 1,800 ° F; diatomaceous earth; some rhyolitic
pumicites; and some artificial siliceous glasses. Fly ashes as a group are
moderately effective in reduction of reactive expansion when compared
to the better materials of groups (1) and (2); however, some fly ashes
significantly reduce expansion. Calcined clays of the montmorillonite group
often are effective in controlling alkali-aggregate reaction. Calcination at
1,600° F or higher is necessary for these materials to avoid causing
excessive water requirement, shrinkage cracking, or abnormal stiffening of
a concrete mix.

Some pozzolans appreciably increase the water requirements of concrete
when used in sufficient quantity to control alkali-aggregate reaction. These
materials include diatomaceous earth, several industrial byproducts
composed of amorphous hydrous silica, and some of the clayey pozzolans.
The increase in water requirement with pozzolans results from their high
absorption, low specific gravity, and in some cases high fineness. Fly ash,
of low carbon content, generally decreases the water requirement.

Caution must be exercised in the selection and use of pozzolans, as
their properties vary widely and some may introduce adverse qualities into
the concrete, such as excessive drying shrinkage and reduced strength and
durability. Moreover, when used in insufficient proportions with some
chemically reactive aggregate-cement combinations, certain pozzolans have
increased the expansion in mortars. Before accepting a pozzolan for a
specific job, it is advisable to test it in combination with the cement
and aggregate to be used, so as to determine accurately the advantages
or disaadvantages of the pozzolan with respect to quality and economy
of the concrete. Any pozzolan proposed for use in Bureau construction
must meet the requirements of Federal Specification SS-C-1960/5,
Pozzolan For Use ifi Portland Cement Concrete.

18. Quality and Gradation of Aggregates.--Concrete aggregate
usually consists of natural sand and gravel, crushed rock, or mixtures of
these materials. Natural sands and gravels are by far the most common
and are used whenever they are of satisfactory quality and can be obtained
economically in sufficient quantity. Crushed rock is widely used for coarse
aggregate and occasionally for sand when suitable materials from natural
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deposits are not economically available, although production of workable
concrete from sharp, angular, crushed fragments usually requires more
vibration and cement than that of concrete made with well-rounded sand
and gravel. However, through the extra workability imparted by entrained
air, the difficulty of making workable concrete with crushed aggregate has
been greatly reduced. The shape of the particles of crushed rock depends
largely on the type of rock and the method of crushing.

Artificial aggregates in common use in certain localities consist mainly
of crushed, air-cooled blast-furnace slags and specially burned clays. Slags
are economically available only in the vicinity of blast furnaces. Light-
weight aggregate, manufactured by vitrifying and expanding clays in kilns,
is used by the Bureau principally for insulation, fireproofing, and light-
weight floor and roof slabs. (For further discussion of lightweight aggre-
gates, see secs. 140through 143.)

Deterioration of concrete has been traced in many instances to the use
of unsuitable aggregate. Suitable aggregate is composed essentially of
clean, uncoated, properly shaped particles of strong, durable materials•
When incorporated in concrete, it should satisfactorily resist chemical or
physical changes such as cracking, swelling, softening, leaching, or chemi-
cal alteration and should not contain contaminating substances which
might contribute to deterioration or unsightly appearance of the concrete.
The elements contributing to unsoundness through physical and chemical
changes or through deleterious contamination are mentioned in the fol-
lowing subsections and discussed in detail in chapter II.

The choice in selecting aggregate, for economic reasons, is usually
limited to local deposits. Good judgment in making this choice involves
an appreciation of the desirable and undesirable characteristics that de-
termine aggr.egate quality and of the practicability of improving available
materials by suitable processing.

(a) Contaminating Substances.--Aggregate is commonly contaminated
by silt, clay, mica, coal, humus, wood fragments, other organic matter,
chemical salts, and surface coatings and encrustations. Such contaminating
substances in concrete act in a variety of ways to cause unsoundness, de-
creased strength and durability, and unsightly appearance; their presence
complicates processing and mixing operations. They may increase the
water requirement, may cause the concrete to be physically weak or
susceptible to breakdown by weathering, may inhibit the development of
maximum bond between the hydrated cement and aggregate, may hinder
the normal hydration of cement, or may react chemically with cement
constituents. One or more of these substances contaminate most aggregates
but the amounts that are allowable depend on a number of factors, which
vary in individual cases. Permissible percentages, by weight, are com-
monly stipulated by specification. Fortunately, excesses of contaminating
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substances may frequently be removed by simple treatment. Silt, clay,
powdery coatings, soluble chemical salts, and certain lightweight materials
are usually removable by washing. Special and more complicated process-
ing may be necessary for other, less amenable substances such as clay
lumps, or their removal may not be possible by methods which are eco-
nomically practicable. Deleterious substances such as tree roots and drift-
wood are discussed in section 69.

(b) Soundness.--An aggregate is considered to be physically.sound
if it is adequately strong and is capable of resisting the influences of
weathering without disruption or decomposition. Mineral or rock particles
that are physically weak, extremely absorptive, easily cleavable, or swell
when saturated are susceptible to breakdown through exposure to natural
weathering processes. The use of such materials in concrete reduces
strength or leads to premature deterioration by promoting weak bond
between aggregate and cement or by inducing cracking, spalling, or pop-
outs. Shales, friable sandstones, some micaceous rocks, clayey rocks, some
very coarsely crystalline rocks, and various cherts are examples of physi-
cally unsound aggregate materials; these may be inherently weak or may
deteriorate through saturation, alternate wetting and drying, freezing,
temperature changes, or by the disruptive forces developed as a result
of crystal growth in the cleavage planes or pores.

The most important properties affecting physical soundness of aggre-
gate are the size, abundance, and continuity of pores and channelways
within the particles. These pore characteristics influence freezing and
thawing durability, strength, elasticity, abrasion resistance, specific gravity,
bond with cement, and rate of chemical alteration. Aggregate particles
that contain an abundance of internal channelways of very small size
(particularly those less than 0.004 millimeter in diameter) contribute most
toward reduced freezing and thawing durability of concrete. Such par-
ticles readily absorb water and tend to retain a high degree of saturation
when enclosed "in concrete; consequently, with progressive freezing, drain-
age of excess water from the freezing zone may not be accomplished be-
fore high internal hydrostatic pressure causes failure of portions of the

concrete.
Chemical soundness of an aggregate is also important. In many in-

stances, excessive expansion causing premature deterioration of concrete
has been associated with chemical reaction between reactive aggregate and
the alkalies in cement. Known reactive substances are the silica minerals,
opal, chalcedony, tridymite, and cristobalite; zeolite, heulandite (and
probably ptilolite) ; glassy to cryptocrystalline rhyolites, dacites and ande-
sites and their tufts; and certain phyllites. Any rock containing a significant
proportion of reactive substances will be deleteriously reactive; thus,
although pure limestones and dolomites are not deleteriously reactive,
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limestones and dolomites that contain opal and chalcedony are related to
deterioration of concrete as a result of alkali-aggregate reactivity. Simi-
larly, normally innocuous sandstone, shales, granites, basalts, or other
rocks can be deleteriously reactive if they are impregnated or coated with
opal, chalcedony, or other reactive substances.

Other types of chemical alteration, such as oxidation, solution, or hydra-
tion, may decrease the physical soundness of susceptible aggregate par-
ticles after their incorporation in concrete, or may produce unsightly
exudations or stains.

(c) Strength and Resistance to A brasion.--An aggregate should and
usually does have sufficient strength to develop the full strength of the
cementing matrix. When wear resistance is important, aggregate particles
should be hard and tough. Quartz, quartzite, and many dense volcanic
and siliceous rocks are well qualified for making wear-resistant concrete.

(d) Volume Change.--Volume change in aggregate resulting from
wetting or drying is a common source of injury to concrete. Shales, clays,
and some rock nodules are examples of materials which expand when
they absorb water and shrink as they dry. Thermal coefficients of expan-
sion vary widely in different minerals (see sec. 8), and it has been sug-
gested that damaging internal stresses may also develop when the change
in volume of aggregate particles caused by temperature variations is
substantially different from that of cement paste or when there are large
differences in the coefficients of expansion among the aggregate particles.
Instances of cracking and spalling have been ascribed to this cause. How-
ever, aggregates are usually heterogeneous masses, and even when such
variations could theoretically cause failure, the proof of such failure is
infrequent and doubtful.

The coefficient of thermal expansion of a material is the rate at which
thermal volume change takes place. Coefficients of expansion of individual
rock specimens may vary widely. (Limestones range from 2 to 6.5 mil-
lionths.) However, the following are given as average coefficients for
some common rocks frequently found in concrete aggregates:

Coe•cient
Rock ot expansion

Basalts and gabbros ........................................................ 3.0
Marbles ............................................................................ 3.9
Limestones ........................................................................ 4.4
Granites and rhyolites ...................................................... 4.4
Sandstones ........................................................................ 5.6
Quartzites .......................................................................... 6.1

Some crystalline rocks are anisotropic; in other words, they have different
coefficients along each of the various crystalline axes. For example, the



CHAPTER I--CONCRETE AND CONCRETE MATERIALS 57

coefficient of feldsparis about 0.5 millionths on one axis, and 9 millionths
on another axis.

The aggregate in concrete, making up from 70 to well over 80 percent
of the total solid volume, will essentially control the coefficient of ex-
pansion of the concrete when estimated by the usual method of using the
weighted averages of the coefficients of the different components. Since
natural stream gravels are usually heterogeneous mixtures, concretes made
from such aggregate will be about average, with a coefficient of about 5.5
millionths. Mineral aggregates vary from below 2 millionths to above 7
millionths in thermal coefficient of expansion. Cements and frequently
sands exhibit somewhat higher average expansion, and hence mortars
without coarse aggregate should be estimated separately (see sec. 8).

At a temperature of 1,063 ° F, which is commonly reached in a burn-
ing building, quartz changes state and suddenly expands 0.85 percent,
usually producing a disruptive effect at the surface of concrete. This sud-
den change of 0.85 percent represents a linear change of 8,500 millionths
and is equivalent to several hundred degrees temperature change. Expan-
sion which accompanies chemical reactions between certain aggregates
and alkalies in cement has been discussed previously in this section.

(e) Particle Shape.--The chief objection to fiat or elongated particles
of aggregate is the detrimental effect on workability and the resulting
necessity for more highly sanded mixes and consequent use of more
cement and water. A moderate percentage (on the order of 25 percent of
any size) of flat or elongated fragments in the coarse aggregate has no
important effect on the workability or cost of concrete.

(f) Specific Gravity.--Specific gravity of aggregate is of direct im-
portance only when design or structural considerations require that the
concrete have minimum or maximum weight. When lightness is desired,
artificially prepared aggregates of low unit weight are frequently used in
place of natural rock.

Specific gravity is a useful, quick indicator of suitability of an aggregate.
Low specific gravity frequently indicates porous, weak, and absorptive
material, and high specific gravity often indicates good quality; however,
such indications are undependable if not confirmed by other means.

(g) Gradation.--The particle size distribution of aggregate as deter-
mined by separation with standard screens is known as its gradation. Sieve
analysis, screen analysis, and mechanical analysis are terms used synony-
mously in referring to gradation of aggregate. For the sake of uniformity,
the term "screen" has been adopted for general use in this manual. In
Bureau work, gradation of sand is now expressed in terms of the individ-
ual percentages retained on United States standard screens designated by
the numbers 4, 8, 16, 30, 50, and 100. Gradation of coarse aggregate
is determined by means of screens having openings according to the
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specifications or special requirements for the job, as described hereinafter.
From the percentages of sand and total coarse aggregate to be used (de-

pendent on maximum size, character, and grading of the material) the
combined grading of aggregate may be computed. A grading chart is
useful for depicting the size distribution of the aggregate particles. Figure
25 is such a chart, illustrating grading curves for sand, gravel, and com-
bined sand and gravel. The fineness modulus (F.M.) shown in the table
for sand is an index of coarseness or fineness of the material but gives no
idea of grading. (See appendix, designation 4.)

Test results shown in tables 6 and 7 indicate that changes in sand
grading over an extreme range have no material effect on compressive
strength of mortar and concrete specimens when water-cement ratio and
slump are held constant. However, such changes in sand grading under
the conditions mentioned do cause the cement content to vary inversely
with the fineness modulus of the sand. Although effect on cement content
is relatively small (see fig. 26), grading of sand has a marked influence
on workability and finishing quality of concrete. The effect on workability
is somewhat intensified as a result of holding the percentage of sand
constant.

Experience has demonstrated that either very fine or very coarse sand,
or coarse aggregate having a large deficiency or excess of any size fraction,
is usually undesirable, although aggregates with a discontinuous or gap
grading have sometimes been used with no apparent disadvantages. Aggre-

Table 6.mEffects o[ sand gradingon mortar

Cement
content,
pounds

• Mix per
cubic
yard

1 ....... 846
2 ....... 831
3 ....... 850

....... 850
5 ....... 876
5 ....... 876
7 ....... 895

....... 884

....... 891
tO ...... 910
t 1 ...... 929
2 ...... 921

Unit
compressive F.M.
strength of sand

at 28 days 1

5,620
5,460
5,350-
5,330
5,300
5,390
5,420
5,510
5,230
5,170
5,210
5;570

3.29
3.20
3..17
3.03
2.94
2.91
2.79
2.75
2.71
2.70
2.56
2.54

Sand grading
(individual percentages retained)

No. No. No. No. No. Pan8 16 30 50 100

30 23 17 13 10 7
21 23 26 18 9 3
24 20 21 21 12 2
22 21 20 17 15 5
15 20 30 19 11 5
21 20 19 17 15 8
20 19 18 17 15 11
12 20 24 24 15 5
6 16 36 29 11 2

17 11 15 42 12 3
4 4 46 38 6 2
17 17 17 17 16 16

a Each value represents the average of tests made with Hoover, GrandCoulee, and FriantDam
sands at a constant W/C of 0.50 and slump of 2tA inches. Strength values were obtained from
three 2- by 4-inch cylindersmade with each of 3 sands.
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Mix 1

Table 7.--Effects of sand gradingon concrete

Cement Sand grading
content, Unit (individual percentagesretained)
pounds compressive F.M.
per strength of sand

cubic at 7 days No. No. No. No.
yard 8 16 30 50 No,

100 Pan

1 ....... 478 2,760 3.10 27 20 17 15 14
2 ....... 481 2,690 2.93 21 16 22 22 14 5
3 ....... 489 2,840 2.91 21 20 19 17 15
4 ....... 493 2,700 2.89 16 12 30 31 9 2
5 ....... 481 2,810 2.74 15 15 25 24 16 5

....... 504 2,730 2.70 10 10 34 34 10 2

•The following were common to all mixes: W/C:0.57; slump:4 inches; sand=37 percent;
grading of coarse aggregate:20percent of No. 4 to Ya-inch, 30 percent of a/s- to aA-inch, and 50
percent of a4- to l l/2-inch material. Strength values were obtained from 6- by 12-inch cylinders.

gate grading is important principally because of its effect on water-
cement ratio and paste-aggregate ratio, which affect economy and place-
ability of concrete. As far as practicable, grading occurring in natural
deposits should be used in Bureau construction unless it has been demon-

1000
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8•o
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+Concrete
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45O
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Oata from tables 0 anti 7

Figure 26.-•Cement content in relation to fineness modulus of sand. With
mortars having the same water-cement ratio and slump, more cement per
cubic yard is required when sand of lower fineness modulus is used.
288-0-120.
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strated through experience or laboratory investigations that corrections in
gradings would be advantageous.

Allowable grading limits for sand depend to some extent on shape and
surface characteristics of the particles. A sand composed of smooth,
rounded particles may give satisfactory results with coarser grading than
would be permissible for a sand made up of sharp, angular particles with
rough surfaces. It is not hard to visualize the interlocking positions taken
by angular particles in close contact, nor the contrast between such par-
ticles and smooth, rounded particles, with respect to freedom of move-
ment in fresh concrete. It is also evident that roughness of the surfaces of
the grains increases internal friction.

Sand having a smooth grading curve of regular shape cannot always be
obtained economically. However, if the results of screen analyses fall
within certain limits and if variation in fineness modulus is properly re-
stricted, the sand will almost invariably be satisfactory with respect to
grading. Bureau specifications usually provide that screen analyses be
within the following limits:

Percentageretained
Screen size (individual)

No. 4 .............................................................. - ................. 0 to 5.
No. 8 ................................................................................ 5 to 15.
No. 16.............................................................................. 10 to 25. •
No. 30.............................................................................. 10 to 30.
No. 50.............................................................................. 15 to 35.
No. 100............................................................................ 12 to 20. 2
Pan ................................................................................... 3 to 7.

1 If the individual percentage retained on the No. 16 screen is 20 percent or less,
the maximum limit for the percentage retained on the No. 8 screen may be increased
to 20 percent.

Sand for concrete canal lining shall contain not less than 15 percent of material
passing the No. 50 screen and retained on the No. 100 screen.

For large jobs it is desirable that grading of the sand be controlled so
that the fineness moduli (appendix, designation 4) of at least 9 out of
10 consecutive test samples of finished sand, when samples are taken
hourly, will not vary more than 0.20 from the average fineness modulus of
the 10 test samples.
Correction of sand grading by classifying, screening, and recombining

is uneconomical on small jobs, but such processing of coarse aggregate
can readily be accomplished. Methods for correction of sand gradings
are described in section 64. Table 8 shows approximate practicable ranges
in grading of coarse aggregates. Bureau specifications usually restrict the
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Table 8.mApproximateranges in grading of naturalcoarse aggregates
for various concretes

Maximum
size aggregate
in concrete,

inches

3 ..........

6 ..........

Cobbles,
3 to6
inches

0 ........

0 ........

0 ........

20 to 35

Percentage of coarse aggregate fractions (clean separation)

Fine gravel
Coarse
gravel,
1½to3
inches

0 ........

0 ........

20 to 40..
20 to 32..

Medium
aft4ravel,

to IV2
inches

0 .......

40 to 55
20 to 40
20 to 30

3/16 (No. 4)
to aA inch

100 ......
45 to 60.
25 to 40.
20 to 35

Ya toa/•
inch

55 to 73
30 to 35
15 to 25
12 to 20.

3/16 (No. 4)
to 3/s inch

27 to 45
15 to 25 1
tO to 15
8to 15

1 In concrete for canal lining, the percentage of 3/16- to 3•-inch fraction is reduced to about 5
percent of the total aggregate (see sec. 108).

maximum nominal size of aggregate to 6 inches. Use of cobbles larger
than 6 inches generally accomplishes little or no saving in the cost of
concrete or improvement in mix characteristics. The larger cobbles in-
crease grinding action in the mixer, segregate easily, and make placing
more difficult. Under certain conditions, however, the inclusion of larger
cobbles is advantageous. For some Bureau mass concrete dams where use
of 3- to 6-inch material was desirable but the pit-run material was de-
ficient in 3- to 6-inch size coarse aggregate, the usual maximum limit for
oversize was extended to 8 inches. The use of such large-size aggregate
may increase concrete mixer maintenance and handling and placing dif-
ficulties which could offset any savings in materials costs.

Although size separations of coarse aggregate at 3/J6, a/a, 1V2, and
sometimes 3 and 6 inches are in general use in Bureau work, there are in-
stances in which it is advantageous to use other separations. An outstand-
ing example is the division of the 3/• 6- to a,4-inch size, which has a size
range ratio of 4 to 1, into two fractions, 3/• 6 to a• and • to ¾. This
procedure results in a reduction of segregation during handling and en-
ables control of the amount of a/• 6- to 3•-inch material, which often has
a critical effect on concrete workability. Pit-run aggregate often contains
an excess of one or more sizes, which must be eliminated to produce satis-
factory gradation. Sometimes this may be accomplished, without inci-
dental loss of desirable sizes, by establishing size separations that closely
bracket the objectionable excess.

Concrete containing 1½-inch-maximum size aggregate is occasionally
specified for tunnel linings less than 12 inches in thickness and with
double reinforcement curtains. Tunnel linings greater than 12 inches in
thickness with no reinforcement or only a single row of reinforcement, or
cutoff walls and other structures may often be constructed using aggre-
gate with a maximum size of 2½ inches, thereby effecting a saving in
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cement. Where 2•/5-inch-maximum size aggregate is to be used in tunnel
lining this size should also be used in the massive portions of other work
in lieu of 3-inch material which could otherwise be used. This practice
eliminates the need to produce and use two different aggregate sizes in the
larger size range. The actual maximum size of aggregate selected and
used is dependent on quantity involved, thickness of section, and amount
and spacing of reinforcement steel. This procedure might involve cor-
responding adjustment of other size fractions.Concrete containing coarse
aggregate separated at a/•6, 1/2, 1¼, and 21./2 inches can readily be
pumped through 8-inch pipe. Aggregate larger than 21/2 inches may cause
difficulty in pumping.

Because perfect screening of aggregates on the job cannot be done at
reasonable cost, each sized product contains some undersize material.
Oversize is also frequentlypresent because of screen wear or the use of
screens with effective openings somewhat larger than the openings speci-
fied. The amount of undersize is increased by breakage and attrition dur-
ing handling operations. However, there are considerable portions of
undersize and oversize that are only slightly smaller or larger, respectively,
than the specified limits of an aggregate fraction, and these portions are
not sources of trouble. The significant, or objectionable, portion of the
undersize may be considered as the relatively small material that will pass
a test screen having openings five-sixths of the specified minimum size of
the aggregate fraction.

To control screening effectiveness and improve concrete uniformity,
Bureau specifications require that the aggregates as batched will be within
specified limits for significant undersize when tested on screens having
openings five-sixths of the nominal minimum size of each separation.
The allowable percentage will vary somewhat depending on job condi-
tions. When final screening is done at the batching plant, it is practicable
to restrict undersize in each size fraction to 2 percent. No significant
oversize is permitted; that is, no material is to be retained on the designated
test screens that have openings approximately seven-sixths of the nominal
size of the material. Sizes of openings in screens for determining significant
undersize and oversize for coarse aggregate are shown in table 9. The
nominal separation points include those commonly used. In any coarse
aggregate size fraction, Bureau specifications usually require a certain
percentage of material to be retained on an intermediate "index screen"
to assure inclusion of sufficient larger size material to provide uniform
size distribution of aggregate particles. Index screens for various nominal
coarse aggregate sizes and typical minimum percentages to be retained on
them are shown in table 9.

The undersize in fine gravel is usually composed largely of material
retained on a No. 8 screen. An objectionable amount of pea gravel and
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undersize No. 8 material in a concrete batch is generally occasioned by
breakage and segregation in all sizes of coarse aggregate during handling
and stockpiling operations, rather than by ineffective processing; it is
difficult to compensate satisfactorily for excessive fluctuations in pea gravel
content of the various sizes by continual changing of the mix. The obvious
and practicable way of minimizing such erratic grading is to improve
handling methods, to divide the fine gravel into two fractions using a
3/8-inch screen, or to finish screen the corase aggregate at the batching
plant as it is used and waste the minus "3/16-inch undersize material.

A sudden increase in pea gravel brings about an increase in the voids
between aggregate particles which, if not corrected by changing the mix,
may result in a serious decrease in workability. This probably occurs
because insufficient mortar is present to fill the excessive void space.
Adjustment of the mix by increasing mortar content will restore the lost
workability. This expedient, which involves abnormally high cement
content and water content, should be necessary only on infrequent
occasions when it is impracticable to maintain a reasonably uniform pea

gravel content.
In general, crushed aggregate, as compared with gravel, requires more

sand to compensate for the sharp, angular shape of the particles to obtain
a mix comparable in workability to one in which no crushed material
is used. About 27 percent natural sand was used with the 6-inch-maximum
crushed limestone in much of the concrete for Angostura Dam, but only
about 22 percent was required with gravel in mixes at Hungry Horse
and Canyon Ferry Dams, which contain natural aggregate.

Figures 27 and 28 portray the significant degree of benefit derived
from using concrete containing aggregate graded to the largest maximum
size and show the decrease that occurs in water and cement contents
with an increase in maximum size of aggregate. The latter is the primary
factor in reducing drying shrinkage, as illustrated in figure 18. From figUre
27 the appreciable economy of such concrete is clearly evident in the
reduction in cement content that is possible as the maximum size of
aggregate is increased, particularly in the range of sizes smaller than 3
inches. With the larger maximum sizes the reduction in cement content
is not so pronounced.

These reductions in water and cement content with larger aggregate
are possible because coarse aggregate contains fewer voids as its range of
sizes is increased, and less mortar is required to make workable concrete.
The amount of cement (fig. 29) required to produce maximum compressive
strength at a given age with a given aggregate will vary with each maximum
size of aggregate involved. Greater strengths can be obtained at higher
cement contents for all sizes of aggregates until a maximum strength is
reached beyond which the addition of cement produces no increase in
strength. The compressive strength at which the addition of ce-
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merit produces no further increase in strength is higher for the smaller size
aggregates than for the larger size aggregates.

Significant results of an extensive series of tests performed in the Denver
laboratories to determine the influence of maximum size of aggregate on
compressive strength of concrete are presented in figure 29. These curves
illustrate the effect of various size aggregates on compressive strength of
concrete and emphasize the narrow limits of aggregate size selection when
it is required to produce high-strength concrete. Such high-strength con-
crete may be required in prestressed or posttensioned work or in the
manufacture of precast concrete products. At strength levels in excess of
4,500 pounds per square inch at 90 days, concretes containing the smaller
maximum size aggregates generally develop the greater strengths. The Bu-
reau annually constructs many miles of concrete pressure pipe having high
strength requirements in which producers often use concrete containing
up to 8 bags of cement per cubic yard of concrete. It is in these applica-
tions and at high strength levels that the concretes containing the smaller
maximum size aggregates are most effective.

Also indicated in figure 29 is the less critical effect of aggregate size in
the lower strength ranges such as would be encountered in mass concrete.
In mass concrete mix design, studies are conducted to establish the opti-
mum grading and cement content for a particular aggregate source, since
a few pounds per cubic yard saving in cement represents many dollars in
a large mass concrete dam. It should be emphasized that important overall
economies are gained by use of 3- to 6-inch-maximum size aggregate in
lean mass concrete for the interior of heavy arch and gravity structures.

Thin arch dams such as Morrow Point and East Canyon Dams require
concrete of higher compressive strength than formerly required for straight
or curved gravity types. With higher compressive strength requirements,
the advantage of using 6-inch-maximum size aggregate concrete is mini-
mized. Since the curves (fig. 29) are relatively flat between the 3- and 6-
inch-maximum size aggregate limits in the 3,500-1b/in-• to 4,500-1b/in2
range, it is advantageous to use about a 4-inch-maximum size aggregate.
Any slight savings in cement content accruing from the use of 6-inch-
maximum size aggregate would be essentially offset by a reduction in the
number of sizes batched and the easier mixing and placing. Recent ex-
periences indicate that a 4-inch-maximum size aggregate is optimum for
the strength range of thin arch dams.

19. Qualityof Mixing and CuringWater.--Usually,any potable water
is suitable for use as mixing water for concrete. However, there may be
instanceswhen this is not trueand also wherewaternot suitablefor drink-
ing is satisfactoryfor use in concrete. Undercertainconditions, acceptable
concrete has even been made with sea water. Two criteria should be
considered in evaluating suitabilityof water for mixing concrete. One is
whetherthe impuritieswill affect the concretequalityand the other is the
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degree of permissible impurity. When the water quality is questionable, it
should be analyzed chemically. Also, its effect on compressive strength
should be determined and compared to that of a similar control concrete
made with water of known purity. This determination should be made at
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different ages, as detrimental effects often do not become apparent until
later ages.

Certainly, a mixing water should not contain an excessive amount of
silt or suspended solids. As a guide, a turbidity limit of 2,000 p/m is a
reasonable maximum, although water containing five times this amount
has been used to produce good concrete.

If clear water does not have a sweet, saline, or brackish taste, it may be
used as mixing and curing water for concrete without further testing. Pro-
posed mixing water suspected of having detrimental amounts of sulfate
should be analyzed. Hard and very bitter waters are apt to contain high
sulfate concentrations. Water from wells and streams in the arid Western
States often contains dissolved mineral salts, chlorides, and sulfates and
should be regarded with suspicion. The purest available water should be
used for mixing and curing. However, a concentration of 3,000 p/m of
dissolved sulfates has no detrimental effect when used for mixing or curing.

Researchers have found that use of mixing water containing consider-
able amounts of soluble sulfate may result in a delayed reduction of com-
pressive strength of the concrete. In one series of tests, 1.0 percent (10,000
p/m) sulfate in mixing water produced no significant reduction in 28-day
compressive strength. However, at 1 year's age (1 month standard moist
curing followed by 11 months outdoor storage) compressive strength of
concrete made with 10,000 p/m sulfate-bearing mix water and type V
cement declined by 10 percent. For similar concrete made with type I
cement, compressive strength at 1 year's age was 15 percent below the
strength of the control concrete mixed with tap water. Concrete made with
sodium chloride (common salt) solutions showed significant reductions in
strengths at ages greater than 7 days for all concentrations. Five percent
of ordinary salt reduced the strength about 30 percent. A highly carbon-
ated mineral water containing only small quantities of sulfates and chlor-
ides gave a strength ratio as low as 80 percent.

There are little test data on the effect of impurities in curing water on
the quality of concrete. A concentration of 3,000 p/m dissolved sulfates
should not be harmful. However, the curing water should be free from
organic matter or other impurities that might stain the surface of the
concrete.

20. Use of Admixtures.--(a) A ccelerators.--The early strength of con-
crete can be materially increased by inclusion of an accelerator such as
calcium chloride in the concrete mix, as illustrated in figure 30. Increased
early strength during cold weather affords better protection against dam-
age from freezing at the end of the specified protection period. Also, high
early strengths may be desirable for expediting form removal or to permit
early loading of anchor devices. The amount of calcium chloride used is
restricted to that necessary to produce the desired results and should never
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Figure 30.•Rate of compressive strength development of concrete made with

addition of calcium chloride, for two different curing conditions. Addition of

calcium chloride increases the compressive strength. 288-1)-1529.

exceed 2 percent, by weight, of the cement. One percent will usually result
in sufficiently increased early strength to meet requirements.

The use of this most common of accelerators should not be undertaken
lightly; it should be used only when other readily available means will not
suffice. This compound has become universally associated with winter
concrete protection to such an extent that it is considered by some to be
an antifreeze solution which will protect concrete from freezing and thus
eliminate the need for heat, insulation, and other forms of protection. This
is not so and creates a false sense of security. Calcium chloride, in the
amounts permissible as a concrete admixture, has so little effect upon the
freezing temperatures of the mix as to be totally insignificant. Thus, use
is never justificationfor reducing the amount of protective cover, heat, or
other winter protection normally used. The reduction in quality, as ex-
plained in the following paragraphs, is of sufficient importance that care
should be exercised to ascertain which of the properties of the concrete
will be adversely affected when calcium chloride is used.

Use of accelerators requires special precautions in handling and placing
of concrete to avoid delay, as slump loss and stiffening of the concrete•
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in addition to strength gain--will be accelerated. A reduction in thickness
of placement layers may be necessary to avoid cold joints. In using cal-
cium chloride it is important that it be thoroughly dissolved in the mixing
water and that the solution be evenly distributed throughout the batch.
Also, as calcium chloride precipitates most air-entraining agents, it is
important that they be kept in separate solutions and introduced sepa-
rately into the mixer.

Tests indicate that the addition of calcium chloride to concrete reduces
its resistance to attack by sulfates in the soil. Bureau specifications prohibit
the use of calcium chloride when type V cement is required and also in
concrete in which aluminum or galvanized metalwork is to be embedded
or when the concrete will be in contact with prestressed steel. Where sul-
fate conditions are encountered requiring type V cement and concreting
operations must be continued during cold weather, additional cement--
about one bag per cubic yard of concrete--will result in high early
strengths approximately equivalent to those obtainable with calcium chlor-
ide, as illustrated in figure 31. Calcium chloride generally should not be
used in hot weather as the time for concrete set will be accelerated, mak-
ing placing and finishing operations more difficult and possibly affecting
adversely strength development.
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Figure 31.--The effects of calcium chloride on the strength of concrete of
different cement contents and at different ages with type II cement.
288-D-1530.
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Other findings indicate that the effectiveness of calcium chloride in
producing high early strength of concrete containing pozzolan is
proportional to the amount of portland cement in the mix. The action
between high-alkali cement and reactive aggregates is increased by the
admixture.

Commercial accelerators, principally of sodium and aluminum, were
recently introduced in the United States. These accelerators are used to
produce early strength in shotcrete, especially when it is used in lieu of
steel sets for tunnel support. Their use is described in detail in sections
173 through 180.

(b) Air-Entraining Agents.--Use of air entrainment in concrete is a
general requirement for Bureau construction. It is also required that the
agent be added to the batch in solution in a portion of the mixing water
and, except for very small jobs, that this solution be batched by a
mechanical batcher. Bureau specifications require that air-entraining agents
conform to "Specifications for Air-Entraining Admixtures for Concrete"
(ASTM Designation C 260), except that the limitation and test on
bleeding by concrete containing the agent and requirement for time of
set do not apply. A number of commercially available agents have been
tested by the Bureau and approved for use. These .agents are sold under
various trade names in powder form or as solutions. Commercially available
air-entraining agents from companies that have demonstrated abilitiy to
supply such materials in accordance with specifications requirements are
accepted on manufacturers' certification that the materials meet Bureau
specification requirements. However, this does not preclude sampling and
testing after delivery if the materials appear to be abnormal or difficulties
are encountered in their use. Agents not previously tested or so
demonstrated in use should be tested and approved for use by the Chief,
Division of General Research. Approval of air-entraining agents is
contingent on laboratory test data indicating that the agent conforms to
ASTM requirements. The agent should be uniform in consistency within
each batch and uniform in quality between batches and between
shipments.

As most of the air entrained is contained in the mortar, it follows
that the percentage of air required in concrete made with aggregate having
a small maximum size (high mortar content) is larger than that for
concrete in which large aggregate is used (low mortar content). Desirable
air contents, for concrete at the mixer, are as follows:
Coarse aggregate,
maximum size in Total air,

inches percent

3/a ........................................................................................ 6.0+--1
11/2 ...................................................................................... 4.5±1
3 .......................................................................................... 3.5±1
6 .......................................................................................... 3.0+1
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To minimize the damagingeffects of ice-removal salts on concrete surfaces
such as bridge decks, pavements, etc., the recommended air content should
be increased 1 percent. For concrete not subject to severe freezing, air
contents may be reduced as much as one-fourth if strength is essential
and sufficient workability can still be maintained. Air contents after placing
and vibration are decreased about one-fifth from the values listed. The
maximum air content for concrete for precast concrete pipe should be
less than 2½ percent.
Among the factors that influence the amount of air entrained for a

given amount of air-entraining agent are: grading and particle shape of
aggregate, richness of mix, mixing time, slump, and temperature of
concrete. Organic material in aggregates and in pozzolans can also
influence the amount of air entrained for a given amount of agent. Air
content increases with increase in slump and decreases with increase in
fineness of portland cement or pozzolan, temperature of the concrete,
or mixing time.

(c) Water-Reducing, Set-Controlling Admixtures (WRA).--A
water-reducing, set-controlling admixture, or WRA, is included in a
concrete mix designed primarily as a means of reducing the water
requirement. By function, these materials are subdivided into
(1) water-reducing, (2) water-reducing, set-retarding, and (3) water-reducing,
set-accelerating admixtures. Admixtures of this category are also divided
into four recognized classes according to chemical composition. Class I
admixtures are the lignosulfonic acids and their salts; class II materials
are derivatives of class I admixtures modified to perform a slightly different
function. Class III admixtures are the hydroxylated carboxylic acids and
their salts. Similarly, modifications or derivatives of hydroxylated earboxylic
acids and their salts fall into the class IV category.

Generally, class I and III admixtures reduce the quantity of mix water
and retard the initial and final set of the concrete compared to an
air-entrained concrete without the admixture.

The class II and IV materials are the class I and III admixtures
modified so that they will reduce the unit water content necessary for
a given consistency and that they will either not affect the time to reach
initial set or will accelerate the occurrence of this event depending on
the degree of modification.

Extensive laboratory and field tests have shown that nominal dosages
of class I and III materials at normal temperatures will, at the same air
content, allow an average water reduction for structural concrete of 6
percent and 4 percent, respectively. These water reductions may range
from 0 to 25 percent depending on the dosage. (Nominal dosages for
these materials are 0.25 to 0.35 percent by weight of cement and rarely
exee.ed 0.40 percentmsolid basis class I and fluid basis class III.) Gen-
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erally, class I materials bring about greater reductions than class III
materials. The average water reduction produced by optimum amounts
of class I admixture in mass concretes is about 8 percent.

Figure 32 shows the reduction in unit water content resulting from the
addition of various amounts of three class I admixtures and one class III
admixture with two type I and two type I[ cements. It is evident that,
as the dosage of admixture was increased, the unit water requirement
decreased. The decrease in water requirement with increasing dosage
was much greater for class I than for class III admixtures, which is
caused by the increased air entrained by the larger doses of class I ad-
mixtures. (See fig. 33.) The class IlI admixture entrained very little air
and, in all cases, was supplemented with a special air-entraining agent,
while most of the class 1 materials entrained slightly more air than re-
quired at 0.3 percent dosage. Still larger doses of class I admixtures
entrained undesirably large quantities of air.

Nominal dosages of class I and class III admixtures usually extend the
average time to reach vibration limit, as determined by the Proctor
needle test (ASTM Designation C 403), by about 25 and 40 percent,
respectively. However, the range of time intervals to reach vibration limit
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Figure 32.---Influence of lignin and hydroxylated carboxylic acid admixtures

on water requirement of structural concrete. 288-1)-2640.
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produced by various admixtures with different cements is quite broad,
extending from 4½ to 1234 hours for concretes with class I agents and
from 5a,4 to 17 hours for concretes with the class III admixtures. Class
III admixtures may be better adapted for some concrete placements re-
quiring extended retardation, because they do not induce premature
stiffening which has been noted in a few instances when greater than
normal doses of various class I admixtures were used. Even normal doses
of type I admixture may produce rapid slump loss when used with some
cements, particularly in warm weather. Concretes with class III admix-
t•res remain plastic until the setting cycle commences and thereafter
undergo a normal strength development.

Occasionally, rapid slump loss in concrete has occurred with either
class I or class Ill admixtures. Some laboratory investigations have indi-
cated that this phenomenon may be related in part to the moisture condi-
tion of cement grains induced by aeration during manufacturing, trans-
porting, or batching. (Refer to discussion in see. 16. Abnormal Set
of Portland Cement.) Aeration by dry air appears to be the primary
source of the difficulty. Laboratory studies have indicated that by intro-
duction of a small amount of moisture in vapor form, abnormal behavior
of the cement can in most cases be eliminated. Complete elimination
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appears to have been achieved in laboratory tests by slight prehydration
of the cement and use of a WRA.

Care must be taken to see that dispensing equipment is reliable and
accurate, since an overdose of any retarding agent may produce objection-
ably long setting periods.

Considering compressive strength tests of 6- by 12-inch cylinders at
all ages, 95 percent of the specimens containing recommended dosages
of the admixtures developed greater compressive strength than companion
control specimens; the agents increased the overall average compressive
strength by 18 percent. Overdosage decreased to 66 percent the number
of specimens developing compressive strength greater than control speci-
mens, the overall average compressive strength increase equaling 12
percent. Severe overdosage of 1 percent caused 72 percent of the speci-
mens to develop less compressive strength than the companion control
specimens and accounted for a decrease of 25 percent in average com-
pressive strength. This emphasizes the need for dependable dispensers,
properly calibrated and maintained to deliver the correct dosage of ad-
mixtures to each batch of concrete.
Compressive strengths developed at various ages by 18- by 36-inch

cylinders containing mass concretes and lignin agents are significantly
higher at all ages than strengths of companion cylinders without admix-
ture. This is true for concrete proportioned with 2x/2, 3, and 3V2 bags of
total cementitious materials and with 0, 20, 33, and 43 percent pozzolan
replacements.

Drying shrinkage is not significa•ntly affected by the use of class I or
class IH admixtures. Generally, concretes with admixtures have shown
slightly less shrinkage than concretes without admixtures.

As a result of lower cement requirements attendant to use of water-
reducing admixtures, the temperature rise and the tendency of mass con-
crete to crack are lessened. Some savings in cooling of mass concrete
may also be realized through wider spacing of cooling coils.

Resistance to freezing and thawing of concrete containing an admix-
ture may be improved only when the use of the admixture produces a
more watertight concrete with the air void system increased. The ability
of a water-reducing agent to provide factors contributing to improved
resistance to freezing and thawing depends on its chemical characteristics
as well as the properties of other materials used in the concrete. Conse-
quently, each specific agent proposed should be investigated in combina-
tion with all other materials in the mix, including pozzolans, to determine
its ability to produce durable concrete.

All other qualities of concrete, including autogenous volume change,
suffate attack, and tensile and shearing strength, are either improved or
at the least not adversely affected by such admixtures.
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Laboratory tests should be performed as outlined in designation 40
before using these admixtures, to ascertain suitability with the particular
cement and materials to be used in the proposed construction and under
proposed construction conditions.

21. Field Control.--After materials have been selected and relative
proportions determined, use should be controlled to best advantage. This
is the purpose of field control which involves correct procedures of
proportioning, mixing, handling, placing, and curing. These subjects are
discussed in detail in chapters II, III, IV, V, and VI. Field control governs
quality, uniformity, and ultimate economy of the structure. Much potential
value of first-class materials and optimum proportioning may be lost
through ineffective control of these procedures. The poorer the quality
of the ingredients, the greater the need for rigid control to attain
satisfactory durability and strength and therefore maximum serviceable life.
Production and handling of materials for concrete, particularly the

aggregate, must first be controlled if efforts to produce good, uniform
concrete are to be successful. Concrete of uniformly high quality cannot
be obtained economically unless materials having uniform properties are
supplied, batch after batch, to the mixer. The cost of processing materials
to obtain better quality and uniformity is usually justified by improvement
in quality of concrete and by economies resulting from better workability
and lower cement content.

Concrete mixes for Bureau work are proportioned on the basis of a
close approach to maximum net water-cement ratios stated in the
specifications. With water-cement ratio, mix proportions, and consistency
predetermined, the next step is to control accurately the quantities of
ingredients entering successive batches. Adequate and uniform mixing will
then produce uniform concrete. Proper and careful handling and placing,
whereby the concrete will be consolidated in final position without loss
of uniformity and quality, need only be supplemented by suitable finishing
and adequate curing to complete the cycle of satisfactory construction
operations.

Segregation of ingredients is one of the most detrimental characteristics
of concrete. It is directly or indirectly related to substantially all the
imperfections, visible and invisible, to which concrete is heir, including
rock pockets, weak and porous layers, lack of bond at construction joints,
surface scaling, crazing, pitting, and sand streaks. It is much easier and
far safer to guard against segregation than to repair its damaging effects
and, fortunately, practical means are available whereby it may be controlled
within a tolerable limit.

Effective control of segregation enhances economy as it obviates use
of excess cement otherwise required to overcome the effects of lack of
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uniformity and ultimately results in lower maintenance cost.
The last opportunity for controlling quality of concrete while in the

plastic state is afforded during consolidation in the forms. Thorough
consolidation is necessary if maximum durability, strength, economy, and
uniformity are to be attained. Developments in vibration equipment have
made possible the use of stiffer mixes containing less cement and water
and have resulted in an appreciable higher quality of concrete.

The condition of the forms may influence not only appearance of the
structure but also quality. Use of good form materials and proper form
construction and maintenance is important in field control. The molding
surfaces of forms must be clean and sufficiently tight to prevent leakage
of mortar and leakage of excessive amounts of water where sand streaking
is objectionable. Form surfaces should be suitably oiled.

In finishing unformed surfaces, control must be exercised in every
operation involved. Floating and troweling must be regulated as to time
and manner of performance so that the surface quality is not impaired
by overworking and by bringing excessive fines and water to the surface.

Proper hydration of the cement particles to form hard and durable
concrete requires that the concrete be maintained in a moist condition
for a suitable period. Within reasonable limits, the desirable properties
of concrete are improved as effectiveness and duration of curing are
increased. This fact is well demonstrated by the appearance, in figure
34, of concrete test panels subjected to an abrasion test after different
degrees of moist curing. The trowel-finished surfaces of these panels were
held before the nozzle of a grit blast so that they would be struck in
successive spots for 60 seconds each. The panel with no fog curing was
so inferior in resistance that only one spot was blasted.

Special precautions are necessary to ensure proper curing during hot
or cold weather.

The effect of curing temperature on strength of concrete is primarily
a matter of rate of hydration, an increase in curing temperature being
attended by more rapid hydration and correspondingly accelerated gain
in strength. At later ages concrete cured at lower temperatures will attain
higher strengths.

Further discussion on curing of concrete is included in sections 124,
125, and 126.

22. Controlof Heat Generationand Crackingin Concrete.rain
addition to quality control regularly exercised, control of concrete
construction methods may contribute largely to the quality of the
completed structure. Foremost among control measures are means for
limiting the temperature rise of mass concrete and thus reducing
undesirable thermal stresses and cracking.

Under rapid rates of mass concrete placement made possible by
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No Fog Curing 
28 Days Dry 

14 Days Fog 
14 Days Dry 

7 Days Fog 
21 Days Dry 

21 Days Fog 
7 Days Dry 

Figure 34.--Concrete test panels subjected to abrasion test after various degrees 
of moist curing. Good curing enhances the resistance of concrete to abrasion. 
PX-D-20715. 
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modern construction methods, the heat of hydration of the cement cannot
escape from massive structures as fast as it is generated during early ages
of the concrete, and the temperature rises above the placing temperature.
The maximum value reached depends on initial concrete temperature,
amount of cement used, heat-generating characteristics of the cement,
dimensions of the mass and rate of placing, surrounding temperature con-
ditions, thermal properties of the concrete, and amount of heat extracted
by artificial cooling.

Reduction in temperature to an ultimate stable condition, by gradual
dissipation of the stored-up heat or its removal by artificial means, is ac-
companied by contraction, which in mass concrete necessitates use of
extensive and costly contraction joints to prevent development of uncon-
trolled cracks. These joints are grouted after the temperature of the con-
crete has attained a predetermined value which is usually lower than the
ultimate mean value if design conditions require the structure to function
as a monolith. Successful grouting of contraction joints requires an open-
ing of about 0.02 inch or more. Consequently, if joints are used, design
and construction should be coordinated to provide openings that can be
grouted effectively and will prevent objectionable intermediate cracking.

Reduction of the difference between maximum and ultimate tempera-
tures of concrete will decrease the tendency for uncontrolled cracking or
will permit wider spacings between contraction joints. Several methods
or combinations of methods have been used for reducing the temperature
rise in mass concrete. These include (a) use of low-heat-developing
cement; (b) reduction in cement content; (c) use of pozzolanic material;
(d) limitation of the rate of placement so that a greater part of the heat
of hydration is lost from the top surface of the lift during construction;
(e) placement of concrete during cool weather so that the heat of hydra-
tion will raise the temperature to, or only slightly above, the ultimate
temperature; (f) precooling concrete ingredients to reduce placing tem-
perature; (g) introduction of ice into the mix; (h) early removal of forms
and use of steel forms to facilitate loss of excess heat from the surfaces;
and (i) artificial cooling, begun at the time or soon after the concrete is
placed, which not only reduces maximum temperature rise but also cools
concrete to any desired temperature within a short time, permitting
grouting of contraction joints within a reasonable time after concrete
placement.

Low-heat cements are characterized not only by a lower total heat
generation but also by a lower rate of generation. Artificial cooling is
most effective in reducing the maximum temperature for a given rate of
construction when cement having low-heat characteristics is used.

Precooling of concrete may be accomplished in several ways. Coarse
aggregates may be sprayed with water, cooled with refrigerated air,
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vacuum cooled, or inundated in river or refrigerated water. Sand and
cement may be cooled in hollow-flight screw-type equipment (a heat
exchanger in which cold water is circulated through the interior and
around the periphery of a screw device conveying the cement and sand).
Refrigerated water and ice may be used in the mix. Precooling of concrete
permits use of lower water and cement contents, or if these are held
constant it will produce concrete of greater strength and durability at later
ages.

Another construction procedure that has an important effect on the final
condition of the concrete from the standpoint of cracking is the protection
of closed water carriers, such as tunnels, conduits, siphons, and pipelines,
from dryout during the interval between completion of the specified curing
and the operation of the structures. The procedure has particular applica-
tion to structures that are in mild climates and are to be operated without
extended periods of shutdown. The protection may be provided at rela-
tively small cost by installing tight bulkheads at the ends of the structures
and maintaining a pond of water on the inside. While tunnel-lining opera-
tions are in progress, excessive drying of sections already placed and
cured may be avoided by placing a fan in the bulkheaded portal where
lining was commenced so that moist air, from the section being water
cured, will pass through the finished portion. The benefit of protection
from dryout of tunnel lining on the Colorado River Aqueduct is illus-
trated in figure 35.

Concrete structures to be backfilled may often be protected from dry-
ing and given the benefit of prolonged curing by completing the backfill
as soon as the strength of the concrete is sufficient to support the load.
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Chapter II

INVESTIGATION AND SELECTION OF
CONCRETE MATERIALS

A. Prospectingfor AggregateMaterials

23. General Comments.--Field investigations for concrete materials
prior to construction are confined chiefly to prospecting for aggregate and
to exploration and sampling of available deposits. Whenever practicable,
the engineer in charge is informed regarding the approximate quantity
of aggregate required, the maximum size to be used, and the general
nature of the proposed construction. Those to whom prospecting work
is assigned should be familiar with the effects on properties of concrete
of grading, physical characteristics, and composition of aggregates. Judg-
ment and thoroughness in conducting preliminary field investigations are
usually reflected in durability and economy of the completed structures.

24. Maps andMaterialsInformation.--TheDenver laboratoriesmain-
tain test reports and, on individual State maps, records showing locations
of sources of concrete aggregate and riprap tested by the Bureau. Maps
are maintained for the 17 Western States in which the Bureau functions.
New sources are constantly being added; and thus the maps are not avail-
able for general distribution. However, information regarding the location
of tested sources of material may be obtained by request from the Denver
office.

Other more detailed maps useful in location of sources of concrete
aggregates or in layout of aggregate processing plants or other structures
are topographic maps, aerial photographs, river survey maps, and in some
instances geologic maps. Aerial photographs are commonly used as the
basis for topographic mapping of aggregate sources as shown in figure
36. Before undertaking map making, a thorough search should be made
for existing maps. The U.S. Geological Survey should be contacted for
information on the availability of maps. This organization has made many
standard topographic maps of the United States and Puerto Rico.

Locations and true geodetic positions of triangulation stations and
permanent benchmarks are recorded on the maps.

85
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Figure 36.-Aerial view and topography of an alluvial fan, a potential source of 
sand and gravel. (Courtesy U.S. Geological Survey.) PX-D-16262. 
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Requests and inquiries on published maps and on the availability of
maps, manuscripts, or other information should be directed to U.S. Geo-
logical Survey, Denver Federal Center, Denver, Colo., or Washington,

D.C.
25. Geological and Related Characteristicsof Aggregates and Aggre-

gateDeposits.--Mostfactors pertaining to suitability of aggregate deposits
are related to the geological history of the region. The geologic processes
by which a deposit was formed or by which it was subsequently modified
are responsible for many of the characteristics that may influence decision
as to utilization. Among these are size, shape, and location of the deposit;
thickness and character of the overburden; types and condition of the
rocks; grading, rounding, and degree of uniformity of the aggregate par-
ticles; and ground-water level.

(a) Types of Deposits.--Aggregate may be obtained from deposits of
natural sand and gravel or from quarries in areas of bedrock outcrop-
pings. In the West, natural sands and gravels are prevalent and are usually
the most economical source of aggregate. They are commonly obtained
from stream deposits, glacial deposits, and alluvial fans. Talus accumula-
tions may sometimes be processed for use. Fine blending sand may some-
times be obtained from windblown deposits.

Stream deposits are the most common and generally most desirable
because (1) individual pieces are usually rounded, (2) streams exercise
a sorting action which may improve grading, and (3) abrasion caused by
stream transportation and deposition leads to a partial elimination of
weaker materials. Extensive deposits of sand and gravel frequently occur
along the borders of a stream or in its channel, but often the search must
be extended to include terrace deposits at higher elevations. For example,
while the Colorado River in Texas is flowing on (or near) bedrock, ex-
tensive gravel deposits are found only in adjacent areas of higher topo-
graphy.

Glacial deposits are restricted to northerly latitudes or high elevations.
They occur abundantly in the Northwest and as far south as Colorado
but are rare or lacking in southern California, New Mexico, Arizona, and
Texas. Glacial deposits are of two types--true glacial and fluvial glacial--
and each has very different characteristics. True glacial deposits have
been transported by glacial ice and have not been subjected to the
abrasive or sorting actions of river transportation. Therefore, such deposits
will usually contain material having heterogeneous shapes and sizes and
ranging widely in quality, the weaker constituents not having experienced
the abrasive disintegration associated with stream action. Fluvial-glacial
deposits consist of glacial materials that have been subjected to stream
action. True glacial deposits usually occur as hummocky hills and ridges
(moraines); fluvial-glacial deposits occur mainly in stream channels or on
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Table lO.--General classification of rocks commonly encountered

(Solidified

COcARRySsETAGLRLAINE o ] FINE GRAINED
CRYSTALLINE (OR

CRYSTALS AND GLASS)
ORIGIN: Deep in-] OR•d

trusion slowly m volcanic or shallow

intrusive._.e _
Granite "•T I

"= •1 I • Rhyolite

O,o,,ta I
• •, ,,, E I I '• Andes ite

Dabbro "• ::' .-• f I• =• Basal t
_= •-.___J )•.-

NO te: ,L • E
Rock names are ..•].--

based on min-
eral content
(see glossary).
Color may be
used as a
rough index as
noted above.

Essentially glass (sud.
denly chilled, few
or no crystals)

Obsidian,
Pi tchstone,
Etc.

IGNEOUS
from a molten state)

FRAGMENTAL
(CRYSTALLINE OR

GLASSY)
ORIGIN: Explosive vol •

canic fragments de-
posited as sediments

Ash and pumice
(Volcanic dust or

cinders)

Tuff
(consolidated ash)

Agglomerate
(coarse and fine
volcanic debris)

SEDIMENTARY

(Sediments transported by water, ai r, ice, gravity)

MECHANICALLY OEPOSITEO CHEMICALLY OR BIO-CHEMICALLY
DEPOSITED

A-UNCONSOL I DATED:

CI aY
Silt
Sand m According to
Gravel | Particle size
Cobbi es J

B- CONSOLIOATED:
Shale (Consol idated clay)
Siltstone (Consolidated silt)
Sandstone (Consolidated sand)
Conglomerate (Consolidated

gravel or cob-
bl es- rounded)

Breccia (Angular fragments)

A-CALCAREOUS:

Limestone (CaCO.)
Dolomite (CaCO•- MgCO 3)
Marl (Calcareous shale]
Caliche (Calcareous soil)
Coquina (Shell limestone)

B-SILICEOUS:
Chert
Flint 3 Spring deposit,
Agate I Vein or cavity
Opal
Chalcedony filling

C-OTHERS:
CoaI,Phosphete,Sel ines,Etc.

METAMORPHIC
(Igneous or sedimentary rocks changed by heat, pressure)

A-FOLIATED
Slate: Dense, dark, splits into thin plates (Metamorphosed

shale)
Schist: Predominantly micaceous, semi-parallel lameilae
Gneiss: Granular, banded, subordinately micaceous

B-MASSIVE
Marble: Coarsely crystalline, calcareous (Metamorphosed

limestone)
Quartzite: Dense, very hard, quartzose (Metamorphosed

sandstone)
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outwash plains, downstream from moraines. True glacial deposits, being
uninfluenced by fluvial action, are usually too heterogeneous to be suit-
able as aggregate and, at best, are usable only after elaborate processing.
Fluvial-glacial deposits frequently yield satisfactory aggregate materials.

An alluvial fan is a gently sloping, semiconically shaped mass of
detrital material deposited at the mouth of a ravine. Alluvial fans are
characteristic of semiarid and arid regions and are formed by repeated
torrential floods. Where the stream leaves the mountains and enters an
adjacent valley, the abrupt flattening in gradient causes deposition of the
greater part of the load. Sands and gravels laid down under such condi-
tions are very different from those of normal stream deposition: the
particles are angular, and the material is poorly stratified and graded.
Alluvial fan deposits are frequently used as sources of aggregate, but
they commonly require more than usual processing.

Talus accumulations form at the bottoms of sharp topographic eleva-
tions by the sliding and falling of loosened rock. There is no grading
action, very little rounding, and no segregation of different materials.
Normally, however, there is little variety in rock type. In some cases, talus
accumulations may be crushed and otherwise processed to form suitable
aggregate.

Windblown material is confined to the fine-sand sizes and is useful
as blending sand. It is normally very well rounded and composed pre-
dominantly of quartz because the intense attrition produced by the wind
effectively removes the less durable constituents.

Natural sand and gravel are not always available, and it is sometimes
necessary to produce concrete aggregates by quarrying and processing
rock. Quarrying normally is done only where other materials of adequate
quality and size cannot be obtained economically. Some geological con-
siderations are mentioned in section 27 (b) in regard to instructions for
sampling bedrock outcrops in quarry investigations.

(b) Classification and Characteristics ol Rocks.--In table 10 rocks
are classified, on the basis of their origin, into three main groups. This
classification, much abbreviated, includes only the most important types.
Table 11, showing the principal mineral constituents of common igneous
rocks, includes some rocks not mentioned in table 10. Although these
intermediate types are less common than the granites, diorites, and gab-
bros and their fine-grained equivalents, they are frequently mentioned in
reports on field and laboratory investigations of aggregates, and their
inclusion in table 11 will probably be helpful to engineers who read the
reports. Accompanying tables l0 and l ! is a glossary of mineralogical
and lithological terms.

Most igneous rocks are excellent aggregate materials; they are normally
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Table ll.mPrincipalmineralconstituentsof common igneous rocks

Coarsely crystalline
rocks

Granite ....................
Syenite .....................
Quartz monzonite............
Monzonite..................
Quartz diorite...............
Diorite.....................
Gabbro....................

Finely crystalline
Principal constituent minerals 1 or porphyritic

rocks

Rhyolite.
Trachyte.
Dellenite.
Latite.

Q+(O)+ P +A or B ......... Dacite.
(O)+ P +A or B ........ Andesite.

P +B ............. Basalt.

Q+ O +(P)+A ............
O +(P)+A .............

Q+ 0 + P +A .............
O+P+A.............

I Mineral symbols:
Q---quartz (hard, shiny, conchoidal fracture).
O.-----orthoclase feldspar (commonly pinkish, unstriated, regular cleavage faces).
P--plagioclase feldspar (commonly white or nearly so, good cleavage faces which are often

striated).
A•amphibole and/or biotite.
B--pyroxene.
( )--minerals in parentheses are subordinate in amount.

NOTES

1. Minerals other than those listed in table 11 usually occur as accessory or minor constituents
of igneous rocks. Such accessory minerals may sometimes be abundant as exemplified by the
occasional abundance of muscovite ("white" mica) in granite (called muscovite granite). Certain
specific mineral combinations are given separate rock names.
2. Amphibole, biotite (black mica) and pyroxene are dark colored (greenish black to black)

and their increase in quantity from granite (rhyolite) to gabbro (basalt) is responsible for the
color differences which are noted in table 10.
3. For more complete rock descriptions and more comprehensive classification, consult a text-

book on petrography (e.g., Grout, "Kemp's Handbookof Rocks" or Pirsson and Knopf, "Rocks
and Rock Minerals").

GLOSSARY OF MINERALOGICAL AND LITHOLOGICAL TERMS

Agglomerate: A mass of unsorted, volcanic fragments, which may be either loose or consolidated
by interstitial fine material, the fragments being angular or rounded by volcanic action, but
showing essentially no effects of runningwater.

Amorphous:Noncrystalline (e.g., opal, volcanic glass).
Amygdule: A vesicle filled with secondaryminerals. (Adj. Amygdaloidal.)
Aphanitic: An igneous texture having no grains visible to the unaided eye (compare phaneritic).
Amphibole: Group name for related minerals containing magnesium, iron, calcium (sometimes
sodium and aluminum) in various combinations (e.g., hornblende).

Arenaceous: Sandy.
Argillaceous: Clayey.
Arkose: Sandstonecontainingessential amountsof feldspar.
Ash (Volcanic): Loose, fragmentalmaterial, the particles being largely less than 4 millimeters in
diameter, blown from a volcano; includes volcanic dust (compare tuff, breccia, cinder, and
agglomerate).

Bentonite: Earth materials which contain 75 percent or more of clay minerals of the montmoril-
Ionite group.

Breccia: Consolidated, angular fragments, the fragments being largely more than 4 millimeters in
diameter, which originated through (1) weathering and erosion, (2) mechanical crushing along
a fault zone, or (3) volcanic explosions.

Carbonaceous:Containingorganicmatter.
Chalcedony: Microcrystallinesilica mineral, usually containingcombined water.
Chert: Usually dense (sometimes porous), microcrystalline, hard rock composed of chalcedony,
quartz,and occasionally opal.

Chlorite: A hydrous aluminum silicate containing iron and magnesium, having micaceous struc-
ture, commonly formed throughweathering of amphibole, pyroxene, or biotite but also formed
throughmetamorphism.

Cinder (Volcanic): Loose agglomerate composed largely of highly vesicular (scoriaceous), glassy
fragments of lava, 4 to 32 millimeters in size; also the individual fragments of this descrip-
tion as they occur in ash, tuff, agglomerate,or breccia.

Clay: A naturally occurring, fine-grained materia containing as essential constituents the usually
platy, crystall ne minerals of the kaolinite, montmorillonite (bentonite), illite (hydromica), or
related groups, which are primarilyhydrous aluminum silicates, formed largely as a result of
chemical alterationof other rocks and minerals.

Cleavage: The property of minerals to separate easily along regular planes determined by the
crystal structure; the property of rocks (e.g., slates) to split into thin sheets along planes of
weakness producedby earth stresses.

Conchoidal Fracture:Fracture, resulting in curved surfaces, as in broken glass (conchoidal: lit-
erally, "shell-like").

Concretion: A nodular, lenticular, or irregular structure formed by localized deposition of min-
eral matterin sediments.
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Conglomerate: A sedimentary rock composed largely of rounded particles (gravel and boulders)
more than 4 millimeters in diameter and consolidated by cementation or compaction.

Cryptocrvstalline: A rock texture in which the crystals are so small as to be irresolvable even with
the pet'rographic microscope.

Diatomite: Consolidated sedimentary rock composed primarily of diatom skeletons (diatomaceous
earth).Equigranular: Igneous texture characterized by grains of essentially equal size (compare por-

FaPheYsr!ti• )'•eologic or petrographic term designating a portion of a deposit or rock. for.mation dif•
ferin'g litfiologically in a significant manner, from other p?rtJons, as a shale facies mteroeuueu
w th or grading into sandstone; a facies of diorite enclosed m a body of gra.mte... L . .•,:_•

Feldspar: Name for a group of minerals of igneous origin With slmuar physical cnaracterl•tl*-•
and composition. Varities are--orthoclase and microcline, potassium-aluminum-silicate; albite,
sodium-aluminum-silicate; anorthite, calcium-aluminum-silicate;and others.

Ferromagnesian: Group of generally .dark-colored silicate minerals (pyroxene, amphibole, olivine,
biotite) containing iron and magnesium.

Ferru•inous: Iron-bearing, as reddish-brown ferruginous stain.
Foliatton: The banding or lamination of metamorphic rocks arising from parallelism of mineral

grains (distinct from stratification in sedimentary rocks).
Glass, volcanic: Igneous rock material (formerly liquid) which has been prevented from crystal-

lizing by sudden cooling.
Gneiss: A metamorphic rock composed of alternate bands of granular minerals and hands of

predominantly platy or prismatic minerals.
Hardness: Minera ogically, a measure of the abil ty of a particle to scratch another, or be

scratched; designated quantitatively by Mobs' scale, ranging from 1 (talc) to 10 (d amond).
Kaolinite: A clay mineral (hydrous aluminum silicate) commonly formed through decomposition

of feldspar or feldspathic igneous rocks.
Luster: The appearance of the surface of a substance as influenced by its light reflecting qualities-

e.g., metallic vitreous, resinous.Megascopic (macroscopic): A general term applied to observationsmade on minerals and rocks,
and to the characters observed by means of the unaided eye or pocket-lens, but not with a
microscope (compare microscopic).

Meta-: Prefix to rock name (e.g., meta-andesite) indicating the rock has been changed by meta-
morphic processes.Microcrystalline: A rock texture in which the crystals are so small as to be observable only with
the aid of a microscope.

Microscopic: A general term applied to observations made on minerals and rocks, and to the
characters observed, by means of the microscope.

Montmorillonite:Commonest and most widespread member of the bentonitic clay minerals, usu-
ally called the montmorillonite group; other members are beidellite, saponite, and nontronite.
These clays typically swell with wetting and become unusually soft and slick.

Opal: Colorless to pale gray or brown, arrrorphous, hydrous silica sometimes varicolored due to
impurities).

Pegmatite: Extremely coarse or giant-grained igneous rock commonly composed of quartz, feld-
spar, mica; often containing rare minerals.

Phaneritic: An igneous texture with grains visible to the unaided eye (compare aphanitic).
Phenocryst: See Porphyritic.
Phyllite: Fine-grained metamorphic rock intermediate in grain size between slate and schist.
Porphyritic: An igneous rock texture in which larger crystals (phenorcrysts) are set in a ground-

mass of smaller crystals or glass. (Porphyry:rock with porphyritictexture.)
Pozzolan: A siliceous or siliceous and aluminous material, which in itself possesses little or no

cementitious value but will, in finely divided form and in the presence of moisture, chemically
react with calcium hydroxide at ordinary temperatures to form compounds possessing cementi-
tious properties.

Pumice: A very highly porous and vesicular lava composed largely, of glass drawn into approxi-
mately parallel or loosely entwined fibers, which themselves contain sealed vesicles (commonest
in viscous, silica-rich lavas, like rhyolite and dacite). Compare scoria.

Pumicite: Naturally occurring, very fine-grained, pumiceous, volcanic ash, usually rhyolitic in
composition.

Pyroclastic: Refers to fragmental rocks produced by volcanic explosions (tuff, volcanic ash, etc.).
Pyroxene: Group name for related minerals containing magnesium, iron, calcium (sometimes

manganese, lithium, and aluminum) in various combinations (e.g., augite).
Quartz: Most abundant crystalline form of silica (SiO•). Hard, shiny, conchoidal fracture, no

true cleavage, usually colorless but sometimes pink, gray, or purple.
Quartzite: Extremely hard, quartzose sandstone, firmly cemented by intergranular, secondary quartz.
Schist: A fine- to coarse-grained planar metamorphic rock predominantly composed of platy or
prismaticminerals.

Scoria: A very highly vesicular lava in which the vesicles typically are rounded or elliptical in
cross section, the interstitial glass occurring as thin films (commonest in fluid, basic lavas like
basalt). Adjective: scoriaceous. Compare pumice.

Serpentine: Generally greenish rock high in magnesium silicate usually of secondary origin.
Shale: A sedimentary rock composed primarily of clay or silt and possessing marked fissility paral-

lel to the stratification.
Slate: A very fine-grained metamorphic rock possessing marked fissility which is typically not par-

allel to the stratification.
Tufa: Generally porous deposits of calcium carbonate, formed around mineral springs (travertine

is a variety).
Tuff': Consolidated volcanic ash.
Vermiculite: A group of hydrated mica-like ferro-magnesian silicate minerals that expand perpen-

dicular to the cleavage with rapid heating or treatment with strong hydrogen peroxide; inter-
mediate between biotite or clorite and certain clay minerals.

Vesicular: Refers to volcanic rocks containing "bubble" holes called vesicles (compare amygda-
Ioidal).

Weathering: Rock alteration (decomposition and disintegration) produced by atmospheric agents.
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hard, tough, and dense. Tufts and certain lavas which have been rendered
extremely porous by the inclusion of gas bubbles may be exceptions.
These are usually unsuitable for concrete aggregates except in lightweight
concrete manufacture because of their low strength, light weight, and
high absorption.

The sedimentary rocks range from hard to soft, heavy to light, and
dense to porous; suitability as aggregate varies correspondingly. Sand-
stones and limestones, when hard and dense, are suitable as aggregate.
But sandstones are frequently friable or excessively porous because of
imperfect cementation of the constituent grains. Either sandstone or lime-
stone may contain clay, which renders the rock friable, soft, and ab-
sorptive; with increased clay content, these rocks grade into sandy or
limey shales. Shales are generally poor aggregate materials, as they are
soft, light, weak, and absorptive. Moreover, because they were originally
thin bedded, shales are prone to assume flat and slabby shapes when re-
duced to sand and gravel. Conglomerates may not be suitable as aggregate
because of the tendency to break down progressively to smaller sizes
during handling and processing. Cherts and flints are widely used as ag-
gregate throughoutthe country, but so many cherts have exhibited un-
satisfactory service histories that suitability of each must be judged indi-
vidually, preferably on the basis of service records and tests of concrete.
Lacking service records, the suitability of cherts that are comparatively
low in specific gravity or high in absorption, and which comprise a
significant proportion of the aggregate, may be questioned. It has been
established that resistance of many cherts to disintegration by freezing
and thawing varies with degree of saturation. Cherts that disintegrate
readily when saturated may be quite sound when dry. Moreover, when
once dried they do not quickly or readily become equally saturated again.
The same considerations may apply to other similarly absorptive rocks
containing small pores. The presence of particles characterized by ex-
tremely small pores, and consequently the need for these special con-
siderations, can be established only by laboratory tests.

Characteristics of metamorphic rocks also vary widely. Marbles and
quartzites are usually massive, dense, and adequately tough and strong.
Gneisses are usually very durable and tough but may have the undesirable
characteristics of schists. Schists frequently are thinly laminated and thus
tend to assume slabby shapes; they usually contain large amounts of soft,
micaceous minerals and often lack the strength desirable in concrete ag-
gregate. On the other hand, some schists are entirely suitable as aggregate.
Slates characteristically possess a thin lamination, which is undesirable.

The characteristics of fresh, unaltered rocks are usually more or less
modified by secondary processes, such as weathering, leading to chemical
decomposition and physical disintegration; even the strongest rocks may
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ultimately be reduced to incoherence by these processes. Other secondary
processes, such as the action of ground water, may also modify the original
character of rock materials by deposition of coatings or cementing
substances. Such substances may be deleterious in themselves or may be
objectionable because they make processing more difficult. Conversely,
secondary processes may occasionally render a rock stronger or less porous
by addition of deposited material and, thus, rarely ameliorate initial
unsatisfactory characteristics. As explained later, disadvantageous features
of a rock type or of a deposit may be susceptible to improvement by
washing, selective quarrying, or other treatment.

(c) Chemical Suitability o[ Aggregates.--Some aggregate materials
undergo chemical changes that may possibly be beneficial but are often
definitely injurious. Such reactions may be of different kinds, including
reaction between aggregate material and the constituents of cement,
solution of soluble materials, oxidation by weathering, and complicated
processes that impede the normal hydration of cement. Volume changes
of clays by absorption and dehydration are physical changes which may
be considered under this topic because of their relation to the
crystallographic structure and chemical composition of different clay

minerals.
Reaction between certain aggregate materials and the alkalies in cement

is associated with expansion, cracking, and deterioration of concrete.
Small amounts of opal, rhyolites, and certain other rocks and minerals
in aggregates that are otherwise unobjectionable have caused excessive
expansion and rapid deterioration. Opal !amorphous, hydrous silica) is-
the most reactive constituent in aggregates, but the acidic and intermediate
volcanic rocks are the most significant because they are most numerous.
Opaline silica may occur as a minor constituent in many rock types
or may form coatings or encrustations on sand or gravel particles.

Rocks and minerals known to react deleteriously with cement alkalies
are volcanic rocks of medium to high silica content; silicate glasses
(artificial or natural excluding the basic type such as basaltic glass); opaline
and chalcedonic rocks (including most cherts and flints); some phyllites,
tridymite, and certain zeolites. In general, aggregates petrographically
similar to known reactive types, or which on the basis of service history
or laboratory experiment are suspected of reactive tendencies, should be
used only with cement that is low in alkalies. Such reactions are reduced
in intensity, and probably eliminated in some instances, by the limitation
of the alkalies (Na20 plus 0.658 K20) to 0.5 to 0.6 percent of the cement
and/or the use of an effective pozzolan. Zeolites and montmorillonite-type
clay minerals can augtnent the supply of alkalies by cation exchange

reactions.
A reaction, similar in effect to that just described, is the alkali-carb0n-
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ate reaction that occurs when certain dolomitic limestones are used as
coarse aggregate in conjunction with a high-alkali cement. There is some
disagreement on the mechanism of expansion. One well-supported hy-
pothesis is that excessive expansion is caused by moisture uptake of clay
constituents enclosed in dolomite crystals. Finely divided carbonate
material, particularly calcite, also may contribute to expansion through
uptake of moisture.

Certain sulfide minerals, such as the iron sulfides, pyrite, and marcasite,
readily oxidize through atmospheric attack, resulting in unsightly rust
stains and loss of strength and coherence of the affected particle. Such
reactions may also generate acidic compounds injurious to the surround-
ing concrete matrix and cause associate reactions that result in volume
increase conducive to popouts. Coal is objectionable because of its low
strength and undesirable appearance on concrete surfaces and because
it decreases the resistance of concrete to freezing and thawing. Other
organic substances, such as certain vegetable matter and humus, contain
organic acids that inhibit the hydration of cement. Sands producing a
color darker than the standard in the colorimetric test for organic im-
purities may be rejected, although such results are usually interpreted as
meaning that additional testing is desirable to determine the type of or-
ganic matter present and specific effect on concrete. Clays are subject
to swelling and shrinking by absorption and dehydration, and when they
occur as constituents of rocks, such as limestones, this absorptive char-
acteristic greatly increases the susceptibility of the rock to disruption by
weathering. Chemical salts, such as sulfates, chlorides, carbonates, and
phosphates, may occur in aggregates in numerous forms. Some of these
substances react chemically to modify or impede the normal setting pro-
cesses of cement; others are undesirable because of low strength or be-
cause they tend to dissolve. Such contaminations may also contribute to
exudation and effloresence, and if powdery and fine-grained, they may
augment the undesirable silty fractions of an aggregate.

The extremely fine fractions of aggregate materials are commonly
classed as silt or silt and clay and should not be permitted in large
amounts because of their tendency to increase water requirements of a
mix and thus contribute to unsoundness or to decreased strength or dur.-
ability. Rarely, natural inclusions of siliceous material, which might be
classed in the field as silt or clay, may be beneficial to concrete. On the
other hand, montmorillonite-type clays which constitute a part of the
sand particles have produced detrimental effects by causing excessive loss
in slump. Mica is a common contaminating substance in aggregates and
is undesirable because its soft, laminated and absorptive character and
susceptibility to disintegration along cleavage planes contribute to reduced
strength and durability.
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Chemically deleterious or contaminating substances may occur in
coarse or fine aggregate as coatings on the aggregate particles, as en-
crustations cementing them together, or as distinct layers in aggregate
deposits. These contaminations are more prevalent in arid or semiarid
regions. When powdery or pulverulent, such material is sometimes
loosened by handling so that the silt fraction is augmented. Some clays
and some chemically active minerals are formed through weathering of
rocks that are normally hard, sound, and chemically suitable. For this
reason, the degree and kind of weathering of aggregates are important
from a chemical standpoint as well as from that of physical soundness.

Simple washing will usually remove silt, clay coatings, some fine free
mica, easily soluble salts, and light organic matter. Clay lumps are re-
movable only with difficulty. Coal can be removed from aggregates by
washing, if the particles are not too coarse, or by reverse flow processing
or heavy-media separation, if relatively large particles are present. Hard
and adherent coatings and encrustations require vigorous abrasion pro-
cessing, such as tumbling, in order to loosen them so that they may be
removed by screening and washing. Some coatings cannot be removed at

reasonable cost.
Soluble substances in aggregates may dissolve and contaminate the

mixing water if they are not removed by processing. Surface coatings and
encrustations, especially if loose and powdery, may be partly removed in
the mixer; but any resulting improvement in bond between cement and
aggregates may be offset by the tendency of the loosened material to
increase the water requirement and to promote formation of laitance.

26. Prospecting.--When searching for suitable aggregate, it is impor-
tant to bear in mind that ideal materials are seldom found. Deficiencies or
excesses of one or more sizes are very common; objectionable rock types,
coated and cemented particles, or particles of flat or slabby shape may
occur in excessive amounts; clay, silt, or organic matter may contaminate
the deposit; or weathering may have seriously reduced the strength of the

particles.
It is most important to obtain a reasonable interpretation of the ma-

terials through proper sampling procedures. Moreover, depth of ground
water or excessive overburden may seriously impede operation at a
deposit. Unfortunately, the strata within the body of the deposit cannot
be directly observed at the surface. However, interpretations based on
surface observations are greatly aided by an understanding of the geo-
logical processes that have acted on the material. Frequently such an un-
derstanding will permit a distinction to be made between conditions that
are merely superficial and those that may be expected at some depth.
Final conclusions on these matters will usually require thorough explora-



96 CONCRETE MANUAL

tion, but as much pertinent information as practicable should be obtained
during the reconnaissance and preliminary exploration.

Many obiectionable features of sand and gravel deposits are remediable
by proper processing. Crushing may alleviate deficiencies in fine gravel
or even in sand sizes, or blending sand may be available. Washing may
serve to remove deleterious clay, silt, or organic matter. Selective
excavation may be a satisfactory means of avoiding the use of
obiectionable parts of the deposit. Whether these or other methods of
processing are iustifiable will usually depend on the magnitude of the
proiect and availability of satisfactory materials from other sources. Such
considerations must influence preliminary explorations. Accessibility,
proximity to the iob, and workability of a deposit are essential
considerations in evaluating suitability.

The quantity of aggregate that a deposit may yield should be roughly
estimated and compared with the probable requirements. Areas may be
estimated roughly by pacing the dimensions. Depth and grading of material
may be judged by examining banks of channels or other exposures. Except
for an estimated deduction for waste, which may run from 20 to 50
percent based on appearance of the material, it may generally be assumed
that a cubic yard of material in place will produce aggregate for a cubic
yard of concrete.

27. Preliminary Sampling of Prospective Aggregate Sources
and Reportingof Related lnformation.--Methodsused in obtaining
preliminary samples for tests in the Denver laboratories are largely
dependent on such factors as type and design of structure and
characteristics of the aggregate deposit with respect to uniformity, size
and shape, overburden, ground-water conditions, etc. Establishment of
standardized instructions applicable to all prospective sources of aggregates
is impracticable. Sources considered to be most feasible and economical
should be sampled and the samples sent to the Chief, Division of
Research, Attention: Code 1510, Bureau of Reclamation, P. O. Box 25007,
Denver, Colorado 80225. Sizes of samples are as follows: 600 pounds of
pit-runsand and gravel; or, if screened, 200 pounds of sand, 200 pounds
of No. 4 to 3,4-inch size, and 100 pounds of each of other sizes produced.
]'he size of sample of quarry rock proposed for crushed aggregate is 600
pounds. A letter of transmittal containing information requested in
subsections (a) and (b) should be sent for each shipment of samples. The
letter should indicate the purpose for which the samples are submitted,
such as for concrete aggregate, filter material, or pervious embankment.
A copy of the letter should be enclosed in a sample sack.

(a) Sand and Grave/ Deposits.----Samples of representative pit-run mate-
rials from noncommercial deposits may be obtained from exposed faces
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or from trenches or pits excavated at appropriate locations. In sampling
commercial sources or other sources where screening facilities are avail-
able, it is desirable to obtain individual samples of separate sizes.

The following information relative to each promising noncommercial
deposit investigated will assist in selection or approval of the source of
aggregates and in preparation of specifications:

(1) Ownership of the deposit.
(2) Location of deposit, indicated on a map, with reference to sec-

tion, township, and range.
(3) Type of deposit, character of topography, and description of

vegetation.
(4) Roughly estimated volume and average depth of deposit and

average overburden. Also, the ground-water level with comments
relative to fluctuation.

(5) Approximate percentage of material larger than maximum
size included in the samples.

(6) Roads affording access from highways.
(7) Service history of concrete made with the aggregate, if any, or

of concrete made with similar aggregates in the locality.
(8) Photographs and any other information that may be useful or

necessary.
For commercial sand and gravel deposits and rock quarries that are

equipped for operation, the following information is desirable:
(1) Name and address of operator. If deposit is not active, a state-

ment relative to ownership or control.
(2) Location of deposit and plant.
(3) Age of plant and, if inactive, the approximate date when op-

erations ceased.
(4) Transportation facilities and difficulties.
(5) Extent of deposit.
(6) Capacity of plant and stockpiles.
(7) Description of plant, including type and condition of equip-

ment for excavating, transporting, crushing, screening, washing, clas-
sifying, and loading.

(8) Approximate percentages of the various sizes of materials pro-
duced by the plant.

(9) Location of scales on which materials would be weighed for
rail shipment.

(10) Approximate prices of materials f.o.b, carriers at the plant.
(11) Principal users of plant output.
(12) Service history of concrete made with the aggregate, includ-

ing type and size of structure, mix proportions, type of cement used,
and quality of concrete.

(13) Any other pertinent information.



98 CONCRETE MANUAL

(b) Prospective Rock Quarries/or Concrete Aggregate.--It is often
necessary to sample quarries or undeveloped rock formations. For prelim-
inary aggregate investigations, requirements for sampling operating quar-
ries, or inactive quarries where finished materials are in storage, are sim-
ilar to those for commercial sand and gravel deposits.

Samples from undeveloped rock formations must be taken very carefully
so that the material selected will be, to the greatest possible extent, typical
of the deposit and inclusive of any significant variations of rock type. Rep-
resentative samples may be difficult to obtain. Overburden may restrict
the area from which material can be taken and obscure the true character
of a large part of the deposit. Moreover, surface outcrops will frequently
be more weathered than the interior of the deposit. Samples obtained from
loose pieces on the ground or collected from the weathered outer surfaces
of outcrops are rarely representative. Fresher material may be obtained by
breaking away the outer surfaces or, if necessary, by trenching, blasting, or
core drilling.

In sampling undeveloped bedrock formations, certain geological con-
siderations are pertinent. In stratified deposits, such as sandstones or lime-
stones, uniformity in a vertical direction must be evaluated because suc-
cessive strata are often very different. The dip of stratified formations
must also be considered because inclination of the strata with respect to
surface slope will bring different strata to the surface in different parts of
the area, and excavation may be uneconomical because of excessive over-
burden. Attention must be directed to the possibility of zones or layers of
undesirable material. Clay or shale layers or seams may be so large or
prevalent as to necessitate selective quarrying, excessive wasting, or special
processing.

The information needed in a report on the investigation of a prospective
quarry is similar to that previously described in this section. A complete
discussion of procedures for investigation of rock quarries for riprap pro-
duction is given in designation E-39 of the Second Edition of the Bureau's
Earth Manual. Descriptions of any observable conditions relating to the
accessibility or workability of the deposit, such as thickness and uniformity
of overburden, ground-water conditions, and area available for operations,
are desirable. If further field investigation is necessary, it will be specifi-
cally requested by the Denver laboratories.

B. Explorationof NaturalAggregateDeposits

28. General Procedure.--lf the results of preliminary investigations
restrict the choice of aggregate source to one of several undeveloped de-
posits of sand and gravel, the most promising deposit (or deposits, if
there is question as to relative merits or whether it is advisable to use
more than one source) is explored and sampled by means of steel-cased
test holes, open test pits, or trenches. Where deposits are exposed in
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highway or railroad cuts or along gulches, little excavation is required.
The methods used depend on local topography; area, shape, and depth
of deposit; ground-water conditions; prevalence of large rocks; and con-
siderations affecting economy. Test excavations should be distributed at
intervals in keeping with uniformity and extent of the deposit and held to
the minimum effective number. The principal objectives are to obtain
sufficient representative samples to permit accurate estimation of quality
and quantity of materials available; to enable reliable prediction of what
processing operations will be required and what concrete mixes are best
suited for the work; and to supply information for use of bidders and of
field forces during construction.

29. ExploratoryExeavations.--(a) Steel-Cased Test Holes.---The me-
chanically driven, steel-cased test hole as now developed is a very accurate
method of sampling extensive aggregate deposits. It is also the most eco-
nomical method presently in use. When the ground to be prospected is
reasonably free from oversize rocks, a deposit may be readily sampled by
driving steel pipe or casing, through which samples are removed with a
post-hole auger or other suitable device. The casing also prevents sand
and gravel from caving and running into the bottom of the hole. This
method should be used wherever practicable, unless more economical
means can be devised. Casing sections should be short enough to permit
ready handling, and the joints should be smooth enough on the outside
to facilitate driving. Screwed or locked joints are necessary if the casing
is to be pulled after sampling is finished. If the casing must be driven with
a sledge because a weighted platform is insufficient for sinking it, a heavy
driving ring will prevent the casing from being injured. A three-pronged
fishing tool is essential for removing rocks that cannot be handled by

the auger.
At Parker Dam a deposit of fine blending sand was explored by a 6-

inch pipe casing through which samples were removed with a 4-inch
auger. On the Colorado River project in Texas, 51 cased holes 3 to 9 feet
deep were sunk in a very short time during the exploration of a deposit
of fine blending sand proposed for use in construction of Buchanan and
Inks Dams. The systematic procedure for handling and treating samples
from cased holes is the same as described in section 29(c) for samples
from test pits, except that cased hole samples consist of the full amount
of material excavated.

During exploration for aggregate for Shasta Dam, when water was en-
countered at the bottoms of test pits in the Cottonwood Creek deposit, the
full depth of material (containing about 50 percent sand and few rocks
larger than 41/2 inches) was explored by means of cased holes driven in
the bottoms of test pits by equipment similar to a well drill. A churn drill
was used at the start and in hard spots, but otherwise the casing was
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lowered by a driving weight. Samples of the lower material were taken by 
a bailer equipped with a suction piston and a check valve at the lower end. 

A truck-mounted rotary boring machine, designed primarily for drilling 
holes 18 to 60 inches in diameter in soft ground was used in the investiga- 
tion of a deposit proposed as a source of aggre.gate for Glen Canyon Dam. 
Use of such equipment was occasioned by the unstable condition of ma- 
terials below ground-water elevation. The rig is shown in figure 37. The 

Figure 37.-Rotary digger used in exploring aggregate deposits. In the foreground 
is 20-inch casing, inside of which an 18-inch bucket was used for boring below 
ground-water level. PX-D--32042. 

holes were bored to ground water with a 30-inch bucket that had two 
radial openings and excavating blades extending below the openings. The 
equipment handled rocks up to 5 inches in diameter. Below ground-water 
elevation an 18-inch bucket was used to operate inside a 20-inch casing. 
The smaller bucket had one opening that would handle rocks up to 8 
inches in diameter. Both buckets had a thick rubber flap over each open- 
ing which allowed material to pass inside but sealed the opening when a 
loaded bucket was being hoisted. The casing was forced down by turning 
under the weight of a "Kelly" bar. The operations of digging with the 
bucket and setting the casing were alternated, the casing being kept as 
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near the bottom of the hole as possible. Threc-foot sections of casing 
were added as digging progressed. A hole can be dug with this equipment 
until the prcssure against the side of the casing exceeds the turning capa- 
city of the machine or until too hard a layer of material is encountered. 

During explorations at Canyon Ferry Dam, a rathcr ingenious core 
shovel was used to secure aggregate samples (fine sand, gravel, and large 
cobbles) from cased test holes that could not be dewatered. The device 
illustrated in figure 38 is secured to a Kclly bar and controlled by a cable 
attached to the shovel. The equipment is lowered into thc casing, and, as 
the shovcl takes its full bite, the cablc releases, tilting it back, thus ob- 
taining a representative sample of ~natcrial from the test hole. 

Figure 38.-"Core shovel" used to secure representative aggregate samples 
from cased test holes that cannot be dewatered. PX-D-32043. 

Exceptionally well-designed, efficient sampling equipmcnt (fig. 39) was 
used for aggregate exploration and invcstigation of precious metal content 
of existing gravel bars along thc North Fork of thc Amcrican River dur- 
ing Auburn Dam investigations. A 36-inch-diameter, flush-coupled casing 
of %-inch wall thickness was used. Thc lcngth of the driving shoe was 5 
feet. The other sections wcrc 4 feet long. A string of cable-operated dig- 
ging tools excavated the sample within the casing. Thc casing was driven 
sufficiently ahead of thc excavation to prevent run-in. Hydraulic rams, 
mounted on the clamshell rig tower and capable of exerting a thrust in 
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excess of 5 0  tons, were operated to remove the casing. A detachable 
heavy ring was attached to the casing to prcvcnt distortion whilc bcing 
driven. Thc excavation within the casing was accomplishcd through thc 
operation of a 3,500-pound string of digging tools. A 365 ft 'jmin coni- 
pressor supplied air to a ram contained within and which operated the 
clamshcll bucket. The bucket opened a maximum of 36 inches. Figurc 40 
is a view of the clamshell buckct cxtended. The digging string was sus- 
pended by cable, and a paralleling air hose was synchronized with thc 
cable rcel. Outriggers on the truck were cxtended to level it and to pro- 
vide stability during operation. A pan niountcd on a front-end loader re- 
ccived the excavated materials from thc clamshcll buckct and transported 
them to the screening operations. 

( b )  Uncasetl Test Ho1e.r.-Where the soil is suitable and an abundant 
water supply is available, it may be occasionally possiblc to explore an 
aggregate deposit below the ground-water table by usc of thc reverse-flow 
method of drilling. This method (fig. 41), using a 30-inch-diameter churn 
bit, was selected by thc contractor to detcrminc the depth and pcrccntapc 
of cobbles availablc in the deposit proposed for use in Glen Canyon Dam. 

The rcverse-flow method was dcvclopecl to overcome deficiencies of thc 

Figure 39.--Clamshell excavator and backhoe unit with reverse shovel exploring 
the gravel bars at Auburn Dam, California. P1859-245-5533. 
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Figure 40.--Closeup of clamshell bucket in extended open position; Auburn Dam 
aggregate investigations. P859-245-5490. 
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Figure 41.-Reverse-circulation rotary drilling machine. Dike built with bulldozer 
forms reservoir of water required for operation. P557420-254. 
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direct-flow method, in which water is forced down the inside of the drill
rod and is lost or returns to ground surface outside of the drill rod. In the
direct-flow method if churn bits are used, casing is generally required for
the full depth of the hole to prevent caving. In the reverse-flow method,
caving is prevented by a hydrostatic head maintained, often in a casing at
the top of the hole, 8 to 10 feet above the water table. This provides a
column of water around the outside of the drill rod which, with material
from the hole, mixes with air injected near the bottom of the drill rod and
is pumped up through the center of the drill rod. Except for some specific
conditions at the top of the hole, casing is not usually required. With the
reverse-flow method, test holes can be drilled at a faster rate than is nor-
mally possible in a cased hole or by the direct-flow method, particularly if
the drilling is in stable fine aggregate and sand.

At Glen Canyon, using a caliper to measure the diameters of the drill
holes so that volumes of the holes could be computed, fairly uniform es-
timates of the percentage of cobbles in the pit were obtained. A 6-inch
inside-diameter drill rod and a 6-inch-diameter discharge pipe were used.
The discharge was collected in two vats, each 150 cubic feet in volume;
these were inadequate since excessive amounts of sand and silt were lost
in discharge splashing. Larger catch basins which would have retained the
sand and fines would have permitted a complete grading analysis of the
aggregate. Material too large to pass through the drill rod and discharge
pipe was recovered with an orange-peel bucket operated with the same
drill rig and was added to the sample. This operation slowed the drilling
rate. Some caving occurred in layers of windblown sand and added to the
difficulty of maintaining a uniform hole diameter. Nonuniformity of the
hole diameter decreases the accuracy of this method of estimating the per-
centage of cobbles in an aggregate deposit. However, the facility with
which the test holes can generally be drilled with the reverse-flow method,
permitting rapid exploration of several locations in a deposit without the
necessity of casing the holes, compensates in large measure for the above
deficiencies of the method.

(c) Test Pits.--Aggregate deposits sometimes contain large rocks that
prevent use of cased test holes for sampling. Unless accurate sampling can
be accomplished by easier means (that is, mechanical equipment), it is
necessary to hand dig test pits. Machine digging of test pits has frequently
saved considerable time and money. Bulldozers, clamshells, backhoes, or
draglines have been used to good advantage. Usually such methods are not
suitable for depths greater than 15 to 30 feet. Although machine-dug pits
do not permit such precise sampling as hand-dug and shored test pits, they
do give a good general idea of the material in a deposit and indicate the
advisability of excavating one or more shored test pits for evaluation of the
deposit.

Hand-dug test pits may be about 16 square feet in bottom area and will
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require shoring if deeper than 5 feet or in unstable material. A 3- by 5-foot
hand-dug hole is easier to work than a hole 4-foot square. The total depth
of a pit cannot be determined in advance and is left to the judgment of the
engineer in charge. Precautions should be taken to prevent contamination
of the samples by material that has fallen from the side of the pit. The
bottom of the hole should be kept fairly level and of full size while exca-
vation is in progress so that material removed in each lift may represent
the corresponding portion of the deposit in both quantity and quality. As
noted in figure 42, the depth of each lift may be 5 feet where there is no
marked change of materials with depth; otherwise, the depths of the lifts
should correspond with differences in grading or in type of material, as
suggested by the data in figure 43.

Test pits over 5 feet deep must be shored in accordance with the mini-
mum requirements for trench shoring in the Bureau of Reclamation publi-
cation, "Safety and Health Regulations for Construction," (based on 29
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Test pits in deposits which are
not stratified to a marked
de•ree may be divided into 5-
foot depths for size separa-
tion.

If the deposit is stratified,
depths should be used which
will correspond in a •eneral
way to the stratification of
the materials.

Figure 42.•Sand and gravel from a test pit stored in systematicallyarranged
piles. Sampling and inspection are facilitated by such an arrangement.
288-D-125.
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UNII •_U 51AIk•
7-1324 DEPARTMENT OF THE INTERIOR

BUREAU OF RECLAMATION
GRADING OF AGGREGATE FROM TEST PIT

PROJECT Co/orodoR/ver 3•oroge FEATURE G/en Comyon Unif
................ 7...........T................?robob/y•mnonf3 of ferrocedepos/f3

DEPOSIT _ _/•_QhVV_e_O_D ....DESCRIPTION a_ccumu_/o_fedw,fh_;n Wo_hweopCreek .....

LOCATION OF DEPOSiT___W_oh_w_@_op_Cr_e_e_k...........................

TEST mT NO._ J0__9.......SlZE__D_co_9_/•e_ _ex_cova_tEo_nZD'b•SQ'a_t_ •u_rZ¢c#_
- •Zo--o -L-,•,•-_ ......

) SCREEN ANA'YS,S. PERCENT RETA,NED (EACH S,ZE,
REPRESENTED

Wt. 0f Somple, lb.

Aggregote

Sand

SCREEN DEPTH OF TEST PIT ( FEET )

OPENINGS 0t04.5 4.5Y08.0 8.0P0130 /3.0t0/8.0 18.0•'o2Z0

1.319 1985 /662

6-inch 7/0 0 0 0 /Vo

3-inch .Somlo/e, /0 7 6 .Sample i

I•-inch F/ne 2• /8 Z/

3&-inch 5and 27 79 2/

•,lo-in c h o,2d 20 • 7 30

3/le-lnch •P•vel / 7 I 9 Z

Percent 76 G 2 6 9

Sample No. / 2 / 2 / 2

No. 8 28 E'9 21 21 25 32

No. 16 /9 2/ /I /I /3 22

No. 30 /O /O 9 9 7 7

NO. 50 /5 /5 23 •3 19 /6

No. I00 20 20 28 30 23 16

Pan 8 5 8 6 /3 7

Percent Z@ 3 8 31

ALL TEST SCREEN OPENINGS TO BE SQUARE. IF OTHER SIZE SEPARATIONS ARE USED,
INDICATE THE SIZES OF TEST SCREEN OPENINGS.

INDICATE THE PRESENCE OF ORGANIC MATERIAL, SOFT STONE, SHALE, CLAY, MUD BALLS,
BOULDERS, COATED MATERIALS, CONGLOMERATE, MICA IN THE SAND,OR OTHER DELET-
ERIOUS MATERIALS. INDICATE GROUND WATER LEVEL AND GENERAL MOISTURE COND-
ITION OF THE MATERIAL, ALSO ANY OTHER PERTINENT INFORMATION. USE BACK OF

SHEET IF NECESSARY.

__ W_o•C._.fab_/e_.. _8,.O_f_f_. P__u_mp_s uL,Z/z__e_.do_n_don_oZ•_m•t_ •no•'e._ Co_sg_mp/e_ _be/o_•_ _ _

......_•_o_CeE__t_o_b/_e..........................................
___ 5_ o_•_•_ Leg_•_x_d_co.•/i•e_ buc_&ed..................................
_ _ O_e•_t_h_oZ_ho/e_ _Z_2._O_ ZZ.....................................
__ •o_n_d_•o_m_•_/_e__lVo.L un_w_o_s_h_ed._ _N_o•2_ •_o_s_hed ........................
__ _Or• o__n_/c _*e_s_t_ O__K• S_ ,'! *_ 3•_(D_e s_i• n_o_t,'_oa L4J........................

_ _&o_r•_e_ • a_n-o'_sto• Jp• qJde• of•j• .............................
_Z:_•_u_n_•_•s_h_e_d__s_•_.'•_ _2_. ••_,__•.._.•__o.•••. _ _ kv_• •h_o_•_s_o•d_ 3_._0• &,• •_ •_3_• /3_ ........
O0t e___8_';•_•_ _ _19_5"_• ........... INSPECTOR _ ._•._.7:_L__-_-_C.:-•_._C._-_/L'/_• .........

Figure 43.•A systematic and comprehensive form for recording test-pit
explorationdata. 288-1)-2633.
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CFR 1926.652). To ensure contamination-free sampling, closed-wall
cribbing is preferred to skeleton shoring. Details of cribbing which Will
meet the safety standards for depths up to about 20 feet (assuming non-
saturated loading) and provide adequate protection from sample contam-
ination are shown in figure 44.

sior

Space between cribbing and
test pit wails to be backfllled
with excelsior when exploring
loose ground.

Figure 44.--Test-pit cribbing. 2•D-2624.

Except for relatively shallow test pits, the plank for/cribbing should
have a nominal thickness of not less than 3 inches. Thicker plank should
be used wherever necessary to ensure safety. Six inches is a convenient
width. The pieces of cribbing should be kept level to ensure a vertical pit.
In loose materials it is advisable to (1) keep a minimum space between
the pit walls and the cribbing, (2) pack this space with hay or excelsior,
and (3) keep the bottom round of cribbing close to the bottom of the pit.
Cribbing details are shown in figure 44.



CHAPTER II--INVESTIGATION AND SELECTION OF CONCRETE MATERIALS 109

When water is encountered, an efficient pumping system is necessary. A
number of small, readily portable, gasoline-powered, self-priming, centrif-
ugal pump units are manufactured. It is desirable that the suction hose be
one-half inch larger than the discharge opening of the pump and not more
than 15 feet long. This length limitation requires setting of the pump in
the pit, on a frame attached to the cribbing, at intervals of about 12 feet.
With the gasoline engine in the pit, it is necessary to pipe the exhaust gases
well away from the pit.

Figure 45 shows a test-pit operation on the Hungry Horse project. Of
particular interest in figure 45 are the pit collar, which prevents loose rocks
from being kicked down into the pit; the safety belts and safety ropes; the
hard hats and the signal code board. All these are essential to safe test-pit
operation. Figure 46 shows construction details of a screening hopper
which facilitates hand screening of materials from test pits and is also used
for tests of coarse aggregates in field laboratories. The apparatus may be
used to particular advantage at the test pit if powered by a small gasoline
engine. An electric motor is commonly used for operation in the field lab-
oratory. (See fig. 47.) The power drive has also made the screening appa-
ratus generally useful for preparation of small quantities of special aggre-
gate. The sides of the frame in figure 46 may be built to support additional
sets of rollers, which will permit independent use of two or more super-
imposed screens. Such an arrangement reduces the number of handling
operations. During cold weather on the Colorado-Big Thompson project,
a three-sided portable canvas shelter containing a stove protected test-pit
excavation and screening operations so that it was possible to continue the
work throughout the winter.

It is not necessary that all the material from a hand-dug test pit be
screened to determine the grading if the following sampling procedure is
carefully practiced. The objective is to secure for screening all the material
from a continuous column, within the pit, having a diameter of approxi-
mately 2 feet. When the bottom of the pit is cleared to a new level, the
sample material is taken from a 2-foot-diameter hole as deep as clean ex-
cavation permits. The remainder of the pit bottom is then excavated to the
level of the bottom of the sample hole, and the procedure is then repeated.

Where the sides of machine-dug pits are less than 5 feet deep in stable
material, samples for pit screen analysis should be obtained by taking all
the material from a vertical channel of adequate size in the face of the
standing material. Where pits are deeper than 5 feet or are in unstable
material, they shall be shored, laid back to stable slopes, or otherwise pro-
tected from caving so that a person can safely obtain representative
samples.

The sample material from each 5-foot lift or from differing strata should
be separated carefully into the sizes contemplated for use. If the material
is too moist to permit reasonably clean size separation, it should be al-
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Figure 45.-View of test-pit collar setup. PX-D-32045. 



i

CHAFTER II--INVESTIGATION AND SELECTION OF CONCRETE MATERIALS 111

•-i. = ,• ;;, ;t , • -::-•I I; I I li ./h

•.• ii II •r Shipla•li"b. II i II /Z]-F r'

0L 1_1 ._ T

=--- •6'd -r•- _
4'- 0" 1

PLAN

¼" Rubber--belt
facing

• 2'-0"

,,.'.,-,. /,7,/• .\ ///

Led

FRONT ELE•

Pipe rollers,
r' Std. pipe, 27" long.,

Roller retainer, '-7"•j )
16 Go. golv. strips 2

r' Shiplo

END ELEV.

16 Go. x I-•" galv. strip
countersunk, screws

I ---- ¢

,,,x
SECTION •../Ga Iv. strip

HAND SIEVE

NOTES

Inside of hopper lined with 22go. golv. sheet
metal, lopped over top ond edges.

All wood in hopper ond sieves 1"o be pointed
with two cootsof outsidegray point.

Sieves required for soils testing
to hove openingsof 5" 3; I,•; ;•', {;and No.4.

Sieves requiredfor testing concr_ete_ aggreg-
ates to have openingsof 6;3;I•',' •; '•; and
No. 4 unlessother sizes are designatedin
specifications•

Where anchorageofsievesisrequiredfor
nesting, lengthsof I=x2" angle ironare
attached totopof hand sieve framing.
.... nWhere appl,coble,tests=eve openingso d

wiresizes shouldconformto dimensionsand
tolerancesset forth in A. S.T.M., designations
E-II and E-325.

Riddles,18-inch dio. with specifiedsieve
openingsmay be substitutedfor hand
sieves.

Figure 46.--Screening hopper and hand screens for gradation tests of coarse

aggregate and earth materials. 101-D-112.
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Figure 47.--A power drive for the screening apparatus illustrated in figure 46.

Such a drive is usually used in field laboratories and will increase the output

considerably. 288-1)-810.
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lowed to dry until screened properly. After each size from each depth in-
terval is weighed carefully, the weights should be recorded. (See fig. 43.)

At least two representative samples should be taken from the sand from
each 5-foot lift or separate stratum and complete screen analyses (appen-
dix designation 4) should be made and recorded as shown in figure 43. If
the sand samples are not dry, they should be dried by spreading on a can-
vas in the sun or by a suitable heating apparatus and the moisture content
determined by weighing the sample before and after drying. If gradings of
sand samples are not in close agreement, additional tests should be made
and the average of all tests reported. Any other data that will help in ob-
taining an accurate knowledge of the material in the deposit should also
be recorded.

All screened excavated materials should be placed in stockpiles ar-
ranged in concentric rows adjacent to the pit, each pile consisting of one
size-fraction from one lift. Figure 42 illustrates a satisfactory arrangement.
The piles should be placed on ground from which loose material has been
removed and spaced so as to prevent intermixing. An effective method for
labeling the stockpiles is to build them around marked stakes previously
driven into the ground and long enough to project above the tops of the
finished piles. It should be kept in mind that the purpose of piling mate-
rials in this manner is to facilitate future check tests and inspection. The
unscreened excavated materials should be deposited in a long pile (fig. 42),
conveniently located, so that the material from each depth will remain vis-
ible for inspection.
After each test pit is opened, it should be covered with solid timber not

less than 2 inches thick, and a guard railing or fence should be erected
around the pit.

(d) Trenches.--lt is usually impracticable to excavate trenches of suf-
ficient depth to expose the entire vertical section of a deposit and thus
enable procurement of a complete sequence of accurate samples such as
may be obtained from test pits. However, in certain topographic situations,
trenching is a practical means of procuring accurate samples at much
lower cost.

Detail exploration by trenching is most feasible for deposits in which
deep erosion has exposed vertical sections on steeply sloping walls of gul-
leys. Trenches extending from top to bottom of such slopes may traverse
the entire thickness of the deposit or the greater part of it. The slopes are
usually covered with considerable material that has rolled down from the
top and that which must be penetrated so that representative samples may
be obtained. This difficulty was overcome in the aggregate explorations
for Davis Dam by digging deep trenches with a bulldozer. Progress was
very rapid and the method efficient.

Trenches Were used to explore the Henry's Fork deposit during aggre-
gate investigations on the Flaming Gorge unit of the Colorado River Stor-
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Figure 48.-Trench in Henrys Fork aggregate deposit, Flaming Gorge unit, Utah. 
P591421-1228. 
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agc project to supplcmcnl information derived from test pits. Operators 
using a backhoe dug through trcnchcs normal to thc apparent direction of 
dcposition to cxposc as long a face as possiblc to aid identification and 
tentative evaluation of various types of materials prcscnt. Figurc 48 shows 
thc type of trench, and figurc 49 shows gradcd aggrcgatc representing rna- 

Figure 49.--Graded aggregate piles representing sampled material from trench 
excavation. P591421-1217. 

L O G  OF T R E N C H  O r i g i n a l  g r o u n d  s u r f a c e ,  

- 
S i  I t  a n d  g r a v e l  

Figure 50.-Exploration of aggregate deposits by trenching. Where this method 
is practicable, reliable samples may be secured at a much lower cost than 
from test pits. 2884-2623. 
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terial from the deep cut of the trench. To more fullydetermine the depth
of suitable ma•t.erials, test holes at selected locationswere extended below
the trench bottom.

Trenches must be finished by hand, care being taken to remove
sloughed material. Samples are then taken at appropriatevertical intervals,
the proceduresbeing governed by the same considerationsas pertain to
sampling in test pits. (See fig. 50.) Contamination will usually be mini-
mized if the final cleanup and the sampling are done together, proceeding
from top to bottom.

30. Designationof Deposits and of Test Holes and Test Pits.--Test
areas or deposits, usuallydesignated by names, should be referenced by
quarteror half section, township,and range, and test excavationsshould
be referenced by numbersor combinationsof numbers and letters. Desig-
nationsfor holes and pits are marked on nearby stakes and shown on the
map of the deposit.

31. Reports and Samples Required.--Bureau administrativeinstruc-
tions require that reports of explorationsbe submitted to the Chief, Di-
visionof General Research, at the conclusionof aggregate investigations.
When explorationsextend over several months,progressreports should be
submitted each month. Reports should describe field activitiesin detail
and should be accompaniedby test-pit grading data on form 7-1324, illus-
trated in figure 43. Photographs,maps, and other drawings are helpful
and desirable for the record of investigations.Indication of powerlines,
rights-of-way,fences, structures, and other importantsurface features en-
hances the usefulness of maps. Figures 51, 52, 53, and 54 indicate the
nature of informationneeded for preparationof specification drawingsfor
large jobs when the aggregatesource is specified.

Samples for preliminaryinvestigationsshould be submitted as provided
in section 27. Samples for mix investigationsand otherspecial studies will
be specifically requested when required by the Chief, Divisionof General
Research.

C. Facilitiesfor MaterialsTesting at Denver

32. LaboratoryFacilities.--Thefunctionsof the laboratoriesin Denver
include service to the Bureau for conductinginvestigationsand tests re-
latingto concrete, thereby relieving field laboratoriesof most laboratory
work other than that of routine job control.The Concrete and Structural
Branch is responsible for the concrete quality throughout Bureau work
and thus monitorsfield concrete controlactivities. The laboratoriesare
equippedto conductphysical,chemical,and petrographicinvestigationsof
all concretematerialsand to study the behaviorof these materialsunder a
varietyof conditions.The facilitiespermit fabricationand testing of con-
crete specimens for strength, elasticity,permeability,volume change, tem-
perature rise, thermal characteristics,and durability.There are also facil-
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ities for testing metals and fabricating special instruments and apparatus
for solution of special problems that constantly arise in concrete design
and contruction.

D. Denver Tests and Selection of Aggregates

33. Tests of Aggregates.---The procedure followed in handling concrete
aggregate samples shipped to Denver and the tests used to establish quality
are shown graphically in figure 55. Physical properties are determined and
samples are analyzed petrographically. Aggregates are tested for soundness
by the sodium sulfate soundness test, for toughness and abrasion resistance
in the Los Angeles abrasion machine, and for potential reactivity with al-
kalies in cement by the mortar bar test. Durability of concrete made with
aggregates is determined by freezing and thawing tests. Tests performed
under the heading of "Physical Properties" include specific gravity and
absorption tests, colorjmetric test for organic impurities in sand, determi-
nation of percentage of material that will pass the No. 200 screen, and
gradings of sand and coarse aggregate.

Specific gravity and absorption tests are made as routine investigations,
principally because of their importance in concrete mix design. Aggregates
of higher specific gravity are usually more satisfactory with respect to
soundness and strength. A low specific gravity does not necessarily mean
rejection of an aggregate but serves as a warning that additional tests are
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required before the aggregate can be considered acceptable. Unit weight
of concrete is dependent, to a large extent, on the specific gravity of the
aggregate. Specific gravity of sand and gravel is frequently limited by
specification to a minimum value of 2.60. On some projects (Glen Canyon
and Flaming Gorge Dams, for example) special processing to remove light-
weight particles has been required.

The absorption test determines the amount of water that an aggregate
will absorb when submerged during a predetermined period of time, usu-
ally 30 minutes for mix design purposes and 24 hours for aggregate eval-
uation. Since the water-cement ratio of a concrete is based on use of
saturated surface-dry aggregate, it is necessary to determine the absorption
value of the aggregate. An absorption value much over 1 percent indicates
that the aggregate ma• be of poor quality but does not necessarily mean
that it should be rejected. For example, lightweight aggregates usually have
high absorption yet are used successfully for structural concrete. Maximum
limits on absorption are not specified by the Bureau, as limitations on
other physical properties will generally serve for rejection of aggregates
having unusually high absorption characteristics. Natural aggregates of
high absorption have occasionally been used. One example occurred on
the Southern Nevada water project, yet concrete of adequate quality was
obtained.

The colorimetric test on sand is useful to indicate the presence of harm-
ful amounts of organic material. If a color darker than standard is obtained
with a sand that has been washed, additional tests are required to deter-
mine the nature of material responsible for the dark color and its effect
on mortar. Tests that may be required include structural strength of sand,
time of set, and chemical analysis.

Contaminating substances such as silt, clay, organic matter, and soluble
salts, which may reduce strength or durability, can very often be removed
by washing. The simplest control test is the determination of the percent-
age of material passing the No. 200 screen by washing. In the majority of
cases, not more than 3 percent is permitted.

The sodium sulfate soundness test provides an indication of structural
weakness that may be present in an aggregate. Laboratory tests indicate
that compressive strength and freezing and thawing durability are related
to percentage loss of coarse aggregate in the sodium sulfate test. The so-
dium sulfate test requirements in current specifications vary with location
and type of structure and knowledge of aggregates available. In general,
aggregate samples are considered acceptable if the weighted loss of sand
is less than 8 percent and that for gravel less than 10 percent, after 5
cycles.

The Los Angeles abrasion test provides valuable information regarding
hardness and toughness of an aggregate and gives an indication of the
breakdown expected to occur with a given material during stockpiling,
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handling, and transporting. There is a definite relationship between the
strength of concrete and the quality of coarse aggregate as measured by
the Los Angeles abrasion test. General practice dictates that coarse aggre-
gate should lose not more than 10 percent after 100 revolutions nor more
than 40 percent after 500 revolutions.

Petrographic examination aids the interpretation of physical and chemi-
cal tests of aggregates and may disclose weaknesses not discovered by
standard physical tests. Aggregate is visually examined and identified ac-
cording to mineralogical and chemical differences. The extent to which
the particles are coated, the nature of the coating substance, and particle
shape are determined. Potential deleterious reactivity of aggregates with
cement alkalies may be detected, and, when sufficient time is available,
the reactivity of the aggregates may be checked by a chemical test devised
in the Denver laboratories.

Freezing and thawing durability tests are made when it is deemed nec-
essary to obtain additional information to determine the quality of a cer-
tain aggregate. Strength-producing characteristics are evaluated by com-
paring the compressive strength with the average compressive strength of
more than 400 concretes (using different aggregates) made for previous
freezing and thawing durability tests. Also, the resistance of concrete con-
taining the test aggregate to cycles of freezing and thawing is evaluated.
Concrete specimens are made with standard laboratory blended cement,
standard aggregate grading, 0.51 -4-0.01 water-cement ratio, 4 to 6 percent
entrained air, and 2 to 4 inches slump. The specimens are cured 28 days in
the fogroom and are then subjected to alternate cycles of freezing and
thawing until 25 percent of the original weight is lost or until 1,000 cycles
of freezing and thawing are obtained. Generally, if the concrete withstands
500 cycles of freezing and thawing without failure, the aggregate is con-
sidered satisfactory.

Following petrographic examination, if the mortar bar test for potential
alkali-aggregate reactivity is recommended, concrete aggregates are tested
in 1- by 1- by 1 l•,4-inch mortar bars made with Bureau standard high-
and low-alkali cements. To establish the existence of the pessimum con-
dition in which smaller percentages of reactive aggregates may produce
increased expansion, the aggregates, including both sand and coarse ag-
gregate crushed to sand sizes, are tested in amounts of 25, 50, and 100
percent with high-alkali cements only. Neutral quartz also crushed to sand
sizes in "amounts of 75, 50, and 0 percent, respectively, constitutes the
remainder of the aggregate. If any of these combinations results in expan-
sions equal to or greater than those described immediately hereafter, the
aggregate is considered to be reactive and the recommended precautions
should be taken in its use. The low-alkali cement is used in some bars in
lieu of high-alkali cement to establish whether expansions other than those
caused by alkali-aggregate reactions will occur. Reactivity of the aggre-
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gate can thus be definitely established, and effectiveness of using low-alkali
cement can be determined.
Results of the mortar bar tests have been correlated with rate and mag-

nitude of deterioration caused by alkali-aggregate reaction in field struc-
tures. It has been established that any combination of aggregate and stand-
ard high-alkali cement causing a mortar expansion in excess of 0.20 per-
cent linearly in 1 year will produce readily recognizable expansive deteri-
oration of concrete through alkali-aggregate reaction. Aggregates that
cause an expansion of less than 0.10 percent in 1 year when used with
standard high-alkali cement have been found to be innocuous so far as
alkali-aggregate reactivity is concerned. Aggregates causing an expansion
in the range of 0.10 and 0.20 within 1 year when used with high-alkali
cement do not show clear-cut evidence of this reaction; but several aggre-
gates in this category are associated with concrete deterioration, the cause
of which is conjectural. Consequently, these aggregates should be used
only with low-alkali cement or a suitable combination of portland cement
and pozzolan.

34. Analysis of Field and LaboratoryData.---Field reports on aggre-
gate investigationsare reviewed, and the gradingand otherdatasubmitted
are reduced to average values for the full usable depth of each test pit.
Whenexploration is sufficiently extensive, weighted averagedata are com-
piled for the whole areaof the deposit or for the probableworking area.
Results of the Denver laboratorytests are tabulatedand arrangedfor easy
comparisonandconsiderationwith the field data.
After analysis of the compiled field and laboratorydatarelatingto dif-

ferent aggregatedeposits underconsideration,usually one deposit is ten-
tatively selected and additionalsamples are tested in Denver to determine
the properties of concretemadewith thatmaterial.The dataare also used
in the preparation of specification drawings and tabulations similar to
those shown in figures 51, 52, 53, and 54.

35. Quantityof Aggregate.--Animportantelement in the analysis of
data relative to aggregate supply is the quantityof aggregateavailable in
relationto quantityrequired.As indicatedin section 26, very roughmeth-
ods of estimating may be employed duringprospecting,but after one or
more selected areas have been explored, reasonably accurate estimates
must be made of the different sizes of aggregate requiredand available.
The quantityof aggregaterequiredis determinedfromthe type andvolume
of concrete in the projected work. The quantityof suitable materialin a
deposit is computed from test-pit data, screen analyses, and areas repre-
sentedby test pits.

The following example illustrates a simple method of estimating with
sufficient accuracythe quantitiesof aggregaterequired.
Suppose the job calls for concretemade with 1½-inch-maximum size

aggregatecontaining34 percent sand, a watercontent of 245 poundsper
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cubic yard, a cement content of 490 pounds per cubic yard, and an air
content of 41,4 percent. The average unit weight of such concrete is about
146 pounds per cubic foot (see table 4) or 27 × 146= 3,942 pounds per
cubic yard. The net weights of sand and gravel required per cubic yard of

concrete are:
Total aggregate, 3,942 - (245 + 490) = 3,207 lb. per cu. yd.
Sand, 0.34 x 3,207 = 1,090 lb., or 0.545 ton
Gravel, 3,207- 1,090= 2,117 lb., or 1.058 tons.

Coarse aggregate may be further divided in accordance with the size-
separation proportions selected or those the supply is expected to provide.
By multiplying the derived weights by the number of cubic yards of con-
crete and making allowance for waste and overrun, the total quantities of
the several sizes of aggregate required for the work are obtained.

For reasons stated in section 78, aggregate quantities are much better
expressed in tons than in cubic yards. Moreover, transportation costs are
based on tonnage. However, as there are times when it is necessary to con-
vert from weight to volume, or vice versa, the approximate data in table

12 are given.

Table 12.mWeight of aggregatein tons per cubic yard

Kind of aggregate Compacted Loose

Sand, dry ............................
Sand, moist ..........................
Coarse aggregate (separated) :

zA• to 3,4 inch ....................
3,4 to 11/2 inches ..................
1 i/$ to 3 inches ...................
3 to 6 inches .....................

Coarse aggregate (combined) :
•tG to 11/$ inches ..................
•; to 3 inches ....................
• to 6 inches ....................

Sand and gravel combined, dry..........

1.40 to 1.55...
1.20 to 1.45.

1.35 to 1.45.
1.30 to 1.40.
1.25 to 1.40..
1.20 to 1.35..

1.35 to 1.55..
1.40 to 1.60..
1.45 to 1.70..
1.60 to 1.85..

1.30 to 1.45
1.05 to 1.35

1.25 to 1.35
1.25 to 1.35
1.20 to 1.35
1.15 to 1.30

1.30 to 1.45
1.30 to 1.55
1.35 to 1.60
1.50 to 1.75

In estimating aggregate requirements for jobs where mixes of different
maximum sizes of aggregate are to be used, the computations are similar

to the foregoingbut more extended.

36. The Selected Aggregate.--Severalfactors must be considered in
making final selection of aggregate when more than one source is avail-
able. The relative quality of material in the several sources is the most im-
portant consideration and should receive greatest weight in making a
choice. Records of previous use of aggregate from a particular source and
examinations of concrete made with such aggregate provide valuable in-
formation concerning its quality. Such indications should be evaluated
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along with the characteristics of aggregate which affect the concrete as
discussed in chapter I.

Economy will dictate a choice of aggregate sources if quality fails to
differentiate materially among them. The study will include appraisal of
location and amount of processing that each source may require. The ag-
gregate that can be delivered to the mixing plant at lowest cost may not be
the most economical one. It may require a cement content that exceeds
that of another aggregate from a more costly source. Also, very often the
cost of some processing, such as correction of grading, may be fully re-
covered when the processing accomplishes a reduction in cement content.
In general, the aggregate that will produce the desired quality with least
overall expense should be selected.

E. Prospecting for Pozzolanic Materials

37. Geologic Occurrencesof Pozzolan.---Naturalpozzolanic materials
originate as volcanic tufts and ashes or as shales and clays, all of which
accumulate in stratified deposits. The formationsmay be thick or thin;
theymay be highly variablein characterand composition, or theymay be
uniformover large areas. For example , the Montereyformationis widely
distributedand is fairly uniformin general lithological characteristicsover
a distanceof about350 miles throughwestern California.However,within
itself the Monterey formation is composed of highly lenticularstrata of
siliceous shale, cherty shale, clay shale, sandstone, siltstone, and diato-
maceous earth, any of which may or may not be present in a particular
section and which typically vary considerablyin composition and petro-
graphiccharacterfromplace to place. Fly ash is an artificialpozzolan ob-
tainedfromthe stacks of powerplants in which pulverizedcoal is used for
fuel. Because of possible variability,prospectivesources of pozzolanmust
be subjected to thoroughinvestigation, sampling, and testing to establish
the extent and tonnageof usablematerials.
A comprehensive survey of natural pozzolan occurrence within the

United States was conductedby the Bureauof Mines. The reportof the
investigation including qualitative tests is published in U.S. Bureau of
Mines Circular8421 "Pozzolanic RawMaterialResources in the Central
andWestern UnitedStates".

38. Samples and InformationRequired.--Testingpozzolan samples in
the Denver laboratoriesis a partof the preliminary investigationof con-
structionmaterials. Instructionspertainingto samplingand transmittalof
pozzolan samples are similarto those for concrete aggregatesdescribedin
sections 27 and 31. Samples should be approximately50 pounds each.
Samples of promisingmaterials from undeveloped deposits may be ob-
tainedfrom any naturalexposure or excavation or, if necessary, from test
pits or trenches.
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F. DenverTests and Investigationof. PozzolanicMaterials

39. Tests and Analyses of Pozzolanic Materials.---Samples of pozzo-
lanic material submitted for preliminary investigation are subjected to
petrographic analysis and chemical and physical tests. These determina-
tions permit elimination of materials of inferior quality and those for
which processing would entail excessive cost. Promising materials that
appear to fulfill the requirements of the job and are economically avail-
able are subsequently tested exhaustively in concrete to establish quantita-
tively their effects on the concrete and to determine the mixes that will
take full advantage of potential benefits and minimize any adverse qualities
of the pozzolan.

Properties of pozzolanic materials that control quality include grinda-
bility, need for calcination or other treatment, •p'ecific gr•.vity, fineness,
water requirement, strength development with portland cement, effect on
alkali-aggregate reaction, heat generation, etc. For example, grinda'bility
is reflected in processing costs. Specific gravity controls the weight-volume
relationship between cement and pozzolan. Increased water requirement

• increases drying shrinkage and decreases freezing and thawing durability,
but use of an air-entraining agent will diminish, to some degree, these
effects.

G. Denver Investigationsof OtherMaterials

40. Cement Investigations.---Considerationis given to the choice of
type of cement for each project. For large concrete dams, cement having
low heat of hydration is usually selected if low heat generation is not as-
sured by use of pozzolan. Concrete investigations for these structures gen-
erally include complete tests under conditions which simulate those occur-
ring within massive concrete by curing hermetically sealed test specimens
under the temperature cycles that will apply to the dam concrete. These
tests have been useful in defining the properties of special cements and
aiding the selection of the proper type for use with materials to be used in
construction.

Selection of cement and the solution of problems incident to tempera-
tures encountered in large dams also involve determination of thermal
properties of the concrete. As the flow of heat in different concretes varies
considerably, and the thermal characteristics of concrete are influenced
markedly by the nature of the aggregate, tests for determining specific heat
and thermal conductivity are made after the aggregate and approximate
mix proportions have been chosen.

There are occasions when difficulty from false set or other abnormal
behavior of cement is encountered in construction. These experiences
should be reported in detail, and a bag of the cement should be furnished
for analysis and study. Data on the particular shipment involved, the mill
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bin number, and age of the cement should be included in the field report.

41. Investigations of Admixtures and Curing and Bonding Com-
pounds.--Admixturesof different kinds are tested on occasion, as circum-
stances warrant. In view of the significant benefits contributed to concrete
by entrainment of a small percentage of air, investigations for evaluation
of air-entraining agents have been extensive. These include comprehensive
study of the properties of air-entrained concrete.

Admixtures, such as water-reducing agents and set-controlling agents,
are specified when sufficient quantities of concrete are involved to make
their use economical. Presently, they are usually specified where more
than 2,000 cubic yards of concrete will be placed. These agents do not
react the same with cements from different sources nor always the same
with cement from the same source. It is usually advisable to test the pro-
posed agent in combination with the cement and aggregate being used
before specific recommendations are made. Tests to determine suitability
of these agents are performed in conformance with designation 40 in the
appendix. When a contractor selects the agent and cement source, specifi-
cations require that samples be submitted to the Chief, Division of General
Research, attention Code 1510, Building 56, Bureau of Reclamation,
Denver Federal Center, Denver, Colorado 80225.

Chlorinated rubber base, clear resin base, acrylic-modified chlorinated
rubber base solutions, and pigmented resin base curing and bonding com-
pounds for curing concrete are being tested for compliance with specifica-
tion requirements, for collecting additional information on behavior under
various methods and conditions of use, and for exploring possibilities for
development of more versatile curing compounds.

42. Samplingand Analysis of Waterand SoiL--Steps should be taken
in the field to ascertainwhether the water in the areameets specification
requirementsapplying to use in mixing and curing of concrete and in
aggregatewashing operations.Similarstudies should be madeto determine
whetherthe soil or water with which the concretewill be in contact con-
tains harmful sulfate concentrations. These requirementsare based on
considerationsrelatingto durabilitydiscussed in sections 6 and 19.
If the availablewater is of questionablequalityfor the intendeduse, a

sample should be sent to the Denver laboratories,togetherwith a complete
samplingreport,for determinationof quality. If the surfacewater, ground
water, or soil is known or suspected to containalkalies or soluble sulfates,
samples of the soil or ground water should be submitted in accordance
with designation 3 of the appendix to determinethe protective measures
to be employed. This should be done in the early phases of investigation
to assure sufficient time for testing. These samples should be submitted in
such a manner that final concentrations of salts (usually sulfates) to which
the structure may be exposed can be determined. Sulfate salts will con-



CHAPTER II--INVESTIGATION AND SELECTION OF CONCRETE MATERIALS 129

centrate in low-drainage regions and may cause rapid disintegration of
thin-wall concrete structures. Particular attention should be given to the
soil where structures such as canal linings, retaining walls, and concrete
pipe are constructed. Procedures for sampling water and soils are given in
the appendix, designation 3.



Chapter III

CONCRETE MIXES

43. Introduetion.--Proportions of ingredients for concrete should be
selected to make the most economical use of available materials that will
produce concrete of the required placeability, durability, and strength.
Established basic relationships and laboratory tests provide guides for
optimum combinations. However, final proportions should be established
by actual trial and adjustment in the field.
Concrete is composed essentially of water, cement, and aggregate. In

some cases an admixture is added--most often to entrain air, but some-
times for other reasons. Water-reducing, set-controlling admixtures
(WRA) are used extensively in Bureau of Reclamation concrete. Types of
aggregate and cement have a marked effect on strength and durability and
on the amount of mixing water required. When sources of ingredients re-
main the same, the quantity of cement, grading and maximum size of
aggregates, and consistency (or slump) of concrete can be varied without
materially affecting strength, provided the quality of the cement paste, as
determined by the water-cement ratio, is maintained constant.

When sources of ingredients vary, as in the case of aggregates from
different deposits and cements from different mills, concrete strength and
durability may differ appreciably even though the water-cement ratio is
held constant. Therefore, laboratory tests are desirable prior to major
construction on the project to determine the properties of the hardened
concrete. The tests are usually performed in the Denver laboratories
prior to establishment of a field control laboratory on the project. For
small jobs, where Denver laboratory tests of the concrete are not practic-
able, a reasonably good combination of ingredients can be developed
from a knowledge of the characteristics of aggregates and application of
established empirical relationships. However, regardless of the procedure
followed in selection of the initial proportions, the mix will usually require
adjustment in the field.

Laboratory data used in estimating concrete mix proportions from
established relationships include screen analysis, specific gravity (satu-
rated surface-dry basis), absorption of both fine and coarse aggregate,

131
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and dry-rodded unit weight of the coarse aggregate. The actual specific
gravity of the cement also should be known; but if it is not known and
cannot be readily determined, the value of 3.15 for specific gravity may
be used with assurance of sufficient accuracy in mix design calculations.
In addition, the moisture content of the aggregate must be known to
compute batch weights for field use.

As discussedin section 14, purposeful entrainmeni of air greatly im-
proves workability and resistance of concrete to weathering. Entrain-
ment will sometimes reduce the strength of concrete; but if the cement
content is not changed and advantage is taken of lower water require-
ments and thus the lower water-cement ratio, the reduction in compres-
sive strength is not great and becomes apparent only in the range of richer
mixes. For lean mixes, strengths are generally increased by entrainment
in proper amounts.

44. Selection of Proportions.--Mix proportions shouid be selected to
produce concrete with:

(1) The stiffest consistency (lowest slump) that can be placed and
consolidated efficiently with vibration to provide a homogeneous mass.

(2) The maximum size of aggregate economically available and con-
sistent with job requirements.

(3) Adequate durability to withstand satisfactorily the weather and
other destructive influences to which it may be exposed.

(4) Sufficient strength to withstand the loads to be imposed.

45. Estimate of Water Requirements.--For best strength, durability,
and other desirable properties, concrete should be placed with the mini-
mum quantity of mixing water consistent with proper handling.

The quantity of water per unit volume of concrete required to pro-
duce a mix of desired consistency is influenced by the maximum size,
particle shape, and grading of the aggregate and by the amount of en-
trained air.

Within the normal range of mixes, the water requirement is relatively
unaffected by the quantity of cement. Table 13 gives recommended
limitations for slump. Overwet concrete should always be avoided as it is
difficult to place without segregation and is almost certain to be weak and
lacking in durability.

The quantities of water given in table 14 are of sufficient accuracy for
preliminary estimates of proportions; they are the averages that should be
expected for various maximum sizes of fairly well-shaped aggregates
graded within limits of usual Bureau specifications. If aggregates other-
wise suitable have higher water requirements than those given in table
14, they probably have less favorable shape and grading than may
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Table 13.wRecommended maximum slumps for various types of con-

crete construction

Maximum
Type of construction slump in

inches

Heavy mass construction ........................................ 2
Canal lining thickness of 3 or more inches • ........................ 3
Slabs and tunnel inverts ......................................... 2
Tops of walls, piers, parapets,and curbs ........................... 2
Sidewalls and arch in tunnel lining ................................ 4
Otherstructures................................................ 3

These maximum slumps are for concrete after it has been deposited, but before it has been
consolidated, and are for mixes having air contents as indicated in table 14.
z On machine-placed canal and lateral lining, less than 3 inches thick, the slump should be

increased to 3V2 inches.

Table 14.--Approximateair and water contents per cubic yard of con-

crete and the proportionsof fine and coarseaggregate

(For concrete containing natural sand with an F.M. of 2.75 and average coarse
a gregate, and having a slump of 3 to 4 inches at the mixer

Max. size of
:oarse aggregate,

inches

a/a
½
aA

1
11/2
2
3
6

Recommended
air content,

percent

8
7
6
5

4.5
4

3.5
3

Sand, percent
of total
aggregate
by solid
volume

60
50
42
37
34
30
28
24

Percent

dry-rodded
unit weight of

coarse aggregate
per unit volume

of concrete

41
52
62
67
73
76
81
87

Air entrained
concrete

average water
content,
lb/yd a

320

305

280
265

245

230

205
165

* When WRA is used in concrete the sand content should be increased 1 or 2
for the loss in mortar volume due to water reduction.

ADJUSTMENT OF VALUES FOR OTHER CONDITIONS

Air entrained
concrete with

WRA - average
water content•

lh/yda

300
285

265
250

230

215

190

155

percent to allow

Changes in materialsor proportions

Each 0.1 increase or decrease in F.M. of sand
Each 1-inch increase or decrease in slump
Each l-percent increase or decrease in air content
Each 0.05-increase or decrease in water-cement ratio
Each 1-percent increase or decrease in sand content

Effect on other proportions

Water
content
•ercent

___3
-T-3

±I

Percent of
Percent dry-rodded

sand coarse
aggregate

__.0.5 -T-I

T-0.5 to 1.0 --
_1

-- •2

If aggregates are proportioned by percent sand method, use the first and second columns; if by
dry-rodded coarse aggregate method, use the first and third columns.
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normally be expected. Proportions of such aggregates should be adjusted
to maintain the desired workability.

Some materials may require less water than indicated in table 14.
Accordingly, laboratory tests for strength and durability may suggest
appropriate adjustments in cement content. However, a rounded gravel
and an angular coarse aggregate, both similarly graded and of good quality,
usually will produce concrete of about the same compressive strength for
the same cement content, despite differences in water-cement ratio. Also,
for the same proportions, different cement may produce concretes having
strengths that differ appreciably.
The weight of water is usually assumed as 62.3 pounds per cubic foot.

For water at temperatures below 60 ° F, the weight is taken as 62.4 pounds
per cubic foot.

46. Estimate of Cement Requirements.--Concretequality is
measured in terms of workability, durability, and strength. For a given
water requirement, quality of concrete is proportional to cement content.
While durability and strength of concrete are influenced by many variables,
proportions should be selected to provide cement pastes of adequate quality
to withstand expected exposures and ensure adequate strength. Suitable
control of other factors will then ensure strong, durable concrete. The
estimated cement requirement for a given concrete is, therefore, computed
from the water requirement and the water-cement ratio. Table 15 will
serve as a guide in selecting maximum permissible water:cement ratios
for different severities of-exposure when proper use is made of air
entrainment.

The maximum water-cement ratio or minimum ci•ment content to produce
the required strength will usually be determined by laboratory tests, in which
are used only those materials that will be used in the project. Table 16 shows
an approximation of the minimum average strengths to be expected for both
air-entrained concrete and concrete containing WRA for different
water-cement ratios. This table, which lists some values depicted in figure
19 of section 14, is conservative and can be used in estimating the strength
of concrete until verified by laboratory tests.

The cement content is calculated using the maximum permissible
water-cement ratio selected from table 15 or table 16 (whichever value
is lower) and the water requirement, from table 14. The calculation is
made by dividing the water content by the water-cement ratio. If a
minimum cement content is specified, the corresponding water-cement
ratio for estimating strength can be computed by dividing water content
by cement content.

47. Estimateof AggregateRequirements.--Tobe expected , the mini-
mum amount of mixing water and the maximum strength will result for
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Table 15.mNet water-cementratios for concrete

135

Type or location of concrete or structure and degree of exposure

A. Concrete in portions of structures subject to exposure
of extreme severity, such as the top 2 feet of walls
boxes, piers, and parapets; all of curbs, sills, ledges,
copings, corners, and cornices; and concrete in the
range of fluctuating water levels or spray. These
are parts of dams, spillways, wasteways, blowoff
boxes, tunnel inlets and outlets, tailrace walls,
valve houses, canal structures, and other concrete
work.

B. Concrete in exposed structures and parts of structures
where exposure is less severe than in A, such as por-
tions of tunnel linings and siphons subject to freez-
ing, the exterior of mass concrete, and the other
exposed parts of structures not covered by A.

C. Concrete in structures or parts of structures to be cov-
ered with backfill, or to be continually submerged
or otherwise protected from the weather, such as
cutoff walls, foundations, and parts of substruc-
tures, dams, trashracks, gate chambers, outlet
works, and control houses. (If severe exposure dur-
ing construction appears likely to last several sea-
sons, reduce W/C for parts most exposed by 0.05.)

D. Concrete that will be subject to attack by sulfate
alkalies in soil and ground waters and will be
placed during moderate weather.

E. Concrete that will be subject to attack by sulfate
alkalies in soil and ground water but will be
placed during freezing weather when calcium chlo-
ride would normally be used in mix. Do not em-
ploy CaCI.•, but decrease W/C to the value shown.

F. Concrete deposited by tremie or pump in water ....

G. Canal lining .................................

H. Concrete for the interior of dams ..............

Water cement ratio by
weight

Severe cli-
mate, wide

range of tem-
perature,

longperiods
of freezing,
or frequent
freezingand

thawing

0.45 ±0.02.

0.50___0.02.

0.58•0.02.

0.45±0.02.

Mild
climate,
rainy or

arid, rarely
snow or

frost

0.55___0.02

0.55±0.02

0.58±0.02

0.50+0.02

• 0.45m0.02

0.58±0.02

The properties of this con-
crete will be governed
by the strength, thermal
properties, and volume
change requirements
that will be established
for each structure.
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Table 16.mProbableminimumaverage compressive strengthof concrete
for-variouswater-cementratios, poundspersquareinch

Water-cement ratio by weight

0°40 ..................... °°°° ..... °..

0.45 .................................
0.50 .................................
0.55 .................................
0.60 .................................
0.65 .................................
0.70 .................................

Compressive strengthat 28 days

Air-entrained
concrete

5,700
4,900
4,200
3,600
3,100
2,600
2,200

Air-entrained
concretewith WRA

6,500
5,600
4,800
4,200
3,600
3,100
2,700

given aggregates and cement when the largest quantity of coarse aggregate
is used consistent with job requirements. The quantity of coarse aggregate
that can be used increases with the maximum size of aggregate. This
quantity can be determined most effectively from laboratory investigations
of the materials. However, a good estimate of the best proportions can
be made from established empirical relationships shown in table 14.

Table 17 gives recommended limitations for maximum size of aggregate.
Within the limits of economy and consistent with job requirements, the
largest possible aggregate size should be used because this permits a
reduction in water and cement requirements, as discussed in section 181
When all or most of the concrete mu•st be placed through a curtain
of steel, it is necessary that the maximum size generally not exceed
two-thirds of the minimum clear distance between reinforcement bars.
However, if there is space to place concrete between or in front of the
steel curtains and the concrete is effectively vibrated, experience has shown
that mixes do not need to contain maximum size aggregate smaller than
bar spacing or form clearance to ensure good filling consolidation. That

Table 17.--Maximumsizes of aggregaterecommendedfor various types
of construction

Minimumdimension
of section,inches

5 or less
6 toll ..............
12 to 29 .............
30 or more ...........

Maximumsize of aggregate,1 in inches,for--

Reinforced
walls, beams,and columns

3A to lye
11/• to3
1V2 to3

Based on square screen openings.

Heavily
reinforced

slabs

3/a to 1•
1½

3
3

Lightly reinforced
or unreinforced

slabs

3A tolV2
IV2 to3

3to6
6
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portion of the mix that is molded by vibration around bars, and between
bars and forms, is not inferior to that which would have filled those
parts had a smaller maximum size aggregate been used. The remainder
of the mix in the interior of the structure, as long as it is properly
consolidated, is superior because of its reduced mortar and water content.

Concrete of comparable workability can be expected with aggregates
of comparable size and grading, provided the volume of mortar and air
content remains constant. The solid volume of cement, water, and sand
may be interchanged to maintain a constant mortar content. The optimum
quantity of coarse aggregate depends to some extent on the grading of
the sand. This relationship is reflected in the adjustment for fineness
modulus of sand, as indicated under "Adjustment of values for other
conditions" in table 14.

The percentage of sand in the concrete mix has been used extensively
as a means of identifying the proportions of sand and coarse aggregate.
Recommended percentages of sand for each maximum size of coarse
aggregate are listed in table 14. In'the following section it is demonstrated
that aggregates can be proportioned by estimating the quantity of coarse
aggregate or by computing the total solid volume of sand and coarse
aggregate in the concrete mix and multiplying by the recommended
percentage of sand. Either method is satisfactory and will produce
approximately the same proportions under average conditions.

48. Computations of Proportions.---Computing proportions for
concrete mixes can best be explained by means of specific examples.
Calculations are based on saturated surface-dry aggregates. For these
examples, the following materials will be used:

(1) Type II cement with a specific gravity of 3.15; suitable
pozzolan (as selected for example 2) with a specific gravity of 2.50.

(2) Coarse aggregate with a specific gravity of 2.68.
(3) Sand with a specific gravity of 2.63 and a fineness modulus

of 2.75.
(4) Dry-rodded unit weight of coarse aggregate of 105 pounds

per cubic foot.
(5) Sufficient air-entraining agent to entrain the air contents

shown in table 14.
(6) A lignin-type water-reducing set-controlling admixture

(example 1) and a hydroxylated-carboxylic acid type (example 2).
(a) Example l.--The first example involves a reinforced retaining wall,

having a minimum thickness of 11 inches. Tables 13 and 17 indicate
that a 3-inch slump (under "Other structures") and 1½-inch-
maximum size aggregate will be satisfactory. The concrete will be
subjected to rather severe climatic exposure and will therefore fall in class
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Computation of trial mix (example 1):

Mix ingredients

Weight, Solid
pounds Conversion volume,

of weight cubic
per
cubic to feet per
yard volume cubic

yard

Water: Estimated value from table 14
245

245 3.93
62.3

Cement:
W/C for durability,class B concrete (table 15) = 0.50

W/C for strength (table 16) -- 0.56

Durabilitycontrols, use 0.50

water 490
Cement --

W/C ----- 490 3.15 x 62.3 2.50

Air: From table 14, 4.5 percent; 0.045 x 27
................................. 1.21

Sand: From table 14, 34 percent of volume of total
aggregate;27.00-- (3.93-F2.50-t- 1.21) = 19.36 cubic
feet of total aggregate

Volume of sand ----- 19.36 x 0.34 = 6.58 ft.• Weight of
sand _-- 6.58 x 62.3 x 2.63 = 1,078 ................... 6.58

Coarse aggregate:
Volume of coarse aggregate = 27.00 -- (3.93 -t- 2.50
-t- 1.21 -]- 6.58) = 12.78 ft.• Weight = 12.78 x
62.3 x 2.68

Total ..............................................................

2,134 .................... 12.78

3,947 ................... 27.00
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B of table 15. The wall has been designed on the basis of 80 percent of
the standard 6- by 12-inch cylinders having compressive strength greater
than 3,000 pounds per square inch in 28 days. Accordingly, average
Bureau control, which is considered as having a coefficient of variation
of 15 percent, requires an average strength of 3,460 pounds per square
inch at 28 days, as discussed in section 62.

When the aggregate is proportioned by the dry-rodded unit weight of
coarse aggregate method, the amount of coarse aggregate is calculated
as follows: From table 14, the amount of dry-rodded unit weight of
coarse aggregate per unit volume of concrete is 73 percent and the weight
of coarse aggregate per cubic foot of concrete is 0.73 × 105=76.6
pounds. The weight of coarse aggregate per cubic yard is 76.6 × 27 =
2,068 pounds. The volume of coarse aggregate and sand can then be
calculated as shown above.

Suppose a ligno-sulfonate type of water-reducing, set-controlling ad-
mixture (WRA) is to be used. This type of admixture is most often in
the form of a suspension of lignin solids in water and is batched much
like an air-entraining admixture. The dosage is based on the amount of
cement or cement plus pozzolan in the mix. In this example, assume the
dosage desired is 0.25 percent lignin solids, by weight of cement. It con-
tains 40 percent solids; that is, each milliliter of the solution contains 0.40
gram of lignin solids. If WRA is to be used, the initial estimate of the
water requirement would have been 230 pounds per cubic yard rather than
245 pounds (table 14), and the weight of cement would have been 460
pounds. The volume of WRA solution per cubic yard of concrete is
calculated as follows:

460 × 0.0025 x 453.6
Milliliters of WRA = -1,304 ml/yd•.

0.40 g/ml
(b) Example 2.---The second example requires a concrete mix for a

powerhouse foundation which Will not be exposed to freezing and
thawing. This condition will permit the use of class C concrete, from
table 15. The designers have specified a design strength of 2,500 pounds
per square inch at 28 days; therefore, an average strength of 2,880
pounds per square inch will be required for 80 percent of the tests to fall
above 2,500. Tables 13 and 17 indicate that a 3-inch slump (again under
"Other structures") and 3-inch-maximum size aggregate will be satis-
factory. A suitable pozzolan is available at a cost lower than cement, and
laboratory investigations have indicated some danger of alkali-aggregate
reaction. The cementing materials will, therefore, be composed of 30
percent pozzolan and 70 percent portland cement.

Assume a hydroxylated carboxylic acid WRA is to be used in example
2 at a dosage of 0.30 percent, by weight of cement plus pozzolan. As this
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Computationof thai mixes (example2):

Mix ingredients

Water: Estimated value from table 14

Cement and pozzolan:
W/C for durability, class C concrete (table 15) -----
0.58

W/C for strength(table 16) = 0.62

Durabilitycontrols, use 0.58

Cementing materials:
Water content 205

-- -- 353 poundsW/(C + P) 0.58

Portland cement = 353 x 0.70

Pozzolan = 353 x 0.30

Air:
From table 14 = 3.5 percent

Weight,
pounds

per

cubic

yard

205

= 247

= 107

Conversion

of weight

to

volume

205

62.3

247

3.15 x 62.3

107

2.50 x 62.3

Solid

volume,
cubic

feet per
cubic
yard

3.29

1.26

0.69

0.0035 x 27

All ingredients except aggregates

Aggregate:
Volume = 27 -- 6.19
Percent sand (table 14) = 28 percent
Volume of sand = 0.28 x 20.81
Volume of coarse aggregate = 20.81 -- 5.83
Weight of sand = 5.83 x 2.63 x 62.3
Weight of coarse aggregate ----- ]4.98 x 2.68 x 62.3 =

Total ..............................................................

0.95

6.19

20.81

559 ....................

.................................

=. ................................ 5.83
= - ................................ 14.98
= 955 ................................

2,502 ..................................

4,016 .................... 27.00
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type of WRA is a liquid, rather than a suspension of solids, the calcula-
tion of amount per cubic yard is somewhat different than in example 1.
As a WRA is being used, the initial estimate of the water requirement
would have been 190 pounds per cubic yard rather than 205 pounds
(table 14), and weight of cement plus pozzolan would then be 328
pounds. The specific gravity of this type is usually about 1.17 and the
procedure is as follows:

328 × 0.0030 × 453.6
Milliliters of WRA- -381 ml/yd3.

1.17

49. Batch Weights |or Field Use.--The preceding trial-mix computa-
tions provide batch quantities for a cubic yard of concrete. It is seldom
possible to mix concrete in exactly 1-cubic-yard batches. Therefore, these
quantities must be converted in proportion to the size of batch to be used.
This conversion can be accomplished by multiplying the 1-cubic-yard
quantity of each ingredient by the volume of the new batch in cubic
yards. This volume can readily be computed from proportions of any one
of the ingredients in the 1-cubic-yard batch and the new batch. For ex-
ample, assume that a threebag mixer is available and that the trial mix
in example 1 is used. Volume of the new batch is three times the weight
of a bag of cement, divided by the weight of cement for the 1-cubic-yard

3 × 94 282
batch, or .... 0.575 cubic yard. The field batch proportions

490 490
will be:

Water .................... 0.575 x245 = 141 pounds
Cement ................... 0.575 × 490= 282 pounds (3 bags)
Sand ..................... 0.575 × 1,078 = 620 pounds
Coarse aggregate ............ 0.575 × 2,134 = 1,227 pounds

Aggregates were assumed to be in a saturated surface-dry condition.
Under field conditions they will generally be moist, and quantities to be
batched must be adjusted accordingly. Assume that tests show the sand
to contain 5 percent and the coarse aggregate 1 percent free moisture. As
the quantity of saturated surface-dry sand required was 620 pounds, the
amount of moist sand to be weighed is 651 pounds (620x 1.05). Simi-
larly, the weight of moist coarse aggregate is 1,239 pounds (1,227
× 1.01). Coarse aggregate is sometimes drier than saturated surface-dry.
Assuming an absorption of 1 percent, the amount of dry aggregate re-
quired would be 1,227 x 0.99 = 1,215 pounds.

Free water in the aggregate must be considered as part of the mixing
water, whereas in the case of dry aggregate, water must be added to
allow for absorption. In the example, free water (mixing water) in the
sand is 31 pounds (651 -620), and in the coarse aggregate is 12 pounds
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(1,239-1,227). If the coarse aggregate were dry, 12 pounds of water
(1,227-1,215) must be added to the mixing water to allow for ab-
sorption.

50. Adjustmentof Trial Mix.----Because of the large number of vari-
ables introduced into a concrete mix through air entrainment, two or
more trials may be necessary to establish definitely the water requirement
and air-entraining agent requirement. Figure 56 illustrates a convenient
form for recording trial mix data. The data presented conform to trial
mixes of the preceding examples with an adjustment of the mix for
example 1.

Assume the first trial batch has a 2-inch slump and 4 percent air
instead of the desired 3-inch slump and 4.5 percent air. Table 14 in-
dicates that to increase the slump the desired 1 inch an increase in water
content of 3 percent is required. Similarly, to increase the air content by
0.5 percent an adjustment in water content must be made, but for this
it must be decreased by 1.5 percent. As these two adjustments are occur-
ring simultaneously, a net change of plus 1.5 percent in water content is
the result.

To find the amount of agent required to produce 4.5 percent air, a
linear adjustment is made. As 12 ounces of agent produced 4 percent air

,o,m

Figure 56.--Typical trial computations for concrete mix. 288-D-2634.
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4.5
and 4.5 percent is desired, then --× 12, or 13.5 ounces will be used

4.0
in the second trial mix.

The percentage of entrained air in the mix can be measured directly
with an air meter or obtained by computing the difference between the
calculated, or theoretical, volume and the measured volume, in accord-
ance with designations 24 or 23, respectively, of the appendix. It is ad-
vantageous to record both air contents because any marked difference
indicates an error and may lead to discovery of mistakes in mix design,
trial mix computations, or test methods. A difference in the indicated air
contents of as much as 0.3 percent is considered normal. The actual unit
weight is necessary for determination of actual water, cement, and ag-
gregate contents regardless of the method used for air determination.

The job mix should not be adjusted for minor fluctuations in water-
cement ratio. A difference in water-cement ratio of plus or minus 0.02 by
weight, resulting from maintaining a constant slump, is considered normal
and should be considered in selecting the water-cement ratio io that with
the usual variation the specified maximum is not exceeded.
51. ConcreteMix Tests.--Values of strength and other design factors

listed in tables 14 and 16 may be used for establishing a trial mix, as
discussed in section 48. However, these values are based on averages
obtained from tests on a large number of aggregates and do not necessarily
apply exactly to materials being used on a particular job. Therefore, if
facilities are available, it is preferable to make a series of mix tests to
establish the relationships needed for selection of appropriate proportions
based on particular materials to be used. For concrete used on Bureau
projects, these mix tests are usually made in the Denver laboratories.
This procedure not only establishes the properties of concrete for each
project but permits a comparison of these properties with those of con-
crete used on other Bureau projects.

An example of a minimum series of concrete mix tests is illustrated
in table 18. The first mix of the series was a computed trial mix, obtained
as previously discussed. The second mix was adjusted to increase the
slump but appeared to be oversanded and to contain too little coarse
aggregate. In the next mix the amount of coarse aggregate was increased
to an estimated maximum amount that would still produce a mix of satis-
factory workability. When the proper amount of coarse aggregate was de-
termined, three additional mixes were made in which the water-cement
ratio was varied over a range of 0.45 to 0.60. From these mixes the
relationships among water-cement ratio, cement content, and strength
were established for materials to be used on the job, and it was unneces-
sary to use the empirical values established for average conditions. Field
mixes could be interpolated directly from table 18.
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.o

Mix
•O. o

z

I. !0.50

2. .50

3. .50
4. .45
5. .55
6. .60

Table 18.--Typical minimumseries of concrete mix tests

Quantities of in-
gredients, pounds
per cubic yard

248 496 1,255 1,940

264 528 1,194 1,948

259 519 1,116 2,023
262 582 1,076 2,039
261 474 1,160 2,031
260 433 1,191 2,027

o

8

<

4.5

4.1

4.7
3.9
4.3
4.5

Strength at
28-day age

g

Finish

3,500 550 1 Fair ........

3,610 560 3.3 Very good ..

3,570 555 2.5 Good .......
4,120 6001 3 Very good ..
3,200 525 2.7 Good .......
2,650 450 3 Good .......

General
appearance

Low on
slump.

Over-
sanded.

Good.
Very good.
Good.
Good.

In laboratory tests desired adjustments will seldom develop as smoothly
as indicated in table 18, even with experienced operators. Furthermore,
field results cannot be expected to check exactly with laboratory results.
An adjustment of the selected trial mix on the job is usually necessary.
Closer agreement between results obtained in the laboratory and in the
field will be assured if machine mixing is employed in the laboratory.
This is especially desirable when air-entraining agents are used, as the
type of mixer influences the amount of air entrained. Before mixing
the first batch, the laboratory mixer should be primed with a small
batch of sand, cement, and water, as a clean mixer retains a percentage
of mortar. Similarly, any processing of materials in the laboratory should
simulate as closely as practicable the corresponding treatment in the field.

The minimum series of tests illustrated in table 18 may be expanded
as the size and special requirements of the work warrant. Alternative
aggregate sources and different aggregate grading, various types and
brands of cement, different admixtures, different maximum sizes of ag-
gregate, and considerations of concrete durability, volume change, tem-
perature rise, and thermal properties are variables that may require a
more extensive program.

52. Mixes tar Small Jobs.--Forsmall jobs where time and personnel
are not available to determine proportions in accordance with recom-
mended procedure, mixes in table 19 will provide concrete that is amply
strong and durable if the amount of water added at the mixer is never
large enough to make the concrete overwet. These mixes have been pre-
determined in conformance with recommended procedures by assuming
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conditions applicable to the average small job and for aggregate of
average specific gravity. Three mixes are given for each maximum size of
coarse aggregate. Table 17 may be used as a guide in selecting an ap-
propriate maximum size of aggregate. Mix B for each size of coarse
aggregate is intended for use as a starting mix in table 19. If this mix is
undersanded, change to mix A, or, if it is oversanded, change to mix C.
Note that the mixes listed in the table apply where the sand is dry. If the
sand is moist or very wet, make the corrections in batch weight prescribed
in the note.

The approximate cement content in bags per cubic yard of concrete
listed in the table will be helpful in estimating cement requirements for
the job. These requirements are based on concrete that has just enough
water in it to permit ready working into forms without objectionable
separation. Concrete should slide, not run, off a shovel.

Table 19.--Concrete mixes for small jobs 1

(May be used without adjustment)

Maximum size of
aggregate, inches

Pounds of aggregate per 1-bag batch

Mix desig-
nation

A
B
C
A
B
C
A
B
C
A
B
C
A
B
C

Approximate
bags cement

per cubic
yard of
concrete

7.0
6.9
6.8
6.6
6.4
6.3
6.4
6.2
6.1
6.0
5.8
5.7
5.7
5.6
5.4

Sand •

Air•ntrained Concrete
concrete a without air

235 245
225 235
225 235
225 235
225 235
215 225
225 235
215 225
205 215
225 235
215 225
205 215
225 235
215 225
205 215

Gravel or
crushed

stone

170
190
205
225
245
265
245
275
290
290
320
345
330
360
380

1 Procedure: Select the proper maximumsize o[ aggregate. Then, using mix B, add just enough
water to produce a sufficiently workable consistency. If the concrete appears to be undersanded,
use mix A; and if it appears to be oversanded, use mix C.

"-'Weights are for dry sand. If damp sand is used, increase the weight of sand 10 pounds for a
l-bag batch, and if very wet sand is used, add 20 pounds for a I-bag batch.

a Air-entrained concrete is specified for all Bureau of Reclamationwork. In general, air-entrained
concrete should be used in all structures that will be exposed to alternate cycles of freezing and
thawing.
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INSPECTION, FIELD LABORATORY FACILITIES,
AND REPORTS

A. Inspection

53. ConcreteControL--Manyfactorsenter into concretecontrol.It is
a combinationof (1) testingand inspectionof variousmaterials selected
for use, (2) proper proportioningand adequate mixingof materials, (3)
proper handling, placing, and consolidatingprocedures, and (4) proper
curing. With these factors closely controlledthroughtesting and inspec-
tion, the objectiveof concretecontrol--whichis the construction,at min-
imum practicablecost, of structures in whichqualityis uniformand suffi-
cientto assuresatisfactory service throughout the intendedoperatinglife--
willbe realized. The best of materialsand design practiceswill not be suf-
ficientlyeffective unless the constructionpractices and procedures are
properlyperformed. Competent inspectionand testing staffs functioning
under general supervision are required for proper coordinationof serv-
ices and for the class of constructioninvolved.

Many phases of inspectionare involvedin concretecontrol.To make
any inspectioneffective, such phases should be consideredin an orderly
manner. With this objective,a summary of inspectionitems is presented
followingthe designationsin the appendix; detailed discussionof these
subjects is foundin appropriatesections of the manual text. The summary
of inspectionitems is includedas a general aid in carryingout inspection
assignments;it is not intendedfor daily use, as it obviouslymust include
many items not applicable to a specific assignment.An inspectorshould
make his ownlistfor dailyuse on his particularassignment.

54. AdministrativeInstructions.--Thesource of administrativeinstruc-
tionsgoverninginspectionon Bureau constructionis ReclamationInstruc-
tionSeries 170.

55. The Inspector.--Acompetentinspectoris thoroughlyconsciousof
the importanceand scope of his work. He is observant, alert, and prop-

147
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erly trained; he knows both how as well as why the work is required to be
done in a certain way. As designs and specifications change from job to
job, it is important that the inspector be thoroughly acquainted with the
specifications for the particular work with which he is involved. Armed
with this knowledge and with judgment gained from experience, he will
not only detect faulty construction, but he will also be in a position to fore-
stall it by recognizing causes in advance and preventing use of improper
procedures.
Although the inspector will require special instructions or advice from

his supervisor concerning unusual problems or controversial matters, his
initiative is continually brought into play. The inspector should not delay
the contractor unnecessarily nor interfere with the contractor's methods,
unless it is evident that acceptable work will not otherwise be produced.
Fairness, courtesy, and cooperativeness, along with practicality, firmness,
and a businesslike demeanor, will engender respect and cooperation.
Avoidance of needless requirements and restrictions will facilitate the ac-
complishment of the primary purpose of inspection, which is fulfillment of
the specification requirements, and also will enable the contractor to per-
form his work in the most advantageous and profitable manner.

The inspector should follow the Bureau's manual "Safety and Health
Regulations for Construction." That manual officially establishes the
health and safety requirements for construction by contract; compliance
with the safety standards contained in the manual constitutes a con-
tractual obligation on the part of the contractor to the Government. The
inspector and supervisor should have a thorough knowledge of this
manual and should always be alert to deviations from outlined safety re-
quirements and take proper action to initiate corrective measures.

Through his supervisor's continual training, guidance, and support, the
inspector will perform his work with increasing confidence and ability--he
knows when decisions should be referred to his supervisor, what contacts
he should have with the contractor's men, and what special arrangements
or agreements pertinent to his work have been made with the contractor.
Occasional joint meetings of the inspectors and their supervisors are of
great benefit to all concerned and particularly so if some meetings can be
arranged before the construction begins. Also, preconstruction meetings
of inspectors, supervisors, and contractors' representatives are especially
beneficial in resolving questions and interpretations of specifications re-
quirements. In such meetings the "whys" of the specifications require-
ments can be explained, leading to better understanding and cooperation
of those involved in the construction effort.

56. Daily Inspection Reports.--A most important part of an inspector's
responsibility is preparation of a good inspection report. Some purposes of
an inspection report are to acquaint supervisors with current progress of
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the construction; to inform supervisors and inspectors who work on other
shifts; to accumulate information for a technical report of construction;
to provide a record of engineering data; and, often very important, to sub-
stantiate or refute a contractor's claim.

The report should be a written narrative but can follow a printed form.
The report should be neat, legible, clearly stated, and concise, yet fully
describe activities on the shift. Mere chronological listing of activities
should be avoided; the wording, however, should be kept to a minimum.
It is advantageous to use lettering rather than to write the report in long-
hand. Well-labeled sketches to indicate locations and dimensions, as well
as photographs, are very useful in explaining a condition to be recorded.

It is important to remember that the inspector's daily report often con-
stitutes the only permanent record of any activities related to that partic-
ular phase of work. Consequently, that record should be complete and in-
telligible, not only when the matter is fresh but also years later when
details have been forgotten. As such, complete recording of all happenings
is necessary. It is sometimes necessary to definitely reestablish, without
question, events of a situation to prepare findings of fact. Specific infor-
mation recorded in the inspector's daily reports must include statements
concerning the condition and progress of the work, the important factors
affecting such condition and progress, and any instructions given to the
contractor or his representatives. Also included in a report are data on
tests made by the inspector, samples taken by him, concrete mixes used,
and concrete cylinders made.

Daily inspection reports may be grouped into several categories, such as
materials inspection, concrete batching and mixing, or general inspection.
Forms should be developed to aid in efficiently and completely recording
the information so that it becomes a permanent part of project engineering
data.

In some instances, as in large dam construction, inspection at an aggre-
gate plant is warranted, although acceptance tests of aggregate are made
at the batching and mixing plant. Such inspection serves to provide data
of aggregate processing and as an aid to the contractor. A report of these
activities should include notes of the area where the equipment is work-
ing, accurately referenced to the pit survey control points. A complete
record of the rate at which the pit run material is excavated and proc-
essed would include rate of plant feed, quantities of finished product ob-
tained each day, sizes, gradations, and waste quantities. A description of
the equipment, modifications, screen capacities, plant efficiency, and down
time should be noted. Occasional photographs of the plant and working
area, including aerial photographs, are sometimes very helpful.

The extensiveness of batching and mixing plant reports varies with the
quantities of concrete placed on a project, the extent of records needed,
and the contractor's method of operation. Since aggregates must meet speci-
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inspection.2•--D-.3271.
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fications requirements as batched, concrete batching and mixing plant
daily reports should include aggregate test data. Specific gravities, grada-
tion, and absorption or free moisture can be conveniently combined with
concrete mix design adjustments and scale settings in tabular report form,
as shown at the top of figure 57. Other forms are needed as work sheets
for calculating concrete test batch data and to summarize these data for
project construction records. A very useful form is shown in figure 69 of
section 61, outlining procedures for completing the calculations involved
in its preparation. The bottom form shown in figure 57 is a typical daily
summary of quantities of concrete manufactured and ingredients used. In
such a report, each class of concrete should be grouped with the refer-
enced specifications item number, total quantities produced, concrete yield,
record of waste, and unusual happenings during the shift.

The project records should contain a daily report of control tests per-
formed on fresh concrete and test specimens fabricated. A typical form
report of daily concrete testing is shown at the top of figure 58.

Since the amount of waste concrete is often a disputed item, it is very
helpful if the amount (agreed to by project and contractor's representa-
tives) can be established for each shift and recorded at the time when an
accurate determination can be made. A form such as shown at the bot-
tom of figure 58 can be completed in duplicate, each retaining a copy for
reference.

Figure 59 is a general form that can be used for daily concrete placing
or equipment installation inspection. Figure 60 is a form developed in the
Denver laboratories for recording results of tests on sand and coarse
aggregate.

In addition to daily inspection reports, the inspector may be required
to keep an official diary containing a summary of all instructions issued
relative to the work and a brief record of all important conversations with
the contractor or his representatives. Also, the inspector may be required
to maintain a record of the day and hour of beginning and of completing
each section of the work, the time lost, and the cause of each delay.

57. The Inspection Snpervisor.--Area-of-work assignments are made
by the inspection supervisor. The competent inspection supervisor pro-
vides, in advance, the necessary instructions for carrying out the assign-
ment. He regularly visits the worksite to discuss problems and questions
that arise as the work progresses. He carries on a continual on-the-job
training in these discussions supported by broad experience, He informs
the inspector as to what decisions should be referred to him. He makes
certain that inspectors have access to and read all necessary instructions
pertaining to the work and information concerning special problems and
conditions apt to arise. He also informs the inspector of special arrange-
ments or agreements that have been made with the contractor which affect
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Figure58,•Surnmary of dailyconcretecontroltestsand waste record,
288-D-3272.

his work assignment, particularly in regard to concessions or special inter-
pretations of the specifications. He makes the inspector aware of his full
support in all proper execution of inspection work. He obtains opinions
of inspectors and engineers close to the job before making decisions rela-
tive to requests and representations made by the contractor. He encourages
informal meetings between inspectors and contractors' representatives to
promote efficiency and cooperation.
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UNITED STATES DEPARTMENT OF THE INTERIOR• BUREAU OF REC. LAMATION
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(USE REVERSE Si'OE OF SHEET
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Figure 59.mlnspector's daily report-•general form for any class of inspection.

288-D-824.

B. Field Laboratory Facilities

58. The Field Laboratory.--The primary purpose of the field labora-
tory is to perform routine testing of concrete and concrete aggregate. The
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test data serve as a basis for determining and ensuring compliance with
the specifications, for adjusting concrete-mix proportions, for securing the
maximum value: from materials being used, and for providing a complete
record of concrete placed in every part of the work.

Laboratory investigations generally are made in the Denver laboratories,
but tests for solution of construction problems often can be performed
in the field laboratory. Typical examples of the latter are the studies of
concrete-mixer performance conducted at Grand Coulee Dam; the effect
of fly ash on dosage of air-entraining agent and on calcium chloride at
Hungry Horse Dam; the investigation of aggregate segregation at Hoover
Dam; heavy media beneficiation and water-reducing, set-controlling agent
studies at Glen Canyon Dam; and heavy media aggregate beneficiation
tests at Naming Gorge Dam. Early submittal of progress reports and
complete final reports of nonroutine investigations to the Chief, Division
of Research, is desirable, as such information can often be used to
advantage on other projects. Part (2 of this chapter contains information
relative to presentation of test data.

The size and type of laboratory depends upon the iob. When it is
necessary to construct a laboratory building, the requirements will usually
be met by one of the three plans shown in figure 61 or a suitable
modification. Laboratory C is appropriate for major centralized concrete
construction requiring more than 500,000 cubic yards of concrete, such
as Yellowrail, Glen Canyon, and Flaming Gorge Dams. Laboratory B is
applicable to noncentralized concrete work, such as that on Vt-he Columbia
Basin irrigation division; to projects where facilities are required for both
earth and concrete testing, such as those embracing Davis, Enders,
Angostura, Boysen, and Trinity Dams; and to concrete dams requiring
from 25,000 to 500,000 cubic yards of concrete, such as Bartlett, Kortes,
and Canyon Ferry Dams. Laboratory A is a small laboratory suitable for
isolated projects, for divisions of large noncentralized work, and for
concrete dams requiring less than 25,000 cubic yards of concrete, such
as small diversion dams.

In figure 61, laboratory B is equipped with facilities for both earth
and concrete testing, as generally used on projects where both types of
construction are involved. Other examples of floor plans of combined earth-
work and concrete laboratories can be found in the Bureau's Earth Manual,
second edition. The other two laboratories may also require equipment
for earth-control operations. As the equipment for laboratory A, and in
some instances for laboratory B, does not in.clude a compression testing
machine, it is necessary that concrete test cylinders be shipped to the
Denver laboratory or to a nearby project for testing. Procedures for curing,
packing, and shipping the cylinders are contained in the appendix,
designation 31. In recent years, trailer-housed, mobile-satellite labora-
tories have been used to supplement a central laboratory where construe-
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tion activities are widespread. It is occasionally neccssary that laboratory 
personnel in trucks equipped with essential field control testing equipment 
visit the worksites periodically to perform control tests and fabricate test 
cylinders. Laboratory personnel from the Division of General Research 
make occasional visits to construction laboratories to calibrate equipment 
and discuss concrete control activities with project personncl. 

On smaller features at isolated construction sites some distance from 
semipermanent facilities, it is often necessary to perform control tests of 
fresh concrete. The manner in which these tests are performed influences 
uniformity of results and consequently uniformity and quality of concrete. 

Although tests for entrained air, slump, and unit weight involve simple 
procedures and constitute a small part of overall concrete control, they 
should not be considered unimportant nor performed in a careless manner. 
For a structure that will involve a number of placements, the provision of 
a test area with a stable base, preferably a concrcte slab, on which to 
perform tests will enhance accuracy and acceptance of test results. An 
excellent test setup is shown in figure 62. 

Figure 62.-A concrete platform provides a stable test area on the Wichita project. 
P835-526682. 
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59. Lists of LaboratoryEquipment.---Equipmentfor concrete control
appropriate for a well-equipped laboratory of each type is listed in table
20. Quantities listed are sufficient for the work during early stages of
construction; additional items should be obtained as required. The need
for a compression-testing machine in smaller laboratories depends, to a
large extent, on whether the project is conveniently located with respect
to Denver or to other projects where 6- by 12-inch cylinders can be tested.
If a laboratory has no compression-testing machine, the need for capping
equipment, with accessory apparatus and tools, is of course eliminated.

Table 20.--Field laboratoryequipment

Item
No.

Quantities

Laboratory

7
8
9

10
11
12
13
14

15
16
17
18
19
20

21 l
22 •-

23 I

24

25 1
26 1

27 2
28 1

29 1

Description

Aggregate screening hopper, coarse (fig. 46)
Airmeter (Pressure type) 1,4 cubic foot
Airmeter (Pressure type) 1 cubic foot
Analytical balance
Aspirator with necessary pipe fittings for attaching to

water supply
Balance, trip, with agate bearings and brass weights,

capacity 2 kilograms, l/10-gram gradations
Blaine fineness meter
Bottles, 12-ounce graduated prescription
Bottles, 32-ounce graduated prescription
Calculator
Concrete Manual and job specifications
Cones, concrete slump (fig. 219)
Glass graduates, 50, 100, 500, and 1,000 milliliter
Hose, aA6-inch inside diameter, 25 feet, plastic or stiff

rubber for attaching to aspirator
Hydrometer
Machine, compression testing, 300,000 pounds
Microscope
Mixer, portable,21/2 to 31A cubic feet capacity
Molds, can, cylinder, 6- by 12-inch
Molds, standard cylinder, 6- by 12-inch, with base plates

(fig. 223)
Molds, capping and alining jig (fig. 225)
Plates, cast iron, 10-inch diameter by ½-inch thick, ma-

chined for capping, with plain surface
Pressure gage, capacity 30 pounds per square inch, with

necessary pipe fittings for attaching to waterline
Scale, platform counter, 1/100-pound gradations. 240-
pound capacity

Sampler, tube, for sand
Screen, 18- by 18-inch, No. 4 opening, for mixer effi-

ciency test
Screen shaker and timer, automatic
Screens, set of coarse aggregate, including oversize and

undersize screens (tables 9 and 31)
Screens, set of standard 8-inch brass, consisting of num-

bers 200, 100, 50, 30, 16, 8 and 4, with pan and cover
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Table 20.inField laboratoryequipmentmContinued

Quantities

Item Laboratory
No.

A B C

30 1 1 2
31 .... 1 1

32 1 3 6

33 2 2 3
34 1 2 2
35 2 6 6

36 1 1 1

37 1 1 1
38 ........ 1
39 1 1 1

40 1 1 1

41 2 6 6
42 2 2
43 " i 2 2

44 1 2 3

45 1 1 1
46 1 2 2
47 1 1 1
48 1 1 1
49 1 I 3
50 1 1 3
51 1 1 1
52 12 12 12
53 1 1
54 "2 6 12
55 2 2 4
56 .... 1 1
57 1 3 6
58 6 6 6
59 12 12 12
60 .... 1 1
61 25 50 50
62 1 3 6
63 1 3 6
64 .... 1 2
65 ... 3 6
66 1 3 6
67 1 1 1
68 1 2 2
69 1 1 ....
70 . .. 1 3
71 . .. 1 1
72 .... 2 4
73 .... I 2

Description

Splitter, sample, 10- by 18-inch, complete with pans
Sulfur melting pot, electrically heated, thermostatically

controlled
Tamping rods, s/s-inch diameter by 24 inches long, bullet

nosed
Thermometers, 0 ° to 220* F, armored
Thermometers, maximum and minimum registering
Thermometers, 0 ° to 220* F, pocket, in metal carryin8

case with clip
Vacuum gage, capacity 30 inches of mercury, with pipe

fittings for attaching to vacuum line
Vibrator, laboratory model, immersion type
Vicat apparatus for false set test
Wire basket, 8-inch diameter by 2½ inches high for

specific gravity (appendix, designation 10)
Wire basket, No. 8 mesh, with sufficient capacity to weigh

18 pounds of aggregate in water, for mixer efficiency
tests

Miscellaneous Apparatus and Supplies
Brush, brass, for cleaning sand screens
Buckets, aggregate, 1 cubic foot
Canvas, 12 feet square, 12-ounce duck, double flat seams,

hemmed edges
Dial gages, operating range I inch, graduated in 0.0001-

inch divisions
Electric drying oven and hotplate
Electric fans
Fire clay, standard mill, 100-pound sack
First-aid table
Funnels, 4-inch galvanized
Funnels, 8-inch galvanized
Hydraulic jack
Jars, 1-quart, fruit, ground edge with fitted glass disk lids
Ladle, 3-inch diameter, steel
Pails, 12-quart galvanized, reinforced
Pans, cement, 24- by 24- by 2-inch
Pans, concrete batch
Pans, concrete slump
Pans, deep pudding, 3-quart
Pans, drip, 10- by 14-inch
Sacks, paper, No. 6, bundle of 500
Sacks, sample, cloth
Scoops, large hand
Scoops, small hand
Scoops, shovel, short-handled
Shovels, round-point, long-handled
Shovels, square-point,short-handled
Sodium hydroxide, 1-pound bottle
Stopwatch
Stove, small wood or coal cook, 4-hole with pipe
Sulfur, commercial powdered, 100-pound sack
Truck, rubber-tired, flat, 2 by 4 feet
Weights, standard, 50-pound
Wheelbarrows, rubber-tired
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In addition to the items listed, handtools and supplies should be provided

as needed.
60. Facilities for Curing Concrete Test Specimens.--The kind and ca-

pacity of laboratory curing equipment depend on project requirements.
In general, laboratories for the small jobs (A, fig. 61) use water-curing
tanks and damp-sand pits. The larger laboratories (B and C, fig. 61) are
usually equipped with insulated, temperature-controlled fog-curing rooms.
Detailed procedures pertaining to field laboratory curing of test cylinders
are included in the appendix, designation 31.

(a) Water Tanks.--Figure 63 shows a satisfactory double-deck tank
having a capacity of 168 6- by 12-inch cylinders. Standard galvanized
stock-watering tanks are satisfactory for use on many of the smaller jobs
and are much less expensive than the tanks illustrated in figure 63. When
the laboratory is not equipped with approximately constant air tempera-
ture control, uniform curing water temperature can be maintained at
73.4 ° ±3 ° F by electric heaters thermostatically controlled. Simple elec-
tric coils and thermostats similar to the GE, HS 11040, Soil Heating Set,
consisting of 60 feet of 400-watt, lead-sheathed cable and a HSC-7
thermostat assembly have been used successfully. The cable should be
placed in a 3- by 9-foot tank and covered with 1 inch of fine gravel for
protection. For extremely cold weather and for laboratories that will be in
service for a long time, it is advisable to construct the tank with double
walls filled with insulating material and to provide a suitable cover. In hot
weather, the water temperature can be kept down by circulating colder
water through the tank or by using ice.

Wiring and schematic diagrams for another curing-water temperature
control system used successfully at some Bureau projects are shown in
figure 64. The curing-water temperature is sensed and the system con-
trolled by two thermoregulators mounted as shown in figure 65. One regu-
lator is set at 72.5 ° F and the other at 74.5 ° F. A small water-circulating
pump is mounted on the end of the tank. The system is designed so that
nothing operates while the water temperature ranges between the maxi-
mum and minimum limits.

The plumbing is arranged so that valves are available to regulate the
amount of hot or cold water added and also the amount of water recircu-
lated. The hot and cold water is supplied from the building water system.
If such a system is not available, a small electric water heater o[ 3- to
5-gallon capacity and a small water cooler of l-gallon capacity could be
substituted. The mixed water is introduced at the upper water surface on
one side of the tank through a 3/•-inch horizontal pipe which has •/•6-
inch-diameter holes drilled on 6-inch centers along the entire length. The
end is capped. The water is withdrawn from the tank through a similarly
fabricated pipe near the bottom of the tank on the opposite side and is
circulated through the valve hookup where hot and cold water is added as
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I0. Same as9, except closed
above 74.5° F

, Not to be conslruedas the
only supplier.

Figure 64.•Wiring and schematic diagrams for a water temperature control
systemforconcretetestspecimencuringtanks.288-D-3285.
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Figure 65.-A view of thermoregulators in a curing water tank. P126-b75009. 

neccssary and thcn introduccd into thc curing tank. 'The mixing faucct of 
thc circulating system, likc thc typc used on automatic washing machines, 
serves to control the amount of hot or  cold water introduccd. An ovcrflow 
leading to a drain is necessary to dispose of cxccss water. Figure 64 is 
a vicw of the arrangement of the automatic controls, recirculating pump, 
and overflow. The tank may be of a size selected suficicnt for the cx- 
pccted storage capacity and should be fitted with a mctal cover for 
protection. 

( b )  Sioruge in Moisf Sanr1.-If tcsts are to be made at later ages, the 
concrctc may be remaved from thc water tank after 28 days and stored in 
nioist sand maintaincd at proper tcmpcraturcs. 

( c )  Fogrootns.-A fogroom maintained at 100 percent relative hu- 
midity and 73.4" + 3" F is ideal for moist curing and permits more cffec- 
tivc use of available spacc than d o  othcr methods. A curing rooni con- 
structcd and operatcd at Grand Coulee Dam maintaincd the humidity and 
tenipcraturc well within pcrnlissiblc limits. The room had a capacity of 
one-thousand 6- by 12-inch cylinders and was built and equipped as 
follows: 

The rooni was 13 feet widc, 16 fect long, and 10 fect high. The walls 
wcrc madc of 2- by %inch wood studs covcrcd with shiplap on thc out- 
side and ccmcnt plastcr on nictal lath on thc insidc. They wcrc insulated 
with rock-wool filling bctwccn studs, and thc cement plastcr was watcr- 
proofcd with cniulsificd asphalt paint. Ceiling construction was similar to 
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that of the walls. The floor was of concrete and provided with a drain.
Specimen racks were built of welded steel angles supporting eight shelves
spaced at 11 inches. Each shelf was 19 inches wide and constructed of 1-
by t- by •/•-inch angles set in a position to drain. The racks were placed
along each side of the room and a double row along part of the central
portion. Wood grating floor strips were provided for walkways.

Fog was supplied by water sprays above each specimen rack. Sprays
were constructed by inserting small gasoline-lamp generator tips into
tapped holes in water-pipes suspended from the ceiling. Streams of water
from the tips were atomized by striking the flattened ends of wires secured
to the pipes. Metal gutters, suspended under the spray equipment, dis-
charged drip water through downspouts to the floor. Figure 66 shows
three types of fog sprays.

During the coldest weather, heat was supplied to the room by 500-watt
strip heaters. During moderately cold weather, the ceiling lights were left
burning to supply the necessary heat. A fan was used to circulate the air
and maintain uniform temperature in the room.

In moderately warm weather, when the water was cooler than 73.4° F,
the sprays kept the temperature down. In hot weather, when the spray
water and the outside air were both above 73.4 ° F, the gates of two cool-
ing ducts near the top of opposite walls were opened as required. A cir-
culating fan directly in front of one of the ducts drew warm air of very
low relative humidity from the outside, and evaporation of water by this
dry, incoming air cooled the curing room to the desired point. The satu-
rated air escaped through the opposite duct. The temperature was con-
trolled by manual operation of the duct openings.

C. Reports and Evaluation of Test Data

61. Reports.--Reclamation Instruction Series 170 requires that a
summary of concrete construction data be submitted each month to the
Director of Design and Construction as part of the Construction Progress
Report. These reports serve a fourfoldpurpose:

(1) They enable the project and Denver offices to keep informed
regularly as to construction activities and effectiveness of concretc
control.

(2) They are valuable in the development of specifications for con-
struction.

(3) They add to the fund of information gained from practical
experience on a broad variety of Bureau projects, which informa-
tion, supplemented by technical knowledge acquired through labora-
tory tests and scientific research, serves as a basis for continued
advancement in concrete construction practices.

(4) They constitute a permanent record for use, if required, in
settlement of contracts.
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SOLDER.
11/2" ROUND BRASS STOCK- A r

SOLVE•'O0"MESH SCREEN i•"•"•'/•//-•//-•'f'/ SEE N4OTE '•B• ;_•.•i • /•=.•

.... SEE NOTE"A" -- E_ NOTE "C ....

18 GAGE COPPER PLATE2}II / I I / T
NIPPLE Y•Y.;'• •:]•-• • •.1

SCREW/•-•-)..,• No,9 GALV. WIRE r
THUMB /

L•-_ SECTION A-AA
NOTE A: Start hole with I/8-inch drili and complete with No, 80 drill for water

aperture,

NOTE B: Distonce from nozzle to plate is obout c+ inches. This distonce will very

with differences in water pressure.

NOTE C" The roised surfoce is formed by making o depression on the beck of the

plote with hammer and punch,

NOTE D: Sproys ore located 20 inches down from ceiling.

REOUOT'ON COUPL'NGRUBBER GASKET ..

_ /f_ I/4 GLASS•B•RASS•cRETUBINGW•

NOTE:The nozzle is mode by heating o piece of gloss tubing end stretching it to obtain

o woter aperture Qpproximotely.025 of on inch, The tubing is cut off end

smoothed with o file,

Two threods from O bross screw ore pieced inside the gloss tube to rouse the

woter to whirl, making o sproy o5 it emerges from the opening.

DISC SOLDERED TO
NO. 9 GALE WIRE

I'

PLUG, TAPPED FOR
GASOLINE LANTERN TIP

NOTE: Spray tips ore placed on 3-foot centers along pipe and pipe is carried
above each cylinder rack close to ceiling.

Plugging of tips with sediment can usuolly be eliminated by o trap in the
water line.

NOTE; THESE TYPES OF SPRAYS OPERATE UNDER WATER PRESSURES OF AT LEAST 2oLbAn2

Figure66.mFog-spraydevicesforcuringroom.288-0-1537.
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The value of these reports to engineers in the Denver office has been dem-
onstrated through many years of use. They are reviewed by those who
must keep in close touch with concrete construction control.

The general nature of the reports and the forms on which summarized
data are to be recorded are hereinafter prescribed as set forth in Reclama-
tion Instruction Series 170.

(a) Narrative Portion.--The narrative summary of concrete construc-
tion data should be restricted to matters of special importance or interest
relating to technical control exercised in concrete construction. The text
should be clear, concise, and free from copious repetition in the individual
report or from month to month. Where appropriate and practicable, pho-
tographs-and drawings should be included. Of special interest and value
are descriptions of such features, conditions, and experiences as:

(1) Concrete ingredients.--Important or novel changes in ar-
rangement or equipment of aggregate plants or finish-screening fa-
cilities at the batching plant; difficulties encountered in meeting speci-
fications requirements pertaining to aggregates, and methods for
correction; and interesting facts concerning the handling of concrete
ingredients. On large projects, information should be included on
delivery of bulk and bagged cement, pozzolans, blending operations,
and processing of cement used in grouting contraction joints.

(2) Batching and mixing.--Procedures or changes that result in
improvements; means used for heating or cooling concrete materials
and concrete; tests for mixer performance; and dates when scale
checks were made and any corrective measures taken, but not de-
tailed data.

(3) Transporting concrete.--Difficulties encountered, such as
loss of slump, segregation, false set, etc., and reasons for such diffi-
culties and methods of.correction.

(4) Placing concrete.--Problems encountered in preparation for
placing and in difficult placements; bleeding, harshness, excessive
surface voids, etc.; remedies employed and improved practices
developed.

(5) Finishing concrete.--Problems encountered and solutions,
removal of stains, and experience with special equipment.

(6) Protection and curing of concrete.--Unusual difficulties en-
countered and remedies therefor; novel procedures or precautions
used in protection and curing, and surface damage, if any, resulting
from these operations. Include a general statement concerning ex-
treme weather conditions, but do not report copious weather statistics.

(7) Precast concrete.--Items of special interest pertaining to
concrete pipe or other precast products, such as defects and repairs
or rejections; also, outstanding accomplishments or qualities.
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(8) Field laboratory activities.--Special tests or investigations;
condition of laboratory equipment, etc.

(9) Administrative matters affecting concrete construction.-
Discussions with contractor and protests by contractor; job training
of inspectors, etc.

(10) Suggestions.--Means for improving concrete control, in-
cluding improvements in designs and specifications.

(b) Summarized Tabulations.--Two forms for summarizing concrete
construction data have been used extensively and have proved to be
practicable. Figure 67 shows the form for reporting summarized data of
aggregate tests. Because specifications requirements for grading are for ....
aggregates as batched, the data shown will generally be the results of tests
on samples from the batching plant. However, the form may be used for
reporting results of tests on samples taken from the aggregate processing
plant or from stockpiles, in which case appropriate comment should be
made on the foF•. -

Figure 68 shows the form for reporting data on concrete mixes. Data
should be shown for each set of tests made during the month and may be
entered on the form from day to day as data become available. No field
summarizing is needed. The form has been developed so that the original
may be retained at the project office and prints submitted with the monthly
concrete construction data reports.

The heading of this form will indicate whether it is the "first," "second,"
or "final" report for the particular mixes. The first report carries the name
of the month during which the reported mixes and cylinders were made
and results of 7- and 28-day cylinder strengths available at the end of the
month. The second report, submitted a month later, shows the same month
and data as the first with the addition of all 28-day cylinder strengths. The
final report, submitted 2 months after the second, shows the same month
and data recorded in previous reports supplemented with a record of 90-
day strengths.

On jobs where cylinders are made for breaking at ages later than 90
days, the report giving 90-day strengths should be marked "third" instead
of "final" to indicate that cylinders have been made for breaking at later
ages. Strengths of these cylinders should be reported when available and
the cylinders identified with respect to mixes they represent. The mixes
should also be grouped according to the maximum size of aggregate and
separated according to interior, exterior, backfill, or structural concrete
when listed on form 7-1317.

An appropriate worksheet similar to that in figure 69 is quite helpful in
computing the concrete-mix data shown in figure 68. Worksheets should
not be included in the concrete construction data reports but may be re-
tained by the project office for future reference. The following steps ex-
plain the use of the form in figure 69 (complete instructions for use of this
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:,=•..n,

CONCRETE CONSTRUCTION DATA
AGGREGATE TESTS

,,o j,,, c•.NT•k UThH ...............................................................................................
r,o,,,_... w.a.F.e r. Ho.l.l.o:4.._T..o.n.n•.]....a.n_d ..(;))_4 nP.e.!...N•.....2.... •un n•|...a•h. _=..I tern..22). .......

to, t,, too,t, ofDe.c.e.mb.e.•',gZ.O,s,.t .1. of ..]. spe¢. No.._.DC.-.6575

TESTS OF SAND FOR."IL"•".$6MPLES TESTS OF COARSE 6GGREGATE
PERCENT RETAINED PERCENT IN EACH SEPARATION

TEST COARSEST FINEST AVERAGE NUMBER OF SAMPLES | 6 1 ]

•CREEN IN,IV. CU....OlV CU....OIY. CUM. NO..... BIZE RANGE TO_.•./.•I•[O'::::::: T()•-.•1•I•:-F*O*::.:_::/

No4 1.; 1.7 2. 2.7 2.6 2.6 S,GN,r,CANT OVERSIZE 7/8 1--3/4
N0e 2, z 14. Io_ 1"• 211_P 13..q AVER=OE 0.0 0.0
NO ,s !0.; 34.816. 29.618.7 32.5 M=X,MUM 0.0 0.0

•0•o !3.; 58.520. 50.IZ2.C 54.5 M,NI.U= 0.(] 0.0

NOSO !6. c. 85.428. 78.727.• 82.4 S4GN,F,CANT UNOERSqZE --#5J --5/8

NO,O0 I..' 96.916. 95.413.7! 96.1 AVERAOE 1.4! 1.5

NO. ZOO 2.[ 99.2 3. 98.6 2.7 98.8 MAX'MUM 2.0 3.1
PAN O.• LOO.C 1. 100.0 ].2 00.O M,N,MUM 0.9 0.4

FM 2.91 2.70 2.82 MARC•NAL OVERSIZE ]/4 1-1/2

MOISTURE CONTENT sand AVERAGE 3.7 9.1
AVERa6E +3.7 Max,MUM 7.4 14.8

MAXIMUM +6.0 MINIMUM 1.5 2.2

MINIMUM +2.7 MARGINAL UNOER$tZE #5 5/8

NUMBER OF SAMPLES 17 •,VERAGE 2.1 4.0
SPECrf,C GRAV,TY 2.60 MAX,MUM 3.5 7.2

COMMENTS ON S•NOAV(•.g..e_.__a.•orp.C.j:.O-•._ MiNiMUM 1.4 0.0
On .sarl(] •4•.%" ):.:2•; ........................... PASSING NEXT NOMIN*L SCREEN

S•nd ..•.o_9£in.•!es .t.o_..£V_n._.•.•.c/!.i_.n - ...... RET•,NE0 ON }" SCREEN 69. 1
s.p_e.c "lf.•.ed_.]..•m•l=•..•l•-_t_•,__c..ble.l•ld_•_rl•,. RETAINED ON 1•-" SCREEN 30.8

about 50% sand from Borrow Area RETAINED ON Z'•" SCREEN
"(el; wi-tt•l •b ou t" 5(• ""sa'i•d ""{ rom....... MOISTURE CONTENT 314" 1--1/2

w• l lace..anti H•bus•!) pit : ................ AVERAGE I +3.2 +0.9
Qp_e..s{]mp.le...w.as.. •3...1.it •.le.__l_q•..on.. - MAXIMUM +4. 4 +l. 9

t h e l•F) z.. ]:O.()...s.c..r een.......................... Mm,MU• +1.9 --0.8
NUMBER OF SAMPLES 16 14

SPECiFiC G•AWTY 2.42 2.42

COMMENTS ON COARSE AGGEEGATE:.•-v-e-•'.•P.e..•.•9.FP.•.•-•}---9. n
3/4-in. aggregate was 2.5%, and 1-1/2-in.

a•gr .eg_q• e •a s Z: ;}7_........S.•.•n•!•can•. ;;ndeF.s •ze_
•a. •.)• •gh_ on .one. samp..le. 9f 1.-.1/. 2.-•n: a•.•re5a t e

screen on shaker.

SOURCE OF S•NO:...S.a.m-e...a.s-.--a-g-g-r-e.g.a-c..e--• .............................................................................................
SOURCE O• CO•RSE •RE•TE'_..Bo.r.r.OY-._h.r..e..a.-..'•'.'-..q.e.,•..r..U.:.S.:.. H Lgh•.y....•.o :._.40_..•_D.. N•l/.4..se;..•5_,

T 35 R ii W Sand and aggregate tested and approved by Denver
gEM•RKS: ............. ' ................ • ...............................................t ....................... ,. ...........................................

la.b.•ra • • •y, ..•e.p..o r • Np q:.1.0.3.1., d•e.d...J • Z• .•.9....•9_•2. • ...................................................
...............................................................................................................................................Continued blending sand from Borrow Area "E" with sand from Wallace and

Hqb..Ls.c)...•.r_a•.t..s..,..ngr_•J)..•_f...S.ou..t.h.__S_tree.t.....Sal•- L•.ke Cit.•(,..P.t.ah:...._Se.c.:.5.....T_.3...S::.._
R.1..._E,...S.L...B_&•. sand tested .an.d...al)p_.r_.o_ye.d..L?y...I•_e.nve_r. teletzpe..da.ted. ..........................

JaDuqr• 14, 1.9.6.9........................................ . ..................
Hig}.............moistures op...aggregEate d•e to usin:g.)?.o__t.._w_ater.........spray bars on vibrating

s •aker. . ...................................................

NOTES:Insert nominol sill seporot;ons Of ¢OOtSe o•Eregote. See Concrete Monuol for s,te of screen openings for tests •r

s,•if,¢ant unders,zm en• o,erslze.

Figure 67.--Typical report of aggregate tests. 288-1)-2637.
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Figure 68.•Typical monthly report of concrete mixes. 288-D-2635.

form arc printed on its reverse side).
Step 1--Insert in column 1 sizes of aggregate.
Step 2•Insert in column 2 actual batch weights.
Step 3•Record percentages of saturated-surface-dry moisture in

column 3A from moisture tests performed on each fraction of
aggregate.

Step 4---In column 3C record the saturated-surface-dry weight corn-
wet weight × 100

puted for each fraction of aggregate =
100 + percent moisture "

Step 5--Subtract the saturated-surface-dry weight in column 3C from
the batch weight in column 2 and record in column 3B. The differ-
ence, if plus, is water being contributed to the mix by the aggre-
gate. If minus, it is weight of water that will be absorbed by the
aggregate to obtain a saturated-surface-dry condition. The alge-
braic sum of these weights for all fractions of aggregate in column
3B is entered at the bottom of column 3B on the line opposite
"water."

Step 6--Insert size of test screens in column4A.
Step 7--Incolumn 4B, recordfrom screen analysis tests percentages
retained and passing the nominal screens for each fraction of
aggregate.

Step 8--Multiply the percentages in column 4B by the weights in:
column 3C andrecordin column4C.
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CONCRETE MiX OATA VORK SHEET
(For use v(th Form mo. 7-1317)
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Figure69.•Typical worksheetforconcretemix data. 288-1)-2636.

Step 9--Transfer to column 4D the undersize and oversize weights,
as indicated by the arrows, to the fraction of aggregate to which
they belong for clean separation.

Step 10----Add the combined weights of each size fraction o[ aggre-
gate in column.4D and record in column 5.

Step 11---Transfer the weights of cement, pozzolan, and amount of
air-entraining agent from column 2 to column 5. Determine the
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total weight of mixing water by adding the weights of water in
column 2 and in column 3B and record in column 5.

Step 12--Compute the weight per cubic yard of each ingredient by
dividing each corrected batch weight (in column 5) by the volume
of the batch in cubic yards. The volume of the batch is the com-
bined batch weights (total of either column 2 or column 5), divided
by the product of the unit weight of fresh concrete and the factor
27. Space is provided in the lower right-hand corner for this
computation.

Step 13--Compute the solid volume of each mix ingredient (weight
per cubic yard divided by the product of the specific gravity of the
ingredient and 62.3, the weight of a cubic foot of water) and record
in column 7. Total the solid volumes and record at the bottom of
column 7. The volume of air is equal to the difference between 27
cubic feet and the total solid volume of the ingredients. The per-
centage of air is equal to the volume of air in cubic feet divided by
27. Space is provided for this computation at the bottom of form.

Step 14---Compute the percentage of each size of aggregate based
on clean separation from the weights in either column 5 or column
6, and record in column 8.

Step 15--Compute the water-cement ratio from the weight of water
and cement (plus pozzolan if used) in either column 5 or column 6.
Space is provided for this computation in the lower right-hand
corner of the form.

Step 16.--After checking computations, the information marked with
an asterisk (*) should be recorded on the form shown in figure 68.
The use of an electronic computer program for performing these
calculations is described in section 80.

62. Evaluation of Test Data.--Production of concrete meeting Bureau
requirements for uniformity involves testing ingredients and concrete. The
strength of standard test cylinders not only indicates the strength of a
structure but also reflects other properties of the mix such as materials
used, durability, watertightness, and ability to resist abrasion. Uniform
strength of test cylinders signifies uniform control. Large variations in test
results necessarily require increased average strengths to satisfy design
criteria; furthermore, excessive variations permitted in quality always sug-
gest the danger of inferior concrete.

The quality of control may determine to a large extent the useful life of
a structure. The 28-day strength of standard 6- by 12-inch cylinders varies
above and below the average, depending on how well the job is controlled,
and falls in some pattern of a normal probability curve as illustrated in
figure 70. When there is good control, strength values vary little from av-
erage, and the curve is steep. With poor control the values are spread
laterally, and the curve is flattened. The radius of gyration of points about
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Figure 70.mTypical frequency distribution of the strength of a series of
6- by 12-inch control cylinders. 288-1)-2639.

the center is called the standard deviation. Standard deviation divided by
the average value is called the coefficient of variation. That coefficient is
a statistical tool established to indicate the amount of variation. A high
coefficient indicates poor control, and a low coefficient indicates good
control.

Criteria generally accepted by Bureau designers require that the strength
of 80 percent of the test specimens be greater than the design strength.
Table 21 shows average strengths, based on 10 or more tests, that the
project must maintain for several coefficients of variation and for the re-
quirements that 75, 80, and 85 percent of the tests be greater than design
strengths ranging from 2,000 to 6,000 pounds per square
were computed by the following formula:

j'c
Cl --

1 --tF
where:

inch. The values

Jcr=average strength required, pounds per square inch,
J'c= design strength, pounds per square inch,
t = a constant---depending upon the proportion of tests that may

fall below f'• and the number of samples used to establish
V, and

V = coefficient of variation expressed as a decimal.
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Table 21 provides a simple means of determining the required average
strength for any particular project concrete in order for 80 percent of the
test values to fall above any design strength ordinarily specified or re-
quired in Bureau work. The required strengths were determined from the
above formula, using at least 10 samples to determine V and the following
values for t: t=0.703 for 75 percent; t=0.883 for 80 percent; and
t= 1.100 for 85 percent.

Table 21.mAverage strengthwhich must be maintainedto meet design
requirements

Design
strength,
lb/in '-'
(J'c)

2,000

2,500

3,000

3,500

4,000

4,500

5,000

5,500

6,000

Percent of
strengths
greater

than design
strength

75
80
85

75
80
85

75
80
85

75
80
85

75
80
85

75
80
85

75
80
85

75
80
85

75
80
85

Average strength required in order that 75, 80, or 85 percent
of tests be. greater than design strength (let)

Coefficient of variation, percent

5 10 15 20 25

2,070
2,090
2,120

2,590
2,620
2,650

3,110
3,140
3,180

3,630
3,660
3,700

4,150
4,190
4,230

4,660
4,710
4,760

5,180
5,230
5,290

5,700
5,750
5,820

6,220
6,280
6,350

2,150
2,190
2,250

2,690
2,740
2,810

3,230
3,290
3,370

3,760
3,840
3,930

4,302
4,390
4,490

4,840
4,940
5,050

5,380
5,480
5,620

5,920
6,030
6,180

6,450
6,580
6,740

2,240
2,300
2,400

2,790
2,880
3,000

3,350
3,460
3,590

3,910
4,040
4,190

4,470
4,610
4,790

5,030
5,190
5,390

5,590
5,760
5,990

6,150
6,340
6,590

6,710
6,920
7,190

2,330
2,430
2,560

2,910
3,040
3,200

3,490
3,640
3,850

4,070
4,250
4,490

4,650
4,860
5,130

5,240
5,470
5,770

5,820
6,070
6,410

6,400
6,680
7,050

6,980
7,290
7,690

2,430
2,570
2,760

3,030
3,210
3,450

3,640
3,850
4,140

4,250
4,490
4,830

4,850
5,140
5,520

5,460
5,780
6,200

6,070
6,420
6,900

6,670
7,060
7,590

7,280
7,700
8,280
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Intermediate values may be determined by interpolation or can be
calculated.

For example, it is assumed that concrete for a particular project will
have a coefficient of variation of 15 percent and that the designated design
strength is 3,000 pounds per square inch; then from the table an average
strength of 3,460 pounds per square inch must be maintained in order
that 80 percent of the tests will fall above 3,000 pounds per square inch.

When aggregate larger than 1½ inches is used, the 6- by 12-inch
cylinders must necessarily be fabricated with concrete from which the
plus 1 ½-inch aggregate has been removed. The screening equipment shown
in figure 46, although primarily designed for screening concrete aggregate
or soils, can be used to remove the aggregate larger than 1½ inches
from a mass concrete sample. A simpler apparatus for screening fresh
mass concrete is shown in figures 71 and 72. (If fabrication details are
desired, request drawing No. 288-D-3273 from the Chief, Division of
Research, Engineering and Research Center, Denver Federal Center,
Denver, Colorado, 80225.)

The 1 ½-inch-square opening screen is removable from the metal frame
for easy cleaning. The frame folds to provide a clear 4- by 5-foot work
area. Specimens used to measure the strength of mass concrete are either
12- by 24-inch or 18- by 36-inch cylinders seal-cured through an expected
temperature cycle and contain the full mix. The comparative 6- by 12-inch
cylinders are fog-cured at 73.4 ° F. Therefore, it is necessary for control
purposes to correlate the strength of the 6- by 12-inch cylinders with
the mass concrete cylinders. This correlation is usually accomplished during
the concrete, mix investigations conducted in the Denver laboratories for
each project. Past experiences with mix investigations have shown that
the age-strength relationships between 6- by 12-inch and mass concrete
specimens can be predicted with a fair degree of accuracy. Figure 73
shows these relationships. The age of the wet-screened 6- by 12-inch
cylinders is given on the x-axis, and the ratio of the mass concrete cylinder
strengths to that of the wet-screened 6- by 12-inch cylinders is shown
on the y-axis. For example, the ratio of 180-day mass concrete strength
to 28-day strength of wet-screened 6- by 12-inch cylinders is 1.07;
therefore, if the 28-day strength of 6- by 12-inch cylinders is 3,000 lb/in2,
the 180-day strength of the mass concrete cylinder will be about
1.07X3,000=3,210 ib/inL Another way this figure can be used is, for
example, if the desired strength of mass concrete at 180 days' age is
4,000 Ib/in2, then the 7-day strength of the 6- by 12-inch cylinders should

be about .400.._•0 = 2630 lb/in2.
1.52

Some of the many factors that influence the strength of standard 6• by
12-inch cylinders may be controlled; other influences are caused by fac-
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Figure 71.-Drive mechanism and wet screen used to remove plus 1%-inch 
aggregate from fresh concrete. Batch plant control laboratory at Pueblo Dam. 
Fryingpan-Arkansas project, Colorado. P382-70610407. 

tors beyond the control of project personnel. Unavoidable variables in- 
clude changes in climate and variations in raw materials, such as cement 
fineness and aggregate absorption. 

Effects of avoidable variables caused by differenccs in the maximum 
sizes of aggregate used in different structures and changes in water-cement 
ratio for different exposure conditions and typcs of concrete can be elim- 
inated by proper classification of the mixes involved as outlined in section 
61. Data for each type of concrete should bc reported separately. 

Jncludcd among the controllable factors that contribute to variation of 
concretc are changes in water-ccment ratio for a given type of concrete, 
differenccs in air content, poor control of nioisturc content in thc aggre- 
gate, poor control of mixing proportions, sampling and testing procedures 
that d o  not conform to  Bureau standards, and haphazard handling of test 
cylinders. Concrctc cylinders improperly handlcd on thc job are not reprc- 
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sentative of concrete in the structure. Therefore, special care should be
exercised to maintain uniform standards for fabricating and handling 6- by
12-inch cylinders so that these cylinders will not indicate more variation in
strength than exists in the concrete.
Concrete cylinders, when made in accordance with the provisions of

section 90, are representative of concrete placed during a given period of
time rather than for a particular volume of concrete on small jobs involv-
ing only a small yardage of concrete. It has sometimes been the practice
to make only a few concrete control cylinders. Unless at least ten 28-day
6- by 12-inch test cylinders are fabricated for a given project regardless of
the yardage involved, a statistical analysis of strength data is not war-
ranted. When a project or activity is provided with facilities and personnel
for concrete testing, these resources should be used effectively to provide
sufficient data for proper concrete control.

For large construction jobs, it is present practice to process the data
contained in Monthly L-29 Concrete Construction Control Reports by an
electronic computer program. The data are summarized on a 1-page print-
out for each month along with an updated summary of overall averages.
The printout contains data of average concrete mix quantities, slump, en-
trained air, compressive strength, and coefficient of variation of the com-
pressive strength tests for each class of concrete and each maximum size
aggregate. On smaller projects, the coefficients of variation of the concrete
control cylinder strengths are calculated by the field laboratory personnel
and included as a note in the L-29 Concrete Construction Control Report.

Formerly, for a number of years, an annual summary report was pre-
pared which included the compilation and analysis of all concrete-mix data

2o

°i
•_ 1.5

• •.o

II
0

•- 0.5

Concrete (wi thout pozzol anl

containing a water-re-
ducing, set-controlling

agent
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28 90 180

AGE OF 6-BY 12-INCH CYLINDERS (Days)

Figure 73.--Ratios of mass concrete compressive strengths in seal-cured

cylinders to compressive strengths of 6- by 12-inch fog-cured cylinders

fabricated from minus l•-inch MSA wet-screened concrete. 288--D-3253.
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EVALUATION OF CONTROL STANDARDS
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Figure 74.--Frequency distribution of coefficients of variation of concrete

strengths for Bureau project•1952. 288-1)--1538.

for Bureau of Reclamation projects during any calendar year. This sum-
mary provided an overall comparisonof qualityof concrete controlfor
all Bureau projects.Figure 74 reveals the relative standard of controlfor
concretestrengths on each projectduringthe constructionseason of 1952.
Each point representsone Bureau contractunder constructionduringthe
period.As mightbe expected,the pointsfall intothe normalpatternof the
probabilitycurve--themajorityof the pointsare locatednear the average,
with a few of them in the range of excellentcontroland a few on the other
side in the range of poorcontrol.Projectswithexcessiveconcretestrength
variationmust sometimes compensateby requiring 400 to 500 poundsper
square inch more strength than the average projectto meet the established
criterionthat 80 percentof the strengths fall above the designstrength.For
this reason, many of the projectsthat are in the categoryof poor control
are also listedin figure 75 with the group of projectsthat do not meet de-
sign strength requirements.

Figure 75 showsthe percentageof the requiredconcretedesignstrength
that each projectproducedin 1952. A large majorityof projectsobtained
strengths in excess of those required, and the average strength of Bureau
concreteplaced duringthat year was about .110 percent of those required.
A few projectsproducedstrengths that were unnecessarilyhigh; and unless
the cement content was required for durability,or other factors, it could
normallyhave been reduced at a saving. An excess of strength is much
preferredto strengths that are too low. Low strength is the most serious
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problem encountered in concrete control because failure to obtain the
design strength reduces the safety factor. Unless concrete of adequate
strength can be produced uniformly, design stresses must be lowered to
increase the safety factor. This procedure would cause a general increase
in construction costs of Reclamation projects.

EVALUATION OF HOW BUREAU PROJECTS CONFORM WITH STRENGTH REQUIREMENTS

•TRENGTHS I_AVERAGE 8UREALIISTRENGTHS WHICH ARE
-f-18 --WHICH DO NO7 JOBS •UNNECESSARILY HIGH

16 MEET OESIGN STA•OARDJDEVIATION
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Figure 75.--Frequency distribution of the variation of concrete strengths for
Bureau projects from those required by design--1952. 288-D-1539.



Chapter V

CONCRETE MANUFACTURING

A. Materials

63. Aggregate Productionand Control.--The control of
production and handling of aggregates is largely a field problem. The lack
of uniformity in sources of supply and the difficulty in maintaining
uniformity in the finished product require positive actions by the contractor
and constant vigilance by the inspector. Finish screening at the batching
and mixing plant corrects gradings that exceed specifications limits because
of mishandling and breakage and removes, just before batching,
uncontrolled amounts of minus 3/16-inch undersize which contribute to
problems in controlling uniformity of fresh concrete. As aggregates must
meet specifications requirements when batched, the aggregates should be
well processed initially. Deleterious materials must be removed, either by
washing or by special processing; unsatisfactory grading must be corrected
by wasting some parts or by supplying deficiencies; segregation and
breakage must be minimized; and moisture content of the aggregate must
be kept as uniform as practicable. The required degree of control depends
to some extent on the size and importance of the work, and the necessary
frequency of adjustments of equipment depends on the uniformity of raw
materials with respect to quality and.gradation. (See sec. 18.)

The primary function of an aggregate processing plant is to produce
clean and properly sized materials. Prior to installation of plant and
aggregate handling equipment, contractors on Bureau projects involving
large amounts of mass concrete are required to submit for review by the
Chief, Division of Research, drawings showing the general arrangement
of the plant and a detailed description of equipment proposed for use.
Early submittal of this information, together with comments and
recommendations from the project office, will expedite approval by the
Chief, Division of Research. It may also prevent the contractor's purchase
or installation of unsuitable equipment or forestall plans for use of
undesirable operating methods.

181
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64. Sand Production.--Thegradation of sand as it comes from the pit
does not usually conform to the specifications, and some form of pro-
cessing is required.Defects in gradingmay be correctedby adding suit-
able blending sand, by crushinga portionof the excess of largersizes, by
removing portions of sizes present in excessive amounts, or by a com-
bination of methods. Bureau specifications generally require that only
naturalsand be used, except as allowed by specifications or when permis-
sion is obtainedfrom the contractingofficer to supplement sand gradings
with crushedmaterialfrom the excess of other aggregatesizes. Figure 76
shows typical results of three of these methodsof sand processing.
Use of sand manufacturedby crushingor grindingrock or gravel may

result in a harsh mix and should be acceptedonly when it is impracticable
to obtain suitable natural sand at reasonable cost. Since the angular
shape of crushed sand is its only inherent disadvantage, it is important
that crushing equipment be used that will produce the best practicable
shape of particles. Sand produced by crushing in rolls is generally un-
satisfactorybecause of the high percentageof thin and elongated particles.
The productof a rod mill is much better in this respect. Oscillating cone-
crushing equipment has been developed which, through an adjusted
grindingaction, will economically producerelatively cubical shaped sand
particles from almost any material. Impact-typeequipment, commonly
known as the hammer mill, excels in producingsand particles approach-
ing the cubical shape from softer rock such as limestone.

Usually, screening on the No. 8 or No. 10 screen is necessary to
remove excess amounts of the larger fractions in crushed sand. Washing
is commonly required to remove excess material that would pass the No.
100 or No. 200 screen. The No. 50 to No. 100 size will frequently be
short, and correction must be made by appropriate grinding or by blend-
ing with fine natural sand.

A blending sand should be batched separately, fed into the processing
plant through an adjustable feeder, or blended with the natural plant-run
product on the belt leading to the sand stockpiles. It may also be spread
over the gravel source area and processed with the natural feed. Unless
adequate classifying equipment is incorporated in the plant when blend-
ing in this manner, most of the blend sand is lost during processing. Also,
blending at the storage piles by conveyor belt, clamshell buckets, or
bulldozer is usually not sufficiently uniform or dependable.

A deficiency of fines in the sand at Marshall Ford Dam was remedied
by the reduction of a part of the sand in a rod mill which was operated
in closed circuit with one of two rake classifiers. At Shasta Dam, soft
particles in the sand were disintegrated in a ball mill, and the resulting
fines were removed by classifiers. To make up the deficiency caused by
the removal of these fines, small gravel was ground in a rod mill.
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The fineness modulus of coarse sand on the Roza division, Yakima
project, was reduced by wasting from 20 to 25 percent of the fraction
between No. 4 and No. 8 screens. As wasting an excess in parts of the
sand is the most common form of processing, the equipment and methods
used for this purpose will be discussed in some detail.

On major projects, improvements in sand grading are accomplished by
large classifying units arranged in series or series-parallel as may best
suit the requirements. Such units may be spiral, rake, bowl, or different
types of water scalping tanks or a combination of types. At Hoover Dam,
two rake classifiers and one bowl classifier were used in making one
finished-sand product. Each of the three bowl classifiers at Grand Coulee
Dam separated a different size range, and the fine, medium, and coarse
sands thus obtained were recombined to produce a uniform product from
pit-run material of very erratic grading, as shown by the diagram at the
bottom of figure 76.

There are different types of classifiers suitable for use on the smaller
jobs. The equipment described in subsequent paragraphs includes small
commercial machines of moderate cost for wet classification and washing
and devices for wet screening and for dry screening.

Careful selection of sand processing methods and equipment will
frequently avert excessive overexcavation and unnecessary wasting of
otherwise usable aggregate. This selection becomes more critical in
sources where the availability of sand is marginal with respect to need.
The spiral and rake classifiers are most effective as washing and dewater-
ing equipment. They have been adequately used as classifiers in produc-
ing an acceptable sand grading, usually when it was necessary to remove
the finer sizes. It is very difficult to eliminate excess coarser sizes with
such equipment. If the sand is processed only with this type of equipment,
the coarse sand sizes may be partially removed by selected screens or
carried over with the coarse aggregate into the secondary screening plant
and wasted there. The objection to this procedure is that some of the
other usable sand sizes are lost as well. Equipment is now available to
separate sand feed into several sizes, portions of which can be wasted or
saved, and thus it is possible to readily and economically produce sand
within close gradation limits.

When processed sand is divided into different size fractions, it is im-
portant that it be mixed thoroughly before being batched. Usually, mixing
is accomplished in stockpiling and handling operations. When the finished
product is stockpiled, the side slopes should be kept flatter than the
angle of repose of the sand (a slope of 7 inches per foot is satisfactory)
to prevent accumulation of the coarser material at the bottom of the

• slope. A spray of just enough water to moisten dry-processed sand will
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materially aid in preventing objectionable segregation during handling 
operations. 

65. Wet Processing of Sand.-As sand is commonly damp in the de- 
posit and often requires washing, wet processing is a much more effective 
means than dry processing for improving quality and grading. 

It is important that the quantity and velocity of water through washing 
and classifying equipment be maintained in proper balance with the 
capacity of the units to avoid excessive turbulance and loss of valuable 
fines. 

( a )  Spircrl Classifiers.-This commercial type of classifier, illustrated 
in figure 77, consists of an inclined trough or tank containing a revolving 

Figure 77.-Spiral classifiers for washing and dewatering sand. PX-D-32058. 

helix, generally referred to as a spiral. The machine is made in both 
single spiral and double spiral models and in a range of sizes to meet the 
requirements of small and large jobs. The location of classifiers in the 
aggregate processing tower used at Friant Dam is shown in figure 78. 
Sand from the hydroseparator was fed into two of the four spiral clas- 
sifiers, from which the overflow carried off a fine sand and the spirals 
discharged a washed and dewatered coarse sand. The fine overflow 
product was separated by the other pair of classifiers into a silty over- 
flow, which was wasted, and a clean fine sand which was blended with the 
coarse sand from the primary classifiers to produce a fineness modulus 
of approximately 2.75. 
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Figure 78.-A well-designed plant used for screening and washing aggregates. 
PX-D-32059. 

The operation of the spiral classifier is as follows: When sand and 
water are fed into the tank, the coarser particles settle and are removed 
by the spiral at its upper end together with a small amount of water. A t  
the lower end is an adjustable weir over which the finer and lighter 
materials are discharged with the greater part of the water. The feed 
enters through the side or sides of the tank at or near the water level and 
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at some distance from the weir. The spiral revolves at a speed just suf- 
ficient to remove the settled sand at the desired rate and moves the sand 
along the bottom and one side of the trough, leaving the other side above 
water level comparatively free for drainage of moisture and slime. The 
correct operation for any desired separation is effected by varying ( 1 )  
the rate of feed of the sand, ( 2 )  the depth of the pool, ( 3 )  the inclina- 
tion of the tank, ( 4 )  the speed of rotation of the spiral, (5)  the number, 
size, and arrangement of water jets and the jet pressure, and (6) the 
width and depth of the overflow. Water added on the slope above the 
pool aids greatly in washing and in removing fines. By using two or more 
machines in series, and, if  necessary, wasting undesirable portions of the 
product from one or morc of them, a finished washed sand of any desired 
gradation can be produced. 

(b)  Reciprocating Rake Cla.rsificrs.--The reciprocating rake classifier, 
also used for classifying and washing sand, and the spiral machine are 
similar in fundamental principle but are quite different mechanically. A 
quadruplex rake classifier is pictured in figure 79. The rake classifier, 
which is manufactured in a range of sizes, consists of an inclined tank 
containing transverse reciprocating blades, with a settling pool in the 

r DRAINED SAND DISCHARGE AT THIS E N D  

ADJUSTABLE 
OVERFL 

II WEIR- 

R EClPROCATlNG R A K E S  . 
Figure 79.--Quadruplex rake classifier. PX-D-32060. 
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lower end into which sand and water are fed. Upward strokes of the
blades drag the settled sand out of the pool and up the inclined tank
bottom to the discharge lip and, in so doing, wash the sand and permit the
excess water to drain from it. During the return strokes, the reciprocating
cycle is completed with the blades in the elevated position so as to clear
the sand bed. Fine material in suspension flows over the crest of an
adjustable weir at the end of the pool. Operating control of the rake
classifier is similar to that of the spiral type.

(c) Hydraulic Classifiers.--Formany years, this type of classifier has
been used in ore dressing to separate relatively small, closely sized ma-
terial into fractions having widely different specific gravities. Tl•e hy-
draulic classifier is also capable of separating, into size groups, material
consisting of grains that are fairly uniform in specific gravity. The latter
function is receiving more general recognition as a practicable and rela-
tively economical means for improving the gradation of concrete sand.

Hydraulic headers, Overfle• weir--•

<onst 
Compartments:•No.! 'No.2 {No.3 'No.

Adjustableweir/

Graduated indicator•,,• Control unit,

•
Overflow iaunder-•L__• • Solution iev'el'•

--• Observation .indo.s. • • •-----_ _ I

7oo
Brain plugs•'xV Han;ti• Oischarge p,• L

ELEVATION

Figure 80.mHydraulic sizer of a type used with considerable success at Hungry
Horse Dam in Montana. 288-1)-1541.
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Hydraulic classification, as applied to size separation of particles
having reasonably uniform specific gravity, is essentially a process in
whichthe material to be treated is fed into a verticallyrisingcurrent of
water having such velocity that the smaller grains are lifted and dis-
chargedthroughan overflowat the top of the classifier;the larger grains
sink and are drawn off througha spout at the bottom. The principlein-
volved in this operationis known as hinderedsettling.

Efficient hydraulic classifiers, equipped with automatic controls and
having single or multiple compartments,are sold by several manufac-
turers. This typeof equipmentis moderatein cost and has a large capacity
in relationto the floor space required.

(d) Hydraulic Sizers.--A relatively new type of equipment for Wet
processingof sand which also operates on the hindered settling principle
is the hydraulicsizer (see fig. 80). The sizer is essentiallya trapezoidal
tank divided into several compartmentsor pockets. Water enters from a
pressure pipe through perforated constructionplates at the bottom of
each compartment.Minus No. 4 material is introducedinto the narrow
end of the sizer, and, as it is carried by water over baffles from compart-
ment to compartment, coarser fractions of the successively finer and
finer remaining sand settle to the bottom and are withdrawnthroughdis-
charge pipes. The coarsest fraction settles in the first compartment,the
finest in the last compartment.The size of material settling in each com-
partment'iscontrolledby the velocity of water entering through con-
striction plates. Silt and deleteriousmaterials are removed by an overflow

launder.
Two hydraulicsand sizers, each havingeight compartments,were used

at Hungry Horse Dam. Approximately25 percent of all sand was passed
through these sizers. Portions of resulting fractions were blended with
pit-run sand as necessary to meet specifications requirements. Typical
gradings of sand obtainedfrom each of the eight sizer pockets at Hungry
Horse Dam are shown in the followingtabulation:

Screen size

No. 4 ........
No. 8 ........
No. 16 .......
No. 30 .......
No. 50 .......
No. 100 ......
No. 200 ......
Pan .........

F.M.......

1 2 3
2 0 0

40 7 0
25 32 1
21 31 12
11 29 84

1 1 3
0 0 0
0 0 0

3.98 3.15 2.11

Sizer pocket No.
415

0 0
0 0
0 0
0 0

56 4
44 87

0 9
0 0

1.56 0.95

6
0
0
0
0
1

68
30

1

0.70

7
0
0
0
0
0

5O
49

1

0.50

8
0
0
0
0
0

12
83

5

0.12
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Figure 81.DA simple wet-screening device for removing surplus portions of

a sand. 288-D-140.

(e) Wet Process Screens.--The arrangement of screens shown in
figure 81 was developed to remove an excess of intermediate-size (No.
50 to No. 16) material. Subsequent installations of similar apparatus
gave excellent results on several jobs. In operation of the apparatus il-
lustrated, sand and water are fed onto a No. 12 window screen, which
roughly separates the coarse particles of sand. The coarse material passes
through chutes into the lower side launders and becomes a part of the
finished product. Baffles beneath the screen divert the undersize to the
upper side launders and also check the flow of water so as to keep the
screen surface flooded. (The flooding facilitates movement of the material
on the screen and brings about a more effective separation.) The material
passing the No. 12 screen is discharged by the upper side launders onto a
No. 16 window screen, effecting a separation between material of inter-
mediate size and fine material. The undersize from this screen passes into
the lower launders where it joins the coarse material retained by the first
screen. The intermediate-size material retained on the No. 16 screen is
divided by an adjustable cutting vane, diverting the undesired portion to
waste and permitting the remainder to join the balance of the finished
product. Water is added on the screens in amounts necessary to keep the
sand in motion at the proper rate. The screens are fastened on individual
frames so that they may be removed and replaced by spare screens with-
out serious interruption in operation. Window screen is readily obtainable
in the two mesh sizes shown and because of its flatness gives better
results than the heavier and rougher double-crimped screen ordinarily
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used. Screens with dimensions and slopes as shown in figure 81 handle 7
to 10 cubic yards per hour.

Other problems in sand classification can be solved by variations of
this method. To remove only coarse particles, the first screen and the
cutting vane and waste chute shown in figure 81 could be used without
the second screen. To waste finer material in the intermediate-size range,
the No. 12 screen could be replaced with a shorter No. 16 screen, and
the openings in the second screen, No. 16, could be reduced by distorting
the mesh into a diamond shape. To waste more intermediate-size material,
the first screen could be lengthened and more water used on the second
screen. Worn or split screens should be promptly replaced.
Availability of improved wet sand classification equipment has led to

further simplified fine material processing. Hydraulic sizers, which auto-
matically direct portions of the sand sizers to waste while retaining and
combining only the amounts necessary to control the overall grading,
are being more frequently used for efficient sand processing. The incor-
poration of supplemental equipment, such as cyclones, centrifuges, and
jigs to separate and retain fine sand sizes which were formerly inad-
vertently wasted in the washwater, makes it possible to save more of all
sizes of sand and thereby increase overall plant processing efficiency.

66. Dry Processing of Sand.--In some localities where sand is naturally
dry and water is not economically available for processing, the impractic-
ability of using screens much finer than No. 8 for volume production in
dry sand processing has led to development of other methods. During
construction of the Colorado River Aqueduct in the southwestern desert,
excess fines passing 100 mesh were successfully removed (when the
moisture content was well below 1 percent) by specially designed equip-
ment that drew air through thin sheets of sand cascading over a stepped
series of steel angles.

Fairly effective control of the coarser part of a sand may be obtained
by use of suitably arranged, adjustable baffles placed under the sand
screen to deflect undesired portions to waste. Such separation is based
on the fact that the coarser material progresses farther along the screen
before falling through it.

The tendency of dry sand to segregate in handling, particularly as it
is dropped onto stockpiles or into bins, is very much greater than that of
moist or wet sand. For this reason special precautions are necessary. At
Parker Dam, sand was moistened by spray on the conveyor belt to the
stockpile. Although this virtually eliminated segregation, some difficulty
was encountered in obtaining uniformly the 5 to 8 percent moisture
needed to prevent excessive segregation. On the Colorado River Aque-
duct work, segregation of dry sand was held to apracticable minimum by
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reducing the maximum size of particles to one-eighth of an inch.
Beneficiation of sand by reducing the angularity of the particles

through agitation or attrition has been achieved in the laboratory, re-
sulting in reductions of from 6 to 18 percent in water and cement require-
ments of concrete containing these sands with no appreciable reduction in
compressive strength. Investigations indicate that, generally, any scrub-
bing action on a sand results in a somewhat smoother, less angular sand
having a lower water requirement when it is used in mortar or concrete
mixes.

67. Productionand Handlingof Coarse Aggregate.--Thegreater por-
tion of the coarse aggregate used on Bureau work is natural gravel. On
some projects, however, where gravel is not economically available,
crushed aggregate is used. Although the shape of individual particles is
important, it is not so critical for coarse aggregate as for sand. Use of
corrugated roll crushers to produce the smaller sizes of coarse aggregate
and of gyratory crushers or cone crushers with curved breaking plates
to produce the larger sizes results in production of the least amount of
flat and elongated pieces. Where crushed aggregate is unusually harsh and
sharp edged, an improvement in particle shape, and consequently in
workability of the concrete, may be obtained at low cost by passing the
crushed material through a revolving cylinder equipped with lifters. The
tumbling action reduces the sharp edges and also avoids much of the
potential undersize that would otherwise result from subsequent handling
of the aggregate. The undersize is screened out and washed.

In addition to necessary washing and crushing, coarse aggregate for
Bureau work is separated into several sizes so that the concrete can be
properly proportioned and uniform grading of successive batches assured.

Because of the segregation and breakage which results during normal
handling and stockpiling operation, much aggregate that was well
screened at the aggregate plant is far from being cleanly separated when
it reaches the mixer. The more often the material is handled and the more
breakable the stone, the greater the departure from uniformity. Improper
methods of handling and stockpiling aggravate segregation of undersize.
An accurately graded gravel may segregate during a single improper
stockpiling operation to such an extent that the workability and quality
of the concrete in which it is used will vary to an unacceptable degree.
For instance, tests made at Hoover Dam showed that when •6- to
¾-inch gravel was dropped from a belt on a conical pile and recovered
through a single gate beneath the center of the pile, the fineness modulus
of material withdrawn increased uniformly, during a period of one shift,
from 6.58 to 6.94, as indicated in the following tabulation:
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Screen

aA inch ..............................
3/• inch ..............................
3/• 6 inch ..............................

F. M .........................

Sample No. 1

Total Each sizeretained
Percent Percent

2 2
57 55
99 42

6.58 (99)

Sample No. 7

Total Each size
retained
Percent Percent
10 10
84 74

100 16

6.94 (100)

Such segregation can be largely remedied by drawing simultaneously
from two or more gates beneath each pile, thus effecting a remixing

action.
For batching and mixing plants when a reclaiming tunnel is not used,

some thought should be given to preparation of the stockpile area. A
hard, clean base should be provided to prevent contamination from
underlying material. It is good practice to place sand, gravel, or rock
bedding materials over the area before stockpiling. This will reduce the
effect of truck travel and wind which blows loose topsoil into the stock-
piled aggregate. Overlap of different sizes should be prevented by provid-
ing ample separation or by suitable walls to separate the piles. If cranes
are used, swinging of buckets of one size of aggregate over stockpiles of
other sizes should be avoided.

Stockpiling and other handling operations result in a certain amount
of chipping and breakage of the aggregate, particularly in the larger sizes.
Breakage is reduced by decreasing the number of handlings and the
heights of drop. Use of rubber belting as a drag to reduce the velocity of
the moving material and as a resilient lining for areas of impact will re-
duce breakage extensively. Rock ladders for retarding the fall are also
effective in minimizing breakage (fig. 82). Design of the steps should
incorporate flat and sloping sections as shown in figure 83. The rise
between flat sections of the steps should not exceed 21/2 feet and pre-
ferably should be less.

The presence of sharp, angular rock chips in the gravel, usually as
undersize, reduces concrete workability. Furthermore, it is difficult to
adjust a mix to compensate for angular undersize because such material
does not remain uniformly distributed but collects in pockets and in the
lower parts of the bins and stockpiles, and enters the mix in intermittent
heavy concentrations. For these reasons, coarse aggregates should be
finish screened at the batching plant, as discussed later.

All handling and stockpiling operations cause some segregation and
breakage of coarse aggregate, but such difficulties can be minimized by
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Figure 82.-Rock ladders used at Grand Coulee Third Powerplant in Washington. 
These effectively reduce breakage of coarse aggregate. P1222-142-10039. 

separating the aggregate into a number of sizes and by use of well- 
designed and properly operated handling systems. Some methods of 
handling helpful in limiting segregation are illustrated in figures 83, 84, 
and 85. On the All-American Canal, where finished aggregates were 
handled many times, difficulties caused by segregation were largely 
avoided by separating the 1%-inch gravel on 55- and 1-inch screens. 
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INCORRECT METHODS OF STOCKPILING AGGREGATES
CAUSE SEGREGATION AND BREAKAGE

PREFERABLE

Crane or other means of placing
material in pile ill units'not
larger than a truck load which
remain where placed and do not
run down slopes.

OBJECTIONABLE

Methods which permit the aggregate

to roll down the slope as it is

added to the pile, or permit

hauling equipment to operate

over the same level repeatedly.

PERMISSIBLE BUT NOT PREFERABLE

Pile built radially in horizontal Bulldozer stacking progressive
layers by bulldozer.working from layers on slope not flatter
materials as dropped from convey- than 3:1
or belt. A rock ladder may be
needed in this setup.

STOCKPILING OF COARSE AGGREGATE WHEN PERHITTED

.....,•i (STOCKPILED AGGREGATE SHOULD BE FINISH SCREENED AT
.• BATCH'PLANT. WHEN THIS IS DONE NO RESTRICTIONS ON

t STOCKPILING ARE REQUIRED)t,•l

•.K•."•"•/Ur i form about • I •,•
•: ::;AJ. "-,•7• center / I,l°

CORRECT ,•

Chimney surrounding material fall ng tzt•,from end of conveyor belt to prevent
wind from separating fine and coarse
materials• Openings provided as required
to discharge materials at various
elevations on the pile.

.•:

..... ...,,-------Wind
S ep a r at••,•.

•., ....o o

INCORRECT

Free fail of material from high
end of stacker permitting
wind to separate fine from
coarse material.

UNFINISHED OR FINE AGGREGATE STORAGE
(DRY MATERIALS)

Figure 83.---Correct and incorrect metho<Js of stockpiling a•regates.
2•-D--2655.

When stockpiling large-sized
aggregates from elevated
conveyors, breakage is mini-
mized by use of a rock ladder

FINISHED AGGREGATE STORAGE
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Figure 84.dggregate plant and stockpiles, Flaming Gorge unit, Utah. 
P591-421-2559. 

Aggregates for Colorado River Aqueduct were separated by screens 
having net square openings of %, !h, I or 1% or 1 Yi, and 2 or 2% 
or 3 inches, the choice of sizes depending on the maximum size required. 

Despite all reasonable precautions on the average job, the 2-percent 
maximum limit for significant undersize, a practicable limit for coarse 
aggregate as screened, is often exceeded in the materials as batched, 
especially when aggregates are taken from stockpiles. To  eliminate excess 
undersize, finish screening of coarse aggregate over vibrating screens at 
the batching plant is generally required by specifications. The screened 
material passes directly to the batching plant storage bins. With properly 
operated vibrating finish screens, it is practicable to keep significant 
undersize within the specified 2-percent limit in the batched aggregate. A 
S/lci-inch slotted screen is often used instead of a :!./,,-inch square 
opening screen when screening well-drained, but moist, 3/,,;- to %-inch 
aggregate. However, care must be exercised in depositing the aggregate in 
storage bins; otherwise, undersize may accumulate. To minimize the for- 
mation of excess undersize through high drops, it is advisable in some 
instances to provide rock ladders for larger size aggregates. 

Vibrating screens are most effective when mounted over the batching 
plant storage bins; however, they should be so mounted that vibration of 
the screens will not affect operation of batching scales. Where an existing 
plant is not structurally suited to this arrangement, the finish screening 
equipment may be installed adjacent to the batching plant either at 
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i

rq

CORRECT

Full bottom slopini 50* from
horizontal in all directions
to outlet with corners of bin
properly rounded•

INCORRECT

Flat-bottom bins or those with
any arrangement of slopes hav-
ing corners or areas such that
all material in bins will not
flow readily through outlet with-
out shoveling.

SLOPE OF AGGREGATE BIN BOTTOMS

lli

CORRECT

Material drops vertically into oin
directly over the discharge op.en-
ing. permitting discharge of more
generally uniformmaterial.

I o: o;,

i/:< I
I.o.°- I

• .0 "0

.Q•

\.0' o • o-•.o/• • O0

\:o::oy
INCORRECT

Chuting material into bin on an
angle. Material that dues not
fail directly over outlet is not
always uni form as discharged.

FILLING OF AGGREGATE BINS

Figure 85.---Correct and incorrect methods of handling aggregates. Use of

improper methods causes segregatioTz which results in lack of uniformity in

the concrete. 288-1)-2648.

ground level or above the bins. In any case, the screened material should
be conveyed directly to the proper bin.

Wet or dirty material may require use of wash-water sprays on finish
screens. Where this is necessary, difficulty may arise from variations in
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water content of material entering the batchers if the operation is
intermittent. If it is necessary to wash at the finish screens, a dewatering
screen should be used before finish screening. However, on canal lining
jobs in the Columbia Basin, where batching was quite regular, wash-water
sprays were used on finish screens as needed with no appreciable difficulty
reported in batching operations. Of their own volition, contractors adopted
finish screening in construction of Seminoe, Island Park, and Scofield
Dams and the Colorado River Aqueduct; they thereby avoided the usual
difficulties and variations in mix arising from segregation and undersize
accumulations. The volume of concrete required for Scofield Dam was
less than 4,500 cubic yards. Figure 86 illustrates a finish screen mounted
above a small batching plant.

Experience indicates that the cost of finish screening at the batching
plant is often more than offset by (1)elimination of the need for careful
screening and handling prior to finish screening, (2)avoidance of wasting
rejected aggregate, (3)assurance that material will not be placed in the
wrong bin over the botchers, (4)easier handling and placing because the
concrete will be more uniform in consistency and workability, and (5)a
savings of 2 to 10 percent or more in cement made possible by greater
uniformity of the concrete. Ready-mix suppliers often find that installation
of finish screens on their plants results in cement savings--sometimes as
much as one bag per cubic yard.

To keep the different sizes balanced in the batching plant bins, the
feed to the finish screens should be a regulated mixture of all the coarse
aggregate sizes; otherwise, the rough-screened sizes must be finish screened
alternately for relatively short periods. Only the undersize passing the
3/16-inch screen needs to be wasted during finish screening.

It is questionable whether bins should be drawn down to empty once
each day. With some aggregates, accumulation in bin bottoms of undersize
from breakage and permissible undersize that escapes removal in screening
may occasionally be reduced by daily drawdown. However, additional
undersize created during filling from the low point may negate the
advantage of the drawdown. Judgment as to the amount of undersize
that is collecting and its effect on concrete uniformity should establish
the timing of the drawdown or its necessity.

For smaller jobs, coarse aggregate is sometimes screened over a
stationary, sloping screen having 3/16-inch slotted openings and mounted
above the batching bins. This arrangement does not have all the
advantages of a vibrating screen, but it does much to improve uniformity
of concrete by removing most of the fine undersize when the material
is not too wet. Where this simple screening is permitted, a 3 percent
maximum significant undersize limit is specified for the material as
batched.



Figure 86.-Top view of a finish screen deck erected on an independent tower 
over the batching plant. Cachurna project, California. 368-SB-1810-R2. 

Smallcr size screens may occasionally have adequately removed the 
minus ";,;-inch undersize material. but generally thc stationary, slotted, 
sloping screens should be 4 feet wide and 6 feet long. The slots should 
be ",;, inch by 4 inches long in thc direction of the slope. The slope 
should range between 30" and SO0 from the horizontal and should be 
readily adjustable within these limits to provide maximum cffectiveness. 
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Figup 87.-Stationary screen with 3116-inch by 4-inch slotted openings for 
finish screening coarse aggregate used on the Columbia Basin project, 
Washington. Note pile of undersize material visible through screen. CB-3702-4. 
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The slope is dependent on rate of feed and on the material. The screens
should be mounted above the batcher bins with some means of carrying
away the rejected undersizematerial (fig. 87).

Stationary, slotted, sloping screens are usually sufficiently effective
when rounded, natural dry aggregate is screened. However, this is not
so with crushed aggregates (especially limestone) used in some areas or
when moist aggregate is being screened. Also, overloadingor too rapid
feeding is a common problem in the use of these screens. Constant at-
tention is usually required to keep the slots clean. For these reasons, a
single-deck, vibrating, z/•6-inch slotted screen is preferred.

68. Screen Analyses.--Periodicgrading analysesof aggregatematerials
should be made at the aggregate plant to determine relative percentages
of various size fractions. These also serve as a part of the production
record enabling comparisonwith test pit data included in specifications
for large mass concrete dams. The Bureau requires grading analyses at
the batchingplant because specified grading limits are for aggregates as
batched and because gradingas batched provide the best informationon
which to make the adjustments in batch weight necessary to maintain
uniformgraduation in the mix. These analyses also constitutea valuable
recordof concretemix and cylindertest data.

It is sometimes helpfulto obtain a complete historyof aggregate plant
production,as discussed in section 56, Daily Inspection Reports. The
frequency of sand tests at the aggregate plant will depend on the uni-
formityof the pit-run material and the rate of plant productionas well
as on the conditionand effectiveness of the processingequipment. On
large jobs, it may be necessary to determine the grading as often as once
an hour so that the equipmentmay be adjusted to keep the sand as uni-
form as practicable and within specified limits. Tests of sand at the
batching plant, except for moisturecontent, are usually requiredless fre-
quently.

The contractor'soperations in rough-processingcoarse aggregate at
the aggregate plant need not be subject to rigid inspection.However, a
sufficient number of tests should be obtainedto establishrate and grada-
tion of raw plant feed, total amount of material processed, amount of
finished sand and coarse aggregate produced, quantityof crushed aggre-
gate, and amounts of individualsize fractionswasted. Such records may
be importantwhen closing out a contract. These tests are also helpful
to the contractorduring pit operation. At the batching plant, tests of
coarse aggregate are made for grading, moisture content, and specific
gravity. The frequenciesof these tests should be sufficient to assure that
aggregates conform to specifications requirements. The grading analyses
include determination of undersize and oversize (sec. 18(g)). This
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information makes possible better control of concrete proportioning and
better understanding of the nature of undersize problems. Tests for the
nominal fraction and significant undersize and oversize should be made
for compliance with limits as outlined in specifications and submitted as
part of the L-29 Concrete Construction Data, form 7-1317, which sum-
marizes grading test data recorded on form 7-1316. A graphic repre-
sentation and description of the nominal fraction, oversize, and undersize
limits are shown in figure 214, designation 6, in the appendix. Methods of
making screen analyses are given in the appendix, designations 4, 5,
and 6.

69. Deleterious Substances in Aggregate.---Thequantity of deleterious
substances in sand and gravel may often be reduced by avoiding con-
taminated areas in the deposit and by wasting strata of clay, shale, or
silt. If contaminations are present in objectionable amounts and are not
satisfactorily removed by washing or other means, the finished sand and
gravel should be wasted if retreatment is not practicable. Extremely fine
material occurring in aggregates requires relatively large amounts of
mixing water. Also, the fines and inert material tend to work to the
surface of the concrete, producing cracking and checking. Tests for deter-
mination of the amounts of clay lumps, organic matter, material passing
No. 200 screen, and shale are given in the appendix, designations 13,
14, 16, 17, and 18. Chunks of clay or shale are readily visible, but
quantitative tests are necessary. Both the presence and amount of organic
matter and silt must be determined by test.

Other local deleterious substances, such as alkali, mica, coated grains,
soft flaky particles, and loam, must be identified and the amounts deter-
mined by appropriate chemical tests or petrographic analyses. Require-
ments for quality of wash water are usually the same as those for mixing
water. (See sec. 19.) Loose coatings of clay or calcareous material may
often be softened by keeping the materials moist for some time and later
removed during the washing operation. Special scrubbing and processing
equipment for removing coatings and excessive quantities of soft particles
from aggregate is commercially available. The processing should be so
arranged that coatings and softer material are removed and not merely
degraded or changed into smaller nominal sizes that may be retained.

Wood fragments, such as tree roots and driftwood, are a contaminating
substance commonly found in aggregate deposits. These fragments are
usually waterlogged and, therefore, cannot be removed by normal pro-
cessing. However, there is available commercial mechanical equipment of
a type used in mined-coal processing which, by a reversed waterflow,
economically and effectively removes wood fragments, as well as other
lightweight material, from the finished coarse aggregate. Because of the
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wide variety of sizes and shapes, it is impracticable to specify maximum
limits for such material. Frequently, the amount of wood fragments may
be materially reduced by deeper stripping or selective digging. Hand-
picking has been resorted to in a few instances but is expensive. In the
construction of Bull Run Dam in Oregon, excessive quantities of roots
that could not be removed by handpicking from conveyors were suc-
cessfully removed by use of airblasts directed through the gravel as it
fell from chutes into bins. In determining whether wood fragments are
objectionable, the following may be helpful:

(1) For walls that are designed to withstand hydraulic pressures,
sticks of any size having lengths two-thirds or more of the thickness
of the wall are objectionable.

(2) For formed surfaces where a good appearance is important
and for unformed surfaces where a high degree of durability of the
surface is necessary, it is desirable that all wood fragments be re-
moved.

(3) For other types of structures, wood fragments may not be
particularly objectionable; but as a matter of good construction
practice, the amount of such contaminating substances should be
reduced to a practicable minimum.

70. Beneficiationof Aggregates.--Aggregatesshould be hard, to resist
grinding action; tough, to. withstand impact; strong, to stand up under
heavy loads; and sound, to remain Whole during freezing and thawing
and other changes in weather conditions. Laboratory tests usually will
eliminate for consideration and use most aggregates containing excessive
quantities of deleterious, lightweight, and porous materials. However,
freeze-thaw tests have shown that some aggregates which otherwise meet
specifications requirements may, because of excessive amounts of these
undesirable constituents, produce concrete that is susceptible to surface
scaling or other deterioration during freezing and thawing. Where these
are the only aggregates readily available, their quality frequently can be
improved by reducing the quantity of porous, lightweight, deleterious
particles present. These deleterious particles can be economically re-
moved from a given source in many instances by one or more of the
following methods: Heavy media separation, hydraulic jigging, or elastic
fractionation. Another means of beneficiating aggregates, but one not
presently developed to the point of being economically feasible, is through
particle shape improvement accomplished by hydraulic attrition.

(a) Heavy Media Separation.--Heavy media separation was devel-
oped originally for beneficiation of low-grade mineral ores. However, the
application of this process, or HMS as it is commonly known, has been
expanded to include use by producers of aggregate and other nonmetallic
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minerals to separate, for one reason or  another, various constituents oc- 
curring in the raw materials. HMS is a sink-and-float process whereby a 
medium consisting of water, finely ground ferrosilico~i, and magnetite 
mixed to a selected specific gravity causes the undesirable lightweight 
aggregate constituents to float and be wasted and permits the desirablz 
heavy portion to sink and be recovered for use. 

Several types of HMS equipment are available, differing only in minor 
details. All are similar in their main principles and operate essentially as 
follows: 

The feed is normally processed by washing and preliminary classifica- 
tion prior to heavy media separation. The specific size or  sizes to be 
treated are fed into a separatory vessel which may be a cone (fig. 8 8 ) ,  
a revolving drum, or  a spiral separator (fig. 89). A slurry having suf- 
ficient density to remove the objectionable material circulates through 
the machine and the complete sink-and-float separation takes place 
within the vessel. The sink-and-float products arc removed continuously, 
the float being removed over a weir or lip on the separatory vessel, and 
the sink material reclaimed by augers, lifters, or  an airlift. Submersion 
of feed into the heavy medium is gained by gravity fall. Mild agitation is 

Figure 88.-Laboratory model of cone-type heavy media separation plant used 
to beneficiate concrete aggregates: (1) feed hopper, (2) adjustable vibrating 
feeder, (3) gear-head motor, (4) separation heavy media cone, (5) airlift for 
sink material, (6) wash-water spray nozzle. (7) vibrating screen, (8) media 
drain sump, (9) wash sump, (10) sink product spout, (11) float product spout, 
and (12) partition to separate sink and float products. PX-D-14811. 
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Figure 89.-Laboratory model of spiral-type heavy media separator used for 
beneficiating aggregates. Lightweight particles are floatect off over the weirs 
shown in foreground and are wasted. Heavy particles sink to the bottom of 
the heavy media pool, are reclaimed by the spiral, and rewashed to remove 
media. PX-D-14646. 

applied to maintain proper density of slurry during operation of the 
machine. 

The sink-and-float portions are discharged from the HMS plant onto 
divided sections of a vibrating screen. During initial travel on the screen, 
the heavy medium is drained by gravity and returned to the machine. As 
the processed material travels farther along the screen, sprays of water 
remove those portions adhering to sink-and-float products. These prod- 
ucts are then chuted from the screens to their respective storage areas. 
The diluted medium removed during washing is fed to magnetic separa- 
tors for recovery of the solid portion of the medium and then conveyed 
to a densifier that dcwaters and stores the cleaned medium for return to 
the circuit as needed. The test method for control of the HMS process is 
outlined in desi.gnation 41. 

( b )  Hydraulic Jigging.-This process also depends upon the differ- 
ence in specific gravity of the retained material and that to be wasted. 
Deleterious particles conducive to removal from low-grade sand and 
gravel are mainly coal, chert, wood, sandstone, clay, chalk, and shale. 
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These materials range in specific gravity from 1.6 to 2.4; the specific
gravity of good quality sand and gravel usually varies from 2.6 to 2.8.
A hydraulic jig employs vertical pulsations of water through a layer

of aggregate in a nearly horizontal flat bed. The difference in specific
gravity of deleterious and sound particles of aggregate is sufficient to
bring about stratification of the material during upward pulsations of
water through the aggregate as the material moves across the bed. The
lightweight material is scalped over a weir and both the light and heavy
material chuted to respective storage areas. Because of the relatively
small capacity of this type of equipment, multiple installation is usually
necessary.

(c) Elastic Fractionation.--The principle of operation of this method
of aggregate beneficiation is based on variations in elastic modulus rather
than specific gravity, wherein hard, dense aggregates are more elastic and
consequently bounce farther than soft, porous aggregates.
Aggregates to be processed by this method are conveyed to an over-

head hopper. This hopper discharges to a vibratory feeder that controls
the feed and drops the aggregates onto an inclined hardened steel plate.
Depending on height of drop and angle of inclination of steel plate, the
dense hard, elastic particles will rebound a considerable distance, whereas
the porous, soft, friable particles will rebound short distances. Adjustable
bins can be located at suitable distances from the plate to receive the
product of the quality desired. By positioning the adjustable bins, the
beneficiated product can be made to conform to almost any specifica-
tions requirement for quality. Obviously, particle shape will affect the
bounce of individual particles, and recirculation of intermediate material
is generally provided to increase recovery of desirable material.

(d) Sand Attrition.--Equipment is available for processing angular
sand into more acceptable subrounded shapes by abrasion. It is also
sometimes possible to remove soft, friable particles through vigorous
scrubbing and agitation in a circulating sand-water slurry. Unless the
soft particles readily break down into fines that can be eliminated by
washing or classification, sand quality improvement is often negligible if
the larger soft particles only degrade to a smaller size. Hydraulic jigging
might then become a more effective method for improving an unaccept-
able quality of sand. With the usual concrete mixing time, a surprisingly
small amount of sand particle breakdown occurs because of a cushioning
effect, and thus a friable sand is usually not as detrimental as is fre-
quently believed. However, every effort should be made to find and use
the best quality of sand available.

71. Controlof Surface Moisturein Aggregate.---Thereare two reasons
for determining surface moisture in aggregate: First, to permit compensa-
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tion in batch weights; and second, to permit the computation of water-
cement ratio. Each is sufficiently important to warrant the making of
frequent moisture tests. Designation 11 in the appendix gives a procedure
for determining surface moisture in aggregate. In plants that rapidly mix
large quantities of concrete, it is always required that an electrical re-
sistance device be installed in the sand batcher to indicate rapid changes
in moisture content. These moisture meters are available commercially
and are effective in indicating abrupt free moisture changes.

Specifications require that the sand delivered to the batching plant
shall have a reasonably uniform and stable moisture content. (One per-
cent change in surface moisture in the sand will change the slump of
the concrete approximately 11/2 inches.) This requirement may be met
by providing suitable drainage facilities and allowing adequate time for
drainage--atleast 24 hours. It may be necessary to arrange for two or
three piles of sand near the processing plant. Where three piles are used,
one receives the wet sand, one is in process of draining, and the other is
drained and ready for use. The amount of moisture that can be held by
sand with reasonable stability depends on grading, particle shape, surface
texture, and storage practices and usually ranges from 3 to 6 percent.

72. Specific Gravity.--Methodsfor determination of specific gravity are
described in the appendix, designations 9 and 10. Tests should be made
as required or found desirable during the period of concrete operations,
particularly during the early stages and when there is reason to suspect a
change in the aggregate. Accurate knowledge of the specific gravity is
important for use in initial air-entrained mix design computations and in
the determination of air content and yield quantities of each material in
the batch.

73. Miscellaneous Tests of Aggregate.---Testsfor organic matter, ma-
terial passing the No. 200 screen, clay, and shale are made when there is
a question concerning compliance with specifications. The particular
tests to be made in the field as the work progresses are dependent on job
conditions and should be determined by the control engineer. The tests
enumerated, together with grading, specific gravity, Los Angeles abrasion,
petrographic properties, absorption, and sodium sulfate soundness tests
of aggregates, freezing and thawing tests of the concrete, determination
of potential benefits of heavy media separation, and other tests as neces-
sary, are initially made in the Denver laboratories during the investiga-
tional period, and copies of the reports are sent to the project.

74. AggregatePurchased.--Specificationsfor the quality of aggregates
obtained from commercial plants and inspection of such materials are
the same as for aggregate processed on the job.
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75. Cement.--The discussion in this section applies principally to
portland cement but could also apply to blended hydraulic cements, such
as portland blast-furnace slag cement, portland-pozzohn cement, and slag
cement. As requested by the Portland Cement Association, cement
quantities are now expressed in bags or tons. Findy divided pozzolanic
material is sometimes used as a separate ingredient. It will be recognized
that some but not all of the following statements are applicable to
pozzolan.

The quality of cement and pozzolan for Bureau construction is
monitored by the Corps of Engineers. Either the cement is accepted from
commercial bins of prequalified manufacturers, or it is accepted from sealed
silos, previously tested by the Corps of Engineers and reserved for
Government use. Nevertheless, instances have occurred where excessive
bleeding, abnormal stiffening, delayed setting, or low strength of concrete
have been attributed to the cement. Any abnormal performance of cement
should be reported immediately to the Chief, Division of Research. Also,
a bag of the suspect cement should be shipped to the Denver laboratories,
and a sample identified for future-reference should be preserved on the
project.
When the cement is supplied from a prequalified manufacturer, Bureau

personnel sample the cement at the jobsite and send it to the Corps
of 'Engineers laboratory in Vicksburg, Mississippi, for testing to monitor
the quality of cement supplied by the manufacturer. If the cement fails
to meet specifications standards, the manufacturer may be removed from
"prequalified" status. If cement is supplied from a bin reserved for
Covernment use, cement samples for testing by the Corps of Engineers
are normally taken at the cement plant as the bins are being filled. Bins
containing the tested cement are reserved for exclusive Government use.
Tests for false set are normally made on samples taken at the latest time
prior to shipment. On jobs where only small quantities of cement are
involved, generally in the range of 10 to 300 tons, the cement is usually
accepted on manufacturer's certification that the cement conforms to
specification requirements. In such cases, Bureau specifications require that
the certification be accompanied by a mill-test report. This test report
should contain sufficient data to show that the cement meets the specified
physical and chemical requirements. On very small jobs, generally involving
less than 10 tons of cement, testing or certification is normally not
required.

Cement is inspected for contamination and for lumps caused by
moisture after arrival on the job. There have been been instanc• in which
tramp iron in bulk cement has seriously damaged the contractor's unloading
equipment. Apparently most of this material comes from the cement
manufacturing plant; however, it may, at times, come from railroad cars.
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Placing effective dust collectors on the vents of bins and silos in which 
bulk cement is stored reduces loss of cement during handling and discom- 
fort to workmen. Loss of cement during transfer from cement truck to 
cement silo can be minimized by an arrangement similar to that shown in 
figure 90. 

Figure 90.--6onnection used in dumping cement from transport trucks to 
receiving hoppers of cement storage silos at Glen Canyon Dam, in Arizona. 
This arrangement minimized cement loss. P557420-04599. 

When cement is delivered in bags, sufficient check weighings should be 
made to give reasonable assurance that the bag weights conform with the 
Federal specification requirements. The specification requirements provide 
that packages that vary more than 3 percent from the stated weight may ' 

be rejected and that if the average weight of 50 packages taken at ran- 
dom from any shipment is less than that stated, the entire shipment may 
be rejected. The bags should also be inspected for rips, tears, and other 
defects. Records of departures from specified weight requirements will 
serve as a basis for adjustment of payment for the cement. 

To  reduce the possibility of damage to bagged cement from unfavor- 
able storage conditions, specifications require the contractor to use such 
cement in the chronological order in which it is received on the job. They 
also require that bulk storage bins be emptied and cleaned when directed, 
but such operations are not usually required at intervals of less than 4 
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months. In ordering cement, account should be taken of expected periods
when cement will not be needed, such as seasonal shutdown, so as to
avoid unnecessary carryover and possible deterioration in storage. Dam-
age is indicated by lumpiness or falling off in concrete strengths (if
strength variations are not known to be attributed to other causes). Den-
ver laboratory tests for deterioration include determinations of specific
surface, percentage passing a 325-mesh screen, strength, and any other
tests that appear necessary. In the event that cement shows evidence of
deterioration in storage, a 1-bag sample should be sent to the Denver
laboratories for testing.

Temperature of the cement is important on large mass concrete jobs
because high temperatures tend to increase the rate of reaction between
cement and water and also increase the possibility of false set. (See dis-
cussion of abnormal set in section 16.) False set and its effects, slump loss
and increased shrinkage cracking, have been associated with some cements
that arrived on the job at very high temperatures. Cement temperature is
dependent on conditions of storage, season of the year, and time that has
elapsed since manufacture. Cement temperatures should be recorded when
they are limited by specifications or may be a factor in cement per-
formance.

Although the test for false set in cement is normally performed by the
cement manufacturer immediately prior to shipment, it is sometimes ad-
visable that the cement be tested on the project. Designation 8 of the
appendix describes the procedure.
Cement for contraction-joint or foundation grouting should be suffi-

ciently fine to penetrate very thin joints and sufficiently slow setting to
prevent plugging of the grouting system before the joints are completely
filled. For these reasons and to prevent stoppage of pumping operations
caused by plugging of equipment, the cement should be completely free
of lumps of hydrated cement, raw clinker, tramp metal, or any other
foreign material. Generally, an air-separated cement of a fineness and
composition comparable to type 1I, with 100 percent passing a No. 30
sieve, will meet the requirements for use in either contraction-joint or
foundation grouting. However, as an additional control, it is required that
99.7 percent will pass a No. 100 mesh sieve. Use of freshly ground cement
is desirable to forestall any possibility of partial hydration which can
cause formation of unsuitable lumps in the cement. If this occurs, screen-
ing through a No. 30 sieve may be necessary at the jobsite. Grouting
cement should be packaged in waterproof bags to prevent hydration from
exposure to moist atmospheric conditions.

76. Water.--Requirements with respect to quality of mixing and curing
water for concrete, and reasons for such requirements, are discussed in
sections 19 and 42. Procedures for sampling water may be found in the
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appendix, designation 3. After construction is underway and the sources
of water have been- established, regular testing and inspection are not
necessary unless the water becomes contaminated with excessive amounts
of suspended matter-because of abnormal streamflow or with objectionable
concentrations of soluble salts during dry seasons. If the water is clear
and does not have a brackish or saline taste, testing is unnecessary.

77. Admlxtures.•The use of admixtures in concrete is discussed in
detail in section 20. Procedures for sampling and testing are outlined in
section 41 and the applicable test designation in the appendix. On the
job, care should be taken in the handling and storage of any admixture.

It is important that calcium chloride in storage be protected from
moisture and moist air. The amount of this admixture used should not
exceed 2 percent of the cement, by weight. Generally, 1 percent is
sufficient. Before being added to the mix, the calcium chloride should
be dissolved in a part of the mixing water because undissolved flakes or
lumps may severely damage the concrete.

Use of an air-entraining agent requires at least daily tests during
• concreting operations to determine the air content of the concrete. The

dosage of the agent must be adjusted as necessary to maintain air content
within desired limits. In Bureau work, entrained air content varies from
a minimum of 3 percent for mass concrete to a maximum of 8 percent
for concrete in which the maximum nominal size of aggregate is one-half
inch. (See table 14 in chap. III.)

The amount of air entrained is governed by the amount of solids
contained in the air-entrained solution. Solutions are available in single,
double, and triple strengths. It is often advisable to dilute the
extra-strength solutions to single strength to facilitate accurate
measurement. Variations in amounts of solids can be detected by testing
with a hydrometer. Should dosage amounts fluctuate excessively, such
checking may indicate the source of variation.

Water-reducing, set-controlling agents are normally required when the
quantity on a contract exceeds 2,000 cubic yards, except in certain types
of construction. These agents have been discussed in detail in section
20(c). Like air-entraining agents, their effect on a concrete mixture is
proportional to the amount of solids introduced. However, there is an
amount above which no additional water reduction will be achieved, and
the minimum amount of WRA required to obtain the desired effects
should be used. Low ambient temperatures extend the retardation period
which can result in a delay in concrete finishing. During cold weather,
it may be advisable to reduce the dosage somewhat. With normal behavior
of the WRA with the cement, the admixture will extend the setting
:time, which is advantageous in hot weather concreting, but will not extend
the time for corresponding slump loss. A sample of the WRA the
contractor selects to use should be tested with materials and mixes used
on the iob.
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B. Batching and Control Facilities for Large Concrete Jobs

78. Weight vs. Volume Batching.--Expressingmix proportions by
volume and batching of materials on a volume basis have been discarded
in favor of the weight system. The amount of solid granular material
in a cubic yard is variable; a volume of moist sand in a loose condition
weighs much less than the same volume of dry compacted sand. A ton
of aggregate, on the other hand, is a definite quantity, which, for precision,
usually requires qualification as to moisture content only. Also, the weight
of any concrete ingredient is directly related, through specific gravity, to
the solid space that the material occupies in the concrete. Use of the
weight system in batching makes for accuracy, flexibility, and simplicity.

79. Batching Equipment.--Requirementsfor submittal, by the
contractor, of drawings and a description of the batching equipment
proposed for installation and for preliminary approval of the equipment
are similar to those in section 63 applying to aggregate processing and
handling equipment.

Improved equipment for accurate and quick weighing of concrete
ingredients has been developed to keep pace with facilities for rapid placing
of concrete in large dams. A wide variety of electronic controls is available
to fit individual requirements for maximum ease and efficiency of
operation, simple mix selection, and proportional-batch control. Figure 91
shows a part of the batching equipment used at one of the mixing plants
at Grand Coulee Dam. The two scales are for weighing two sizes of
aggregates. Note that there are five cutoff beams with sliding poises in
each scale box. This scale arrangement for each of the ingredients makes
it practicable to set the scales so that the various materials for any one
of five different mixes can be weighed simultaneously at the push of a
button. In the upper left-hand comer of each scale box can be seen the
two mercoid switches--one for stopping the initial rapid feed and the
other for stopping the final dribble feed. These switches are actuated
by the movement of the long balancing beam seen just below them. Such
equipment is furnished and operated by the contractor, and its satisfactory
operation in conformance with the specifications is the contractor's
responsibility.

Specifications for large Bureau concrete dams require the cement,
pozzolan, sand, and each size of coarse aggregate entering each batch
of concrete to be weighed separately. Water and admixtures may be
separately weighed or measured volumetrically. The contractor is required
to provide convenient facilities for readily obtaining samples of concrete
ingredients from the discharge streams between bins and batch hoppers
or between batch hoppers and the mixers. Figure 92 shows an arrangement
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Figure 91.-Batching equipment used at the mixing plants for Grand Coulee 
Dam, in the State of Washington. Batching equipment is usually installed on 
one floor of the mixing plant. PX--38758. 

for obtaining samplcs of aggregate materials entering thc weighing hoppers. 
Each weighing unit should be equipped with a visible springless dial 

which will register the scale load of any stagc of weighing operation from 
zero to full capacity. Full capacity dials not only show whethcr the hop- 
pers arc propcrly chargcd but also whcthcr thc hoppcrs arc completely 
discharged, which is equally important. In addition, thesc dials rcveal the 
nature and extent of any irregularities in flow of thc materials caused by 
arching, jamming, leaky gatcs or valves, and formations of incrustations 
in  thc hopper. 

Figure 93 is a view of the concrete batching and mixing plant at Mor- 
row Point Dam. Suspended scrccns for finish screening were placed abovc 
the batching bins. Aggrcgatcs wcrc cooled by rcfrigcration units on thc 
outside of thc bins. In this plant, automatically controlled hydraulic 
batching gatcs supplied six 4-cubic-yard mixers. Wcight-indicating dials, 
control panel, and recording instruments wcre locatcd conveniently in thc 
control room. 

Common features of modcrn hatching and mixing plants include auto- 
matic batching with interlock controls which prcvcnt doublc batching, 
batch selectors as wcll as punchcd cutoff adjustments, automatic rccordcrs 
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Figure 92.-Aggregate sampling bucket in batcher at mixing plant. Bucket is on 
rollers for easy removal of sample. PX-b25253. 

of batch weights, and moisture meters. Scale dials and a recorder located 
conveniently in the control cabinet are shown in figure 94. 

The use of ice as a part of the mixing water, to lower the temperature 
of concrete as placcd, is common practice. Ice absorbs 144 Btu per pound 
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Figure 93.--Concrete batching and mixing plant at Morrow Point Dam in 
Colorado. P622B-427-2945. 

in melting; and cold water is about 4% times as effective, per unit weight, 
as cold aggrcgatc or cement in reducing the temperature of the mix. How- 
ever, coarse aggregate and sand comprise three-fourths of the total weight 
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Figure 94.--Control panel (lower view) and recording chart (upper view) of the 
mixing plant at Hungry Horse Dam, in Montana. P447-D-20638. 

of a cubic yard of concrete, or 10 to 15 times the wcight of thc usual 
amount of mix water. Obviously thcn, thc tcrnpcraturc of thc aggrcgatc is 
the most influential factor in controlling the tcmpcraturc of the frcsh 
concrete. 
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It was necessary to use ice as well as precool the aggregates to main-
tain the required 50° F concrete placing temperature during hot weather
at Glen Canyon Dam. Because of the difference in weight per unit volume
and its tendency to clog the discharge lines, ice should preferably be
batched by weight, separately from the water. At Glen Canyon Dam, ice
for the mixing water was supplied by 12 refrigerator units. The ice was
passed through an ice flaker and the crushed ice transported to the batch-
ing and mixing plant on a belt conveyor. In short-time mixing, when ag-
gregates are precooled substantially, the ice may not completely melt in
the mixer. If this is the case, additional mixing time may be required or
the amount of ice limited to approximately 30 percent of the mixing water.

Methods and equipment for batching air-entraining agents and WRA's
are discussed in section 84.

80. Checking Scales.--In accordance with contract specifications, con-
crete ingredients to be weighed must be weighed with approved equipment
that operates within certain specified limits of accuracy. To ensure proper
compliance, the weighing apparatus is inspected by the Government prior
to its use and periodically throughout the construction period. Periodic
checks of the accuracy of the equipment are required to be made by the
contractor under the supervision of a Government representative.

Standardized test weights, furnished by the contractor, are used in
checking scales. The scale should be loaded in increments, making suc-
cessive use of test weights available, until a total weight has been reached
that is equal to the maximum range of the scale dial.

If there is evidence that scales are not operating properly because the
mechanism is not clean or because of interference by other objects, the
objectionable operating conditions should be corrected.

Testing of the batching system in a large plant is a more involved pro-
cedure than checking of platform scales because the equipment usually
includes not only full reading dials but also automatic feeding and cutoff
facilities and graphic recorders. The usual procedure is to check the weigh-
ing accuracy of the scales and at the same time determine the accuracy of
the batch-weight recording. Figure 95 shows a typical batching hopper
with the test weights suspended. Figure 96 illustrates a method which can
be used to tabulate the data during the scale calibration. The operator's
control dial readings are recorded because the batch determination selec-
tor is located in the operator's control room and actuates both the weigh-
ing hopper scales and the indicating dials on the control panel. The weight
in the weighing hopper actuates the graphic recorder.

In the batching operation, it is necessary to weigh material in the
weighing hopper as the hopper is being filled from the bins, and for this
reason, automatic timing devices for closing the bin gates are provided.
The limits of accuracy for these batch-weighing cutoffs are established in
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Figure 95.-A typical arrangement for checking batching scales. Scales are 
checked by suspending test weights from hopper. P557420-05353. 

the specifications, and thus it is necessary that regular and systematic 
checks of the accuracy of this equipment be made during plant operation. 

Specifications require that weighing equipment shall conform to the 
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BATCHING PLANT SCALE CHECK

DATE 11-1-60 SHIFT Doy INSPECTOR MocOonold

SPEC. No..DC-4825 PLANT--Perm" MATERIAL Sond CAPACITY, LBS--5OOO

WEIGHT, IN POUNDS, INDICATED ON;
ACTUAL
TEST OPERATOR'S BATCH

WEIGHT, CONTROL DIAL RECORDER
POUNDS

READING ERROR READING ERROR

0 0 0 0 0
I00 100 0 I00 0

200 200 0 2,23 + 23

300 ,295 - 3 3.20 + ,20

400 390 --I0 410 + I0

500 485 --15 510 + I0

600 585 -- 15 615 + 15

700 685 -- 15 720 +20
800 780 --20 8,25 +25

900 880 --20 920 +20

I000 963 -- 13 /010 + I0
I100 1085 -- 15 II10 + I0
1,200 1190 - I0 1200 0

1300 1,290 -- I0 1300 0
1400 1390 -- I0 1400 0

1500 1495 -- 5 1510 + I0
/600 1600 0 1610 + I0

1700 1700 0 17,20 +,20
/800 1805 + 3 18,20 +20
1900 1905 +5 19,20 +,20

2000 ,2005 +3 2013 4- 15

,2100 2110 4-10 2116 4-16
,2,200 ,2,210 + I0 ,2,215 + 15
,2300 ,2310 +10 ,2313 + 15
,2400 2410 + I0 ,2410 + I0
,2500 2505 +3 2520 +,20
,2600 2605 +5 ,2625 +25
,2700 2700 0 ,27,25 +,23
,2800 ,2795 --5 ,28,20 +,20
,2900 2695 -5 ,2920 +20
3000 ,2990 -- I0 30,20 +,20

3100 3085 :-15 3110 4"10

3200 3180 -20 3210 +10
3300 3280 -,20 3310 +/0
3400 3380 -20 3410 + I0
3500 3480 -,20 3510 + I0

3600 3586 -15 3610 ÷10
3700 3665 -- 15 3710 +10
3800 3785 - 16 3810 +10
3900 388.,= - 15 3910 + I0
4000 398.5 - 15 4010 + I0
4100 4090 --I0 4110 +10

4200 4190 - I0 4210 + I0

ALLOWABLE

ERROR IN

WEIGHING

WEIGHING HOPPER HOPPER,

SCALE DIAL 0.4 PERCENT

OF ACTUAL

READING ERROR WEIGHT

o o o

ioo o o

200 0 I
300 0 I
400 0 ,2

500 0 2

600 0 ,2

700 0 3

800 0 3
900 0 4

I000 0 4

I100 0 4

1200 0 5

1300 0 5
1400 0 6

1500 0 6

1600 0 6

1700 0 7 •

1800 0 7

1900 0 8
,2000 0 8
,2100 0 8
2200 0 9

,2300 0 9
,2400 0 I0
2300 0 I0

2600 0 I0

2700 0 II
2795 --5 II

,2895 --5 12

,2995 --5 12

3095 -3 1,2

3193 --5 13
3,293 --5 13 "

3395 -5 14
3 493 -5 14
3595 -5 14
3690 --I0 15
3790 -I0 15
3890 - I0 16

3990 -I0 16

4090 -I0 16

4190 -I0 17

Figure 96.--A typicalform for recording data and computations for the checking

of a batcher scale. 288-1)-3279.
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applicable requirements of Federal Specification AAA-S-121D for such
equipment, except that accuracy to within 0.4 percent for any increment
of test weight up to the capacity of the scale is considered satisfactory.
Specifications also stipulate that the combined feeding and weighing
(scale) errors shall not exceed specified limits, which differ with the ma-
terial to be weighed. More accurate batch weights can be obtained if
scale errors, even though within permissible limits, are taken into account
in making subsequent scale settings. For convenience, the corrections re-
quired at 500-pound intervals for aggregate and at 250-pound intervals
for cement may be recorded on cards when the scales are checked.

The method as shown in figure 97 can be used to tabulate data for set-
ting the desired weights on the batch selector. Figures 98 and 99 are used
to calculate the batch weights, taking into consideration the original mix
design and the existing variation in aggregate grading as being batched. It
is more convenient to set the batch selector for the desired weights on the
operator's control panel dial and check the actual weights during operation
on the weighing hopper dial. The test data are then tabulated as shown in
figure 100, and from these the combined weighing and feeding errors dur-
ing plant operation are computed to determine compliance with the speci-
fications. This form can also be used to tabulate readings to determine the
accuracy of the operator's control dial and the batch recorder during plant
operation.
An automatic data processing program has been developed and applied

that wiil perform all calculations used in concrete mix design, mix adjust-
ments, scale settings, clean separation gradings, and yield. The last two
items are used in preparation of the monthly L-29 Concrete Construction

CONCRETE BATCH DETERMINATION

OATE II - 17 - 60 SHIFT SW/ng MIX Re. 6 - I"- 16 SELECTOR NO 3

CONCRETE DESIGNED FOR )'nteF/Or mOSS CU. YD./BATCH 4.0 COMPUTED BY L.O.R.

MAX. AGGR. 6" MAX. W/(C 4" F) 0.59 MAX. SLUMP 2.0" ENT. AIR, PERCENT 3.5

CF'MENT, LBSy/CU.YO. 198 POZZ.•.BS./CU.YD. 94 WArER,•YD. 172 RETAROIFRBYWT. OFCEM.+PUZZ.,PERCENT 0.37

MATERIAL CEUENr POZZ. SeHO •" j•" Z" 6" WATER ICE L•A.I CoOle

Aggregote• percent 21 23 24 22 I0

Weight required (Sot.Sur.Dry} 792 376 ,3960 3240 3392 311`3 1420 6,98 i
Grodrng correction -10:3 +2:39 --13 --87 -27

Corrected weight `3858 3469 3379 3025 1393

Percent moisfuret net 0.6 4.0 :3.0 0.:3 0 --0.2

Molsture I pounds ,3 /14 69 7 0 -- 3 189

Botch weight I pounds 792 378 297:3 3538 3386 30`35 1390 `368 192 II 28

Control d•ol correction +6 +1 -10 0 +5 +30 -4 +2 +3 0 0

Control diol setting 798 379 `396,3 3536 3391 3055 1386 :370 195 I/ :38
Weighing hopper

ecole correction -2 0 --5 --15 -5 +5 --:3 0 0 0 0

Desired reodlng on
stole weighing hopper 790 378 ,3967 3523 3381 3030 1388 :368 19:3 II :38

Figure 97.--A typical form for tabulating data for control dial and batch selector

setting. 288-D-3280.
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MIX No. 6 / 16

W/iC•P) 0.59

CEMENT• LBS./CLLYO, 198

•aCI! BY WEIGHT OF CEMENT, PERCENT --

CONCRETE MIX DESIGN DATA

FOR USE IN Inferior moss COMPUTED BY

BASED ON 2"-inch slumpj 3.5S Air

POZZ., LGS./CU. YD. 94

WR A BY WEIGHT OF CEMENT * POZZ., PERCENT --

OATE 10-•4"60

MATERIALS CEMENT POZZ. WATER SAND N•. 4 eO •: 43---" to I•-" I•" to 3" 3"to 6" AIR

Botch weights /98 94 172 ?40 8/0 848 ?78 355 --

Proportion, percent ...... 2/ 23 24 22 /0 .3.5

Specific grovity 3.16 2.37 1.00 2.61 2.61 2.62 2.62 2.63 --

Unit weight 196.87 14Z65 62.4 /62.60 162.60 163.23 /63.23 163.85 --

Volume, cu. ft. 1.006 0.637 2.756 4.548 4.981 5.197 4.764 2.166 0.945

UNIT WEIGHT 147.96

Figure 98.--A typical form for recording concrete mix design data. 288-1)-3281.

Data Report. The program is written in Fortran. Access to the central
computer at the Engineering and Research Center is gained by telephone
using either a portable terminal with an acoustical coupler or a permanent
terminal. The adoption of this equipment will considerably reduce time
required to perform such calculations as well as reduce the incidence of
errors.

81. GraphicRecorders.--Bureau specifications require the use of com-
bined autographic recorders for concrete batching and mixing operations
for major concrete dams. The recorder is required for making a contin-
uous, visible record on a single roll of paper, of the amount of each mate-
rial (including mixing water) measured for every batch of concrete and
of the consistency of the concrete. The recording mechanisms should be
so designed that the recording pens indicate the weight in the batching
bins until they are discharged. With this feature, any additions to the
batch or incomplete discharge will be indicated on the recorder roll.
Provision is also made for registering time of day, usually at 15-minute
intervals.

Some of the recording charts are as wide as 6 feet and record the move-
ments of 15 pens. In addition to the 15 moving pens, there are adjustable
limit-line pens. A valuable featureof the recording apparatus is a printing
device that stamps gradation lines and numerals, time-interval lines, and
designations for the graphs on a roll of blank, unperforated paper during
the recording operation, thus providing the benefits of factory-ruled-and-
printed paper without its shortcomings.

Operation and adjustment of the recorder are responsibilities of the
contractor; but if the apparatus does not function accurately or is not given
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GOMPUTAT IONS FOR
USING

DATE 11"11''60

MIX NO. 6 t 16

BATCH
MATERIAL WEIGHT SCREEN

POUNDS i SIZE

(I) 12) (3)
(+) PASSING

NO. 4
SAND 2860

RETAINED
ON NO. 4

PASSING
NO. 4

NO. 4
TO 3512 MO. 4 TO a/4"

'/4" NETAINEO
ON •/4"

PASSING 3/•

i/4-TO 3329 3/4" -TO I '/;

RETAIN[O

OR I'/;
:PASSING II/i"

I'/,"
TO 3011 I/|- TO S"
3"

RETAINED
ON 3"

PASSING S"
3"
TO 1409 S" TO S"
6"

RETAINED
ON B"

CONCRETE BATGH DETERMINATIONS
AVERAGE OF I0 PREVIOUS GRADINGS

GOR -
COR - REGTED

PEN- WEIGHT, NEGTED BATCH
GENT POUNDS WEIGHT WEIGHT,

POUNDS POUNDS
(4) (S) (B) (?)

(-I
I00.0 2060 2060

O.O 0 ,,, € 102 2962

2.9 102 0

91.1 3199 3199

COMPUTED BY O.W.R

CHECKED BY L.D.R.

SAT.
GOB- SUN. BATGH
REG- DRY WEIGHT.
TION DESIGN POUNDS

WEIGHT
(8) (9) (IO)

(-I
i02 2960 2858

6.0 211 '•r 83
/%

2.5 83 211

(÷)
3282 230 3240 3470

90.1 SO00 3000

T.4 246 •r 132
/q,

4.4 132 246

(-)
3343 14 3392 3378

80.7 27Sl 2731

4.9 148 • 121
f.

8.6 121 148

(-)
3088 87 3112 3025

91.4 1288 I28S

(-I
0.0 0 O 143S 27 1420 1393

Col. 2 • Corrected Sot. Sur. Dry Botch Weight rrdm previous do), operotlon, Averoge of I0 tests.
Col. S fhru Col. 7: Some procedure os Cylinder Work Sheet (U.S.B.N. NO. 7-1S57).
Col. 8: Algcbroic sum, Col. 2 minus Col. 7, Enter this correctionon line S of" Botch

Oeferminotion Cord ELF 420-95).
(A) If weight In Col. 2 is greoter thon weight in Col, 7, odd correction (Col. 8)

to Sot. SuP. Dry Design Weight (Col. 9). Enter in Col. I0
(8) lrf weight In Col. 2 is less thon weight in Col. 71 subtroct the correction

from Sot. SuP. Dry Design Weight ond enter in CoL IO.
Col. 9: (Sot. Sur. Dry Design Weight) ond Col. I0 (New Botch Weight) recorded on line 2 ond

line 4 respectively of Botch OeterminotionCord ELF 420-95). Line 4 ond Col. I0
represent od.juetod botch weight for nelt doy operotlon.

Figure 99.--A typical form for computingsand and coarse aggregate batch
weightsto adjustfor clean separation.288-D-3282.

proper care, the inspector should report the faults immediately. The equip-
ment should include suitable means to assure proper alinement, rate of
travel, and tension of the paper and to prevent wrinkling. The recorder-
pen lines should be sharp and clear. The inspector should see that zero-
line and zero-load pens are in proper position at all times and that the
contractor's forces keep them inked. He should make suitable notations
on the recorder chart, over his name or initials, to mark the date, time,
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name of plant operator, and serial numbers of the batches at the start and 
end of each shift; also, if feasible, he should note other pertinent informa- 
tion of value in interpreting the record, such as reasons for plant irregu- 
larities and delays. 

Examination of recorder rolls exposes errors in counting batches, er- 
rors in batching not noted by either the inspector or operator, errors in 
scale settings, shortages in mixing time, and waste cement chargeable to 
the contractor. The simple apparatus shown in figure 101 is an effective 
aid in examining recorder rolls. 

Figure 102 is a reduced reproduction of sections of a graphic record 
made in the mixing plant at Friant Dam. The concrete sampler was wired 
to the clock mechanism to indicate on the chart (see@, fig. 102) which 
batches were sampled. Information on measured slump and notes on 
batches used for making test cylinders were added when the recorder rolls 
were later examined. Notes and symbols have been inserted to facilitate 
explanation. Batches that differ from the regular cobble mix No. AXPH 
are indicated among the symbols. Proceeding across the chart from left to 
right, the indicated weights, to scale, of the five sizes of aggregate are 
shown, then those of cement, pumicite, and water, and finally the concrete 
consistency record for each of the four 4-cubic-yard mixers, designated 
north, east, south, and west. A note has becn inserted in the batching 
record to indicate the mixer in which each batch was prepared. 

Batching sequence indicated by this record is as follows. As a weigh 
batcher is charged, its recorder pen moves from the zero line on the left 
to the right until flow is cut off; then with the pen stationary, and the strip 

Figure 101.-An illuminated frame used to expedite examination of mixing plant 
recorder rolls. PX-D-32061. 
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chart traveling upward, the pen traces a vertical line downward. When the
batcher is discharging, the recorder pen returns to the zero line on the left.
As a mixer is charged, its consistency-recorder pen moves from the zero
line on the left to the right until the tendency for the mixer to leave its
normal inclination, caused by the building up of unmixed concrete in the
rear of the drum, is balanced by reacting torque (torsional resistance) in
the support of the dumping ram, as described in section 88. As mixing
proceeds, the concrete levels out and reduces the concentration of eccen-
tric load at the rear of the drum, and the pen gradually finds a fairly uni-
form intermediate position from which it moves quickly to the left as the
batch is dumped. For the sake of clarity, the mechanical stamping of 1-
minute time intervals as described elsewhere in this section, has been
omitted on this reproduction of the chart. These intervals are indicated,
however, at the right-hand side of the figure.

Portions of the Friant Dam chart in figure 102 illustrate an unusual
number of batching irregularities. Points of special interest are denoted by
encircled numbers and are briefly described as follows:

(1) Concrete sampler wired to clock mechanism to give a record
of which batch was sampled.

(2) Special batch, inspector's marking.
(3) Two-cubic-yard batch of mortar.
(4) One-cubic-yard batch of mortar.
(5) Inspector's note of mix number and batch weights of 8-inch-

maximum cobble concrete with 25 percent pumicite.
(6) Mixers stopped.
(7) Outside interference with pens, perhaps while filling them.
(8) Batcher momentarily stopped filling.
(9) The beveled corner or changed slope at the top of the fill lines

is caused by the change from open gate to dribble feed.
(10) Variation in the weight of cobbles caused by difficulty of

close cutoff and in the weight of pumicite because of irregular flow
by moisture.

(11) Outside interference with recorder.
(12) Inertia and static friction of the mixer cause this initial force

to be expended as dumPing begins.
(13) Same as (12) but prior to raising the mixer from the dump-

ing position.
(14) The dry concrete tends to build up in the back of the mixer

and does not level off when the mixer is stopped. As a result, the
recorder pen does not return to or approach the zero line.

C. BatchingMethodsand Facilitiesfor the AverageJob

82. Central Batchingby Weight.--Use of bagged cement and measure-
ment of water by suitable volumetric means are not inconsistent with the
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weight system of batched assembly inasmuch as cement is bagged by
weight at the mill and unit volume is as definite a measure of water as is
unit weight. Bagged cement is subject, however, to weight variations of
sufficient extent at times to upset seriously concrete control; consequently,
it is important that periodic field checks be made to detect weight varia-
tions greater than permitted under specifications for the purchase of
cement. (See sec. 75.) Partial bags used in batches should be weighed.

In order that full advantage of accurate weigh batching may be realized,
the weighed materials must be properly and carefully handled to the end
that batches reaching the mixer will be as uniform and complete as when
released by the measuring equipment. This is particularly important
where dry batches are transported by truck or other means to portable
mixers near the work. Following are some examples of objectionable
conditions, with suggestions for correction or avoidance:

(1) Intermingling of batches transported in multiple-batch trucks
may be avoided by use of higher partitions and greater care in load-
ing and discharging.

(2) Loss of materials in transferring batches from trucks to mixer
skips will not occur if the skips are sufficiently large and the trucks
are properly maneuvered into place and dumped. Skips that are too
small can be enlarged by adding steel side pieces.

(3) Incomplete discharge of a batch from the batcher or a truck
occasions a deficiency in that batch and an overcharge in a subse-
quent batch. The remedy is more careful handling or sometimes
revamping of equipment.

(4) Loss of cement caused by dusting or scattering when it is al-
lowed to fall freely from the batcher should be prevented by use of
canvas tremies or curtains. (See fig. 103.)

(5) Loss of cement during truck haul will not occur if a separate
section or compartment is provided for it in each batch compartment
or if it is loaded simultaneously with the aggregate so as to be com-
pletely covered. If the cement is simultaneously loaded and mixed
with damp aggregates and delays of 2 to 6 hours occur between fill-
ing and emptying the compartments, additional cement must be
added to the batch, the amount depending on the delay. Separate
cement compartments are preferable and can readily be attached to
the batch release gates (fig. 103). Generally, the cost of separate
compartments for the cement will soon be compensated by elimina-
tion of the need for additional cement to offset the effect of prehydra-
tion and of the need for wasting batches that stand more than 6 hours.

(6) Hang-up of cement in charging hoppers at stationary mixers is
apt to occur when there is free moisture in the aggregate. This condi-
tion may be eliminated by feeding the cement into the lower portion
of the hopper through a vertical or steeply sloping steel pipe or closed
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CORRECT

Provides separate compart-
ments of suitable size and
depth attached to and operat-
ing with each batch release
gate.

INCORRECT

Cement dumped on or within
aggregate may be blown away,
Partially prehydrated, or may
slide into another batch in
dumping.

PROVISION FOR CEMENT IN DRY-BATCH

COMPARTMENTS

Batch
cornp a r t men t

Truck or
car body

CORRECT

Fall of bement controlled by
enclosing in kinked canvas
drop chute or telescopic
tlexible hose tremie.

INCORRECT

Free fail of cement into batch
car or truck causes waste, and
overlap of batches is common.

LOADING CEMENT FROM BATCHER iNTO BATCH TRUCKS

Figure 103.--Correct and incorrect methods of handling batched bulk cement.

Use of proper methods prevents waste and dust and results in more uniform

cement. 288-D-839.

chute. The cement is introduced after the lower end of the pipe or

chute is buried in aggregate. This procedure also minimizes dust loss
and allows ribbon feeding of the cement.

The comparative advantages of three arrangements of storage bins and

weigh batchers, one involving individual weighing and the others cumu-

lative weighing, are illustrated in figure 104. Central batching, using transit

mixers at the forms, is increasing in favor among engineers and contractors
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for all types of scattered work. The haul is the same, and central batching
provides a flexibility of operation, a freedom from waste and contamina-
tion of material, and an accuracy of proportioning that cannot be equalled
by batching at the forms from piles of material dumped on the ground.

t= -'• •tHj• u•,

bins-----'•/•./•./.x(.x. • \ ', 'll ! / "

Collecting cone--"N•.•/ hop¢• Good method,

I:•J "sudl. eq.•.,l•t., To mixer or tn.•k
To mixer---''V not reoddy o•mble.

GOOD ARRANGEMENT

Autamotic wekjhinq at each irz]redient
in individual wei• bdchers disd'o•

:bx] through coliedino e•e d•reclly
into mixer. Discharge Ol cen•ent
botcher controlledsothdcement
is flawinc]w•le.ocj•*tjot,e is
delivered;Batcners mstoomo non
plant vihrtflian.Will pe'mit overload

owrection.

ACCEPTABLE ARRANGEMENT

A•jr•jofe outomotieolb/ weiqhed
omtely or cumulatively.Cement
weighed sepelddy.Botchesinsdoted
from dont •.brotim V•ii•'.-remrltng
equipnjent plainly visiblelaoper-
oton Hrope" sequence, of dumping
materials•¢•.%m'y. AvOid oo/jreg•e

cz•stap!ly tla•jng over •. d-•-
ial in oinsWi, norpermrr c•x•t•
otedoods.

$ iod;enings• I0y• "

botcher -- -- Or7 botch
(cement /'•J
weighed., J• Truck
sepormelyl•

Corner

apemngs•

THESE ARRANGEMENTS

LIMIT UNIFORMITY

Either of above close groupings
af bin discharges which •ouse

long dapes of motedal in bins
result in seporotion and imp•ed
unifom•.

Figure 104.--Arrangements of batcher-supply bins and weigh batchers. The

arrangement affects uniformity of the concrete. 288-1)-2651.

Small portable weigh batchers are often used which discharge directly
into the mixer skip by means of a trolley arrangement under the bins.
From the standpoint of concrete control, this procedure is no better than
the use of platform scales and wheelbarrows, unless the aggregates are
finish screened.

83. Weighing Equipment.--Fieldweighing equipment may conven-
iently be divided into two general types: (1) weigh batchers, which usu-
ally.are fed from storage bins; and (2) scales of the platform type for
weighing materials in wheelbarrows or carts. Two weigh batchers are illus-
trated in figures 105 and 106. The manually operated weigh batcher in
figure 105 is for cumulative weighing of three sizes of aggregates. The
close-mounted arrangement of weigh batchers for aggregate and bulk
cement shown in figure 106 results in a desirable mixing of cement and
aggregate as the batch goes to the mixer.

On large jobs, where graphic recordings are made of the weights of
concrete ingredients, each weighing unit should preferably include a vis-
ible springless dial which will register the scale load at any stage of the
weighing operation from zero to full capacity. Over-and-under indicators
may be used, however, if they show the scales in balance with no load or
when loaded at any desired beam setting and if the scales are interlocked
so that a new batch cannot be started until the weighing hoppers have
been emptied. A full-capacity dial permits the checking of completeness
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Figure 105.-Typical manually operated, cumulative weigh batcher with dial 
scale and gates for three aggregates. PX-D-32758. 

of batcher discharge and also thc detection of any irregularities in opera- 
tion of weighing equipment or flow of materials. A full-capacity dial is of 
special value in wcighing cement and water becausc of the importance of 
and difficulty frequently encountcrcd in accurate control of these materials. 

Weighing equipment of the platform type is shown in figures 107 and 
108. Similar equipment can be employed for weighing aggregates from 
stockpiles for concrcte batches containing one or more bags of cement 
where the mixers are equipped with charging hoppers or power-operated 
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Figure 106.-An automatic cement batcher mounted at the center of a manually 
operated. cumulative aggregate weigh batcher. This combination provides an 
advantageous mixture of cement and aggregate as the batch goes to the 
mixer. PX-tb32759. 

skips. Thc so-called wheelbarrow scale is shown in figure 107. The partic- 
ular scalc illustrated has only two weighing bcams (one for sand and one 
for gravel), an insufficient nunibcr for most Bureau work; howcver, scales 
of this type are available with beams in any desired number and with 
platforms of various sizes. The  platform sizes commonly used are 30 
inches and 42 inches square, for wheelbarrows and carts, rcspcctively. 
The uppcr beam shown is a tarc bar for compensating the wcight of thc 
empty wheelbarrow or  cart, and the tell-tale dial or  balance indicator on 
top of the beam box is a convenicnt means for indicating whcn the cor- 
rect amount of material has been added. In operation, the wcigh-bcam 
poiscs are set to  correspond with the desircd gross wcights (including 
surface moisture) of the aggregates; and when any size of aggregate is to 
be weighed, the proper beam is engagcd by releasing the trigger on the 
outside of the box. It is not essential that thc scale be at the stockpiles, 
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Figure 107.-Batching concrete by means of a portable wheelbarrow scale. Use 
of such equipment permits securing uniform concrete on the small job. 
4 6 6 4 0 2 6 0 4 .  

Figure 108.-Practical arrangement used for weight proportioning of concrete for 
a small job. PX--32979. 
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for by keeping a small supply of each aggregate at the scale, the wheel-
barrow or cart load can be trimmed or supplemented as required. With
a little experience, workmen become proficient in approximating the cor-
rect load.

More modern mobile, truck-mounted materials transporters, combined
with proportioning and mixing equipment, are now available. Such mod-
ern equipment will eventually replace the laborious hand method of mix-
ing and placing concrete on small isolated jobs. However, the batching
and mixing methods shown in figures 107 and 108 include the funda-
mental requirement for quality concrete of batching by weight for small
amounts of concrete.

The arrangement of equipment used on a job where small amounts of
concrete were placed is shown in figure 108. A platform scale was mounted
in the rear of a truck body in which separate spaces were provided for
sand, gravel, and cement; a skip was arranged on the scale so that it could
be tipped directly into a small mixer drawn by the truck.

84. Batchingof Liquids.--Accuracy,dependability, visibility, ready ac-
cess for repair and adjustment, and ease of adjustment are important
requisites of equipment for measuring the mixing water and solutions of
admixtures such as accelerators, air-entraining agents, and retarders. It is
also desirable that equipment be fitted with valves and connections nec-
essary to conveniently divert the water measured for a batch, so that ac-
curacy of measurement or adjustment can be quickly verified. Larger jobs
justify water measurement for mixes being made with automatic meters
or automatic batchers.

Compliance with requirements for water measurement on most Bureau
work is afforded by use of a vertical tank equipped with a gage glass, a
graduated scale for reading in terms of weight, and a suitable overflow for
regulating the filling of the tank. Such a device provides the flexibility
needed by the mixer operator in controlling concrete consistency and
permits direct reading of the amount of mixing water. Use of horizontal
water tanks on portable mixers is not permitted because such tanks are
incapable of retaining their calibration under even slight changes of
inclination.

Meters of the type shown in figure 109 are so constructed that the flow
may be cut off automatically at a predetermined dischargeor stopped man-
ually at any time. Before each delivery is started, the two dial hands (one
fast and one slow) are set back to zero by turning the projecting knob at
the side of the dial housing. The total water passing through the meter is
registered on a totalizer on the dial face. The totalizer is particularly use-
ful in determining the average water requirement and water-cement ratio
for a group of concrete batches.

A watermeter, whether manually operated or automatic, should be se-
lected only after a careful study of all the conditions under which it op-
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Figure 109.-A watermeter for batching the mixing water. Such a meter of 
suitable construction is a reliable means of batching water. PX-S32760. 

erates. The effects of variations in operating pressures on thc rate of deliv- 
ery and accuracy of the meter should be determincd. Careful investiga- 
tion should be made of thc effects of scale and sedirncnt often found in 
construction water supply systems and of highcr than ordinary water tem- 
peratures which may bc necessary in winter or  may occur in summcr. 
Difficulties from thesc sources are generally greatcr and more common 
under conditions that exist whcn portable mixers are uscd. In thesc cir- 
cumstances, automatic metering equipment, in particular, is less suitable 
than reliable vertical tanks with center-siphon discharge. 

On the other hand, satisfactory results have been obtained from watcr- 
meter installations for stationary mixers and ccntral batching plants. I n  
these installations it is sometimes necessary or  desirable to add an auxiliary 
tank into which the metered water for the batch may be dischargcd and 
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held ready for the mixer. Flow from such a tank, rather than directly from
the meter, allows closer regulation of the time, amount, and rate of flow
into the mixer. (See fig. 110.)

BATCH •T. ES TANK F I LL•.•

fRECOROER ]l |l|]lll• ]1 I] [I I] I T--•,j•

•",,,J Ill II HOPPER / " /I HUl'l•l:ff/
/•I•J•WATER FEED SCALE II r--, fl 11 I I /

SCALE D I AL

POLL R00S  J 11 , II M,XER 11 J! IL/
//WATER. .....$=L-4 ..I"PIPE TO TANK•'N• - // METER - • I J

ANDb,HD NIXER•MIXER................•••.F....--••L__•r/,OPERATINGLEVE........ L /

FRONT ELEVATION SiDE ELEVATION

Figure 110.•chematic diagram of batching and mixing facilities that proved
very satisfactory in the Government batching plant at Hoover Dam.

288-D--157.

Measurement of the correct amount of water for concrete is so inti-
mately related to the amount of water in the sand, and particularly to
variations in sand moisture, that means should be provided for quickly ad-
justing the weight of water to compensate for moisture variations. It is
occasionally necessary to add a small amount of water toward the end of
the mixing period to avoid too low a slump. If the water measuring equip-
ment is not suitable, supplementary facilities should be provided which
will permit quick and convenient addition of a determined amount ot•
water. This water should be discharged well into the mixer when needed
so as to blend quickly with the batch. See section 79 for use of ice as part
of the mixing water to reduce temperature of the concrete ingredients
during batching.

Calcium chloride should always be batched in the form of a solution
and this solution should be introduced into the mixing water. Any
method that meets this requirement and provides accurate measurement is
satisfactory. Where small portable mixers are used, the correct quantity
of solution may be poured directly into the mixer after the skip or hopper
is discharged. Precautions to be observed in handling solutions of calcium
chloride are (1) avoid use of containers, valves, etc., in which the solu-
tion would be in contact with dissimilar metals, and, being an electrolyte,
would cause corrosion as the result of galvanic action; and (2) avoid mix-
ing solutions of calcium chloride and air-entraining agents in batching or
storage tanks, as these materials, when combined in solution, form a pre-
cipitate of gummy, adherent calcium resinate which plugs valves, interferes
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Figure 111.-Dispenser for air-entraining agent. PX-b32761. 

with operation of meters, and reduces the volumetric capacities of cali- 
brated containers. 

A commercial visual type of air-entraining agent and WRA dispenser 
used for manufacture of concrete under the initial construction contract 
for Pueblo Dam, Colorado, is illustrated in figure 11 1. The dispenser may 
be constructed to operate either as an automatic siphon or by gravity. 
When constructed for automatic operation, the dispenser fills while the 
water batcher empties, and empties while the water batcher fills. Thus 
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the dispenser remains empty as long as the water batcher is full. This 
provision allows for adding tempering water to the mixer from the water 
batcher without causing any unwanted siphon action from the dispenser. 
A switch or  stop-and-go button in the circuit to the inlet solenoid valves 
will enable the operator to usc the water batcher without using the dis- 
penser, as in washing the mixer. A gravity-type dispenser is made by pro- 
viding an adjustable outlet pipe through the bottom of the batcher, in- 
stead of through the top, and without the filter pump. 

Satisfactory commercial dispensers can be obained from ~ ~ ~ p p l i e r s  of 
air-entraining agents and water-reducing set-controlling agents. T o  ensure 
that these admixtures are evenly distributed throughout the batch, they 
should be in solution, and the solution should be added to the mixing 
water at the time of batching (see fig. 112). 

Figure 112.-Visual-mechanical batchers for dispensing an air-entraining agent 
and a water-reducing, set-controlling agent. The left photograph shows visual- 
mechanical batchers for measuring the dosage of air-entraining agent and 
water-reducing agent. The dispenser on the left contains water-reducing agent 
and the one on the right contains air-entraining agent. Controls for activating 
the visual-mechanical batchers for dispensing air-entraining agent and water- 
reducing agent are shown in the right photograph. P382-70610550. P382- 
706-10551. 
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D. Mixing

85. General.--Theconditions governing preliminary approval of the
contractor's mixing equipment for large construction projects are the
same as those stated in section 63 for aggregate processing and handling
equipment.

Both stationary and portable, nontilting and tilting mixers are in com-
mon use on small jobs. The nontilting type usually has a cylindrical drum
and is equipped with either a cable-operated loading skip or a charging
hopper and a manually operated swinging discharge chute. Tilting mixers
usually have conical or bowl-shape drums. These machines are obtainable
in a large range of sizes. Tilting mixers of 6-cubic-foot capacity and
larger are available with loading skips. A portable mixer with a skip is
more conveniently charged than one equipped with a feed hopper unless
an elevated charging platform is provided.

Nontilting-type horizontal mixers (often referred to as turbine mixers)
of up to 3-cubic-yard capacity have been used on several Bureau proj-
ects. This type of mixer consists of a fiat-bottom, cylindrical drum which
may be either stationary or rotating clockwise. Mixer blades may be
mounted on a single shaft, rotating counter-clockwise, or may have sev-
eral sets of blades within the cylindrical mixing drum driven by gears
from the central shaft and each rotating counterclockwise. Water may be
sprayed onto the concrete mix through a circumferential water ring at the
top or otherwise introduced during charging. Some types are fully en-
closed, except for openings for introducing the concrete materials, to
reduce dust emission. The mixed concrete is discharged through a gate
opening in the bottom of the drum. Rapid and efficient mixing can be
accomplished with this type of mixer. Three or four cubic yards of con-
crete can be mixed in about 60 seconds; a cycle of charging and dis-
charging can be completed in about 11/• minutes.

In general, tilting mixers are currently considered to be more efficient
than other types largely because they can be discharged quickly With a
minimum of segregation regardless of slump or size of aggregate. Tilting
mixers also have the advantage of being cleaned more easily. The effec-
tiveness of the mixing action of any mixer (except the turbine type) de-
pends primarily on the shape of the drum, shape and arrangement of the
blades, method of charging, and sequence by which the materials are in-
troduced into the drum. Drum mixers should have a combination of blade
arrangement and drum shape such as to ensure an end-to-end exchange of
materials parallel to the axis of rotation, as well as a rolling, folding, or
spreading movement of the mix over on itself as the batch is mixed.

Considerable amounts of hardened concrete around the blades or on
the inner surface of the drum detrimentally affect the mixing action and
may cause inaccuracies in the records from consistency-measuring devices.
Such hardened concrete should be removed as rapidly as it accumulates.
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Loss of materials during charging or mixing operations should be reme-
died immediately by suitable repairs. If the consistency of concrete pro-
duced in the specific mixing time is not reasonably uniform throughout
the batch, the blades are probably worn or are poorly designed with
respect to shape and arrangement or that the sequence in which the
concrete ingredients are charged needs to be altered. Where a concrete
plant has several mixers located concentrically around a collecting cone
with the weighing hoppers above, considerable experimentation may be
necessary to set the proper discharge sequence to enable the mixers to
meet mixer performance requirements. Mixers should not be loaded in
excess of 10 percent more than the manufacturer's rated capacity. For
mixers handling large batches and equipped with adequate charging con-
trol, the following practices are desirable:

(1) The ingredients (cement, pozzolan, if any, and fine and coarse
aggregate) should be fed into the mixer simultaneously and in such a
manner that the period of flow of each is about the same.

(2) Except when the mixing water is heated (see sec. 93), a por-
tion of the water (between 5 and 10 percent) should precede, and a
like quantity should follow, introduction of the other materials. The
remainder of the water should be added uniformly with other
materials.

.(3) The minimum mixing time generally specified on Bureau work
is as follows--the timing starts after all ingredients, except the last' of
the water, are in the mixer:

Capacity o/mixer, Time of mixing,
cubic yards minutes*

2 or less ..................................... 1 ½
3 .......................................... 2
4 .......................................... 2•
5 .......................................... 234
6 .......................................... 3

* Mixing time may be adjusted as need is indicated by the mixer pedormance test,
designation 26, appendix.

Overmixing is objectionable because the grinding action increases
fines, thereby requiring more water to maintain consistency of con-
crete. Also, ovcrmixing may drive out entrained air. It is therefore
recommended that mixing time not exceed three times the number
of minutes given in the. tabulation. Mixing equipment should be so
designed that mixing can be discontinued and resumed with a full
load in the mixer.

(4) The ability of a mixer to mix concrete properly is determined
by mixer efficiency, tests. (See designation 26.) Mixers should be
capable of mixing concrete so that the unit weight of air-free mortar
of samples taken from the first and last portions of the batch as
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discharged from the mixer will not vary more than 0.8 percent from
the average of the two mortar weights. The average variability for
six batches should not exceed 0.5 percent. Also, the weight of coarse
aggregate (aggregate retained on a No. 4 screen) in a cubic foot of
concrete from the first and last portions of the batch should not vary
more than 5 percent from the average of the two weights of coarse
aggregate. On jobs involving large quantities of concrete, Bureau
specifications provide maximum limitations on average variability,
as follows:
Num bet Average variability,
ol percent, based on average
tests mortar weight of all tests

3 ......................................... 0.6
6 .......................................... 5

20 .......................................... 4
90 .......................................... 3

Excessive variation in unit weight of air-free mortar indicates that mix-
ing time should be increased. Excessive variation in weights of coarse ag-
gregate in a cubic foot of concrete indicates that the mixer is improperly
designed or that the blades are excessively worn. Mixer efficiency tests
should be made at the start of a job and at such intervals as may be nec-
essary to.ensure compliance with specification requirements for effective
mixing. Minimum mixing times listed in subsection (3) may be reduced
if mixer efficiency tests confirm that the decreased time still permits sat-
isfactory mixing.

Regardless of the size of a job, at least one mixer in each mixing plant
should be so constructed and arranged that the operator or his assistant
may look into the mixer drum to inspect consistency of the concrete. This
mixer is conveniently used for concrete containing 1 ½-inch, or smaller,
maximum size aggregate. The importance of this requirement for mixers
equipped with consistency meters depends on effectiveness of the meters.
Precautions should be taken to prevent the concrete discharged from

the mixer from becoming segregated because of the uncontrolled chuting
effect as it drops into buckets, hoppers, carts, etc. This effect is particularly
noticeable with nontilting mixers employing discharge chutes through
which the concrete passes in relatively small streams. With tilting mixers,
the batch usually slides out in a bulkier mass which has less opportunity
to segregate. Where required to prevent objectionable segregation, a baffle,
or preferably a section of down-pipe, should be provided at the end of a
discharge chute so that the concrete will fall vertically or nearly so into
the center of the receiving container. (See fig. 113.)

86. Truck Mixers and Agitators.--Truckmixers consist of equipment
mounted on trucks and capable-of mixing concrete en route between the
batching plant and the forms. Agitators are portable machines designed to
prevent segregation of the constituent parts of mixed concrete by imparting
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to the concrete an occasional mild mixing action en route to the work.
Truck mixers can be used for this purpose as well as open-top revolving
blade or paddle-type agitators (fig. 114). When used as agitators, truck
mixers are rotated at a slower speed than when used for initial mixing and
when so used can handle batches a third larger.

Control of the quality of truck-mixed concrete presents some problems
not common to other types of concrete mixing. Unless adequate precau-
tions are taken, troublesome conditions such as segregation and variations
in consistency may occur to such an extent that control of the water-
cement ratio may be lost. Concrete having the proper consistency is ade-
quately plastic and workable, is readily placed, and is not subject to ob-
jectionable segregation due to normal transportation and handling.

Improvement in the design of transit mixers has mitigated some diffi-
culties formerly encountered in transit mixer operations. Larger tilting



242 CONCRETE MANUAL 

Figure 114.-Dumpcrete bed being used to discharge concrete into feed hopper 
of a belt conveyor. Note agitator in bed which largely eliminates segregation of 
material. 2 14-TD-50 10--CV. 

drum mixers with Iz~rgcr drum openings that permit faster charging and  
discharging and  casicr inspection of the mixed concrete a rc  worthy im- 
provements. Also, thcsc mixcrs a rc  capable of fastcr mixing speeds a s  well 
a s  being otherwise mechanically improved. 

T h c  amount  of watcr rcquirecl t o  providc proper  consistcncy is affccted 
by factors which also influcnce tempcraturc increase in the concrete. 
Thesc factors ar-c charnctcristics of ingrcdicnts, length of haul, amount  of 
mixing, time rcquircd for unloading, climatic conditions, and  others. Un- 
d e r  unfavol-able conditions such a s  irregular delivery, long haul distances. 
small and slow placements, and warm wcathcr, the problems of maintain- 
ing some dcgrcc of uniformity and  quality arc  considerably increased. Ad- 
ditions of water in cxccss of  3 percent of the initially designed amount  
required f o r  ths  cstablishcd water-ccnicnt ratio a rc  not permitted. Prc- 
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cautions should be taken in advance to minimize loss of slump by speeding
up delivery and placement and eliminating delays from other causes. The
use o•a retarder is sometimes advantageous. In warm weather, the con-
crete temperature should be maintained in the 70 ° to 80 ° F range so far
as practicable. This may be accomplished by:

(1) Using cold mixing water or ice.
(2) Keeping materials as cool as practicable by shading or spray-

ing aggregate piles to provide evaporative cooling.
(3) Avoiding the use of hot cement.
(4) Painting mixer drums white and keeping them white.

There is often considerable slump loss in truck-mixed concrete, espe-
cially in warm weather. Such loss can be kept to a minimum by stopping
the initial mixing at 30 revolutions and by avoiding overmixing. In some
situations where the loss of slump cannot be offset by these measures, the
difficulties can be minimized by adding all of the water or doing all of the
mixing at the jobsite or by doing all mixing in a suitable mixer at the
forms using centrally dry-batched materials. To prevent slump loss in
extremely hot weather, concrete may be mixed and placed at night or
early in the morning.

Where truck mixers are used on Bureau projects, there are certain pro-
cedures which should be followed as well as certain precautions taken to
assure that the concrete will be uniform from batch to batch. These are:

(1) Each mixer should be equipped with an accurate watermeter
between supply tank and mixer, the meter to have indicating dials
and totalizer.

(2) Each mixer should be equipped with a reliable revolution
counter, with reset features, for indicating the amount (not speed) of
mixing.

(3) Mixers should be charged with a ribbon-fed mixture of aggre-
gates, cement, and water while the drum is rotating.

(4) A partial amount of the initial mixing water can be withheld
so as to preclude any possibility of exceeding the proper slump. The
remainder should be added at the placement site and thoroughly
intermixed.

(5) It should be determined prior to use that the mixer will meet
the requirements of the mixer efficiency test (designation 26) when
mixing for not less than 50 or more than 100 revolutions at mixing
speed.

(6) An optimum number of mixing revolutions in relation to batch
size should be established by mixer-efficiency tests.

(7) The batch should be mixed only 75 percent of the required
number of revolutions at mixing speed prior to inspection of consist-
ency at the point of delivery, then mixed the additional revolutions
required, with additional water not exceeding the amount required
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for the established water-cement ratio being added to obtain the
proper slump.

(8) Condition of the concrete uniformity and slump can be ob-
served through the discharge opening in the drum. This should be
carefully done while the drum is rotating.

(9) Every effort should be made to ensure that the same pro-
portions of mortar and rock are maintained throughout the discharg-
ing operation.

(10) Wear of mixer blades should not exceed 1 inch.
If the truck mixer does not meet the" variability limits outlined in the

mixer efficiency test, designation 26, a reduction of the quantity being
mixed will often correct the deficiency. In some cases, it may require a
reduction to two-thirds or one-half of the mixer capacity.
Approval of truck mixers should be based on ability to mix and dis-

charge uniform concrete throughout the entire batch. Specifications limit
the degree of variability cited in section 85. Mixer performance tests
should be made on each truck before they are permitted to be used on a
job, later, they should be made at timed intervals during their use, de-
pending on mechanical condition and observed performance. Large truck
mixers should not be used for very small scattered structures that require
less than a truckload of concrete. The last-used portion of the batch is
subject to objectionable slump loss.

As with stationary types of nontilting mixers, separation of mortar from
coarse aggregate will sometimes occur in truck mixers. This condition may
be alleviated by arrangement of the discharge chute as shown in figure 113
so that the concrete will fall vertically into the receiving container. How-
ever, it is also important that the mixer blade arrangement and discharge
mechanism be such that throughout the discharging the aggregate is well
distributed from coarse to fine. Should the last portion of the batch contain
an excessive amount of coarse aggregate, the truck mixer is not meeting
the mixer performance requirements. As was discussed earlier, the batch
size should be reduced to determine whether this action will correct the
condition. Otherwise, the mixer should be repaired or taken out of service.
With some truck mixers, this type of separation may be reduced some-
what by reversing the direction of rotation of the mixer drum for 10 to
12 revolutions prior to discharge.

Some truck mixers and agitators for transporting centrally mixed con-
crete do not readily and uniformly discharge concrete having low slump
and containing large aggregate (for example, 2-inch slump and 3-inch-
maximum aggregate), although such concrete is usually specified for rela-
tively massive Bureau structures. Therefore, because of the tendency to
use greater slumps to expedite discharge, use of truck mixers and agitators
for massive concrete work should be discouraged. If used, they should
not be a factor in choice of slump or aggregate size as these should be
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determined only by the requirements for placement and consolidation 
using modern concrete vibrators. 

Horizontally rotating agitators mounted on rail cars have been cffcc- 
tively used for transporting concrete in large tunnels. These consist of a 
barrcl-type rotating container with an attached helical blade extending 
full length. Openings at the ends permit interconnecting, and several agi- 
tators can be used in tandem. The agitators are loaded through openings 
in the barrel. Their capacity is 6 cubic yards of concrete. When discharging 
several connected in tandem, all agitators should be rotated in unison. 
While en route the agitator does not turn, but the helical blade imparts 
some mixing when discharging, which keeps the aggregate uniformly 
distributed (fig. 115). 

E. Quality Control of Concrete 
87. General.-The production of uniform and economical concrete is 

largely dependent on inspection at the batching and mixing plants. Mix 
adjustments are made using results of gradation and moisture tests of ag- 
gregates. Quantities and sequence of each ingredient entering the mixer 
and mixing time are frequently checked to ensure minimum variations. 
Mixed concrete is tested for consistency, temperature, air content, and 
unit weight; concrete cylinders are made for compression tests. Where 
practicable, samples for aggregate and concrete tests should be obtained 
from the same batch. 

Figure 115.-Horizontal agitators used for transporting concrete for Clear Creek 
Tunnel, Central Valley project, California. 214-TD-411MV. 
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The frequency of sampling, number of cylinders made, and ages at
which the cylinders are tested will vary with the type and size of the job.
In general, each type of concrete is sampled once each day that concrete
is placed. When large quantities are involved, however, each type of con-
crete is sampled once each shift. Samples of concrete aggregate and con-
crete should be representative of the materials used and the concrete
placed during the day or shift that samples are taken. Because extra
handling of air-entrained concrete reduces the air content, concrete sam-
ples should be sufficiently large to make all tests without reuse of concrete
in other tests or in cylinders.

Bureau specifications require the contractor to provide adequate me-
chanical facilities for procuring and handling representative test samples
of concrete at the mixing plant. Figure 116 illustrates a sampling device
installed under the discharge hopper of the mixing plant at Friant Dam.
Similar samplers have been used on many Bureau mass concrete projects.
The sample is obtained from the full cross section of the discharge with
little or no delay to concreting operations. Mechanical equipment for
handling, transporting, and screening the sample should also be devised
and installed to reduce the manual lifting of the concrete sample to a
minimum.

The location of sampling devices for both aggregate and concrete should
be such that sufficiently large representative samples can be obtained with-
out involving unnecessary labor. It is also advisable that the sampling of
concrete be performed as close to the mixer discharge as can be conve-
niently arranged. This is required to eliminate the effects of segregation
that might occur when sampling from the discharge of a large receiving
hopper. Mixer efficiency tests (designation 26), which are useful in estab-
lishing the sequence in which the materials should enter the mixer, as well
as mixing time and adequacy of mixing equipment, should be performed
on samples of concrete taken as close to the mixer mouth as possible.

88. Consistency.--The term concrete consistency is used in this manual
to denote the fluidity of concrete as measured by the slump test. The aim
in controlling the slump is to control directly the consistency and work-
ability necessary for proper placement, and indirectly the water-cement
ratio, the principle being that repeated batches of the same mix brought
to the same consistency will have the same water content and conse-
quently the same water-cement ratio, provided factors such as batch
weights, aggregate grading, and temperatures of materials are uniform.
Variations in water content have a much more pronounced effect on slump
than do normal variations in the factors mentioned; hence, on jobs where
grading and batching are reasonably well controlled, slump variations will
reflect variations in water content and water-cement ratio. On the other
hand, if the aggregate moisture content is uniform and fixed quantities of
water are added at the mixer, the slump test should indicate grading varia-
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tions or batching errors. For the purpose of this discussion, consistency
control is considered as the regulation of the amount of water added to
the mixer to obtain uniform slump.

For ideal conditions of control, the initial charge of water would bring
the mixture to a Plastic state at slightly less than the desired slump. Such
a procedure is not practicable in plant operation; however, this procedure
can effectively be used for transit mixers. The mixture would then be
brought to the desired consistency by addition of water. Adding water to
a batch to obtain a certain slump is a delicate operation inasmuch as a
change of only about 3 percent in the water content will cause a 1-inch
change in slump. Also, the importance of having stable moisture condi-
tions in the aggregates is illustrated by the fact that for a mix having 38
percent sand and 5.3 cwt of cement per cubic yard, a 1-percent change (by
weight) in surface moisture in the sand alone will change the slump about
11/• inches.

On jobs where the aggregate and moisture conditions are substantially
uniform, all the mixing water required for the desired slump may be added
in one operation. Sand should not be moistened at the mixing plant; in
fact, if wet processed--as is usually the case--the sand should be well
drained before reaching the plant. Conditions are ideal when the surface
of coarse aggregate is moist but not wet, but this condition seldom pre-
vails. The contractor is responsible for maintenance of stable moisture
conditions in the aggregate, uniform aggregate grading, and accurate
batching, all in such degree that consistency control within close limits is
feasible. Under these conditions, consistency control is a matter of vary-
ing the amount of water to offset small changes noted in the consistency
of previous batches. The least variation occurs when uniformly graded
surface-dry aggregate is used.

Observation of concrete while being mixed is important in controlling
consistency. Before making a slump test, the inspector should watch the
action of the concrete in the mixer and estimate the slump. After con-
siderable experience, remarkable accuracy in judging slump can be ac-
quired, and mixer operators can become highly adept in producing the
slump desired. Correlation of slump and appearance of the concrete as
it moves down a chute or as it drops into the transporting container is a
further aid in controlling consistency.

Mixing plants on large jobs are required to be equipped with con-
sistency meters. Stationary pivoted reaction cones or vanes inside the
drum have been used in nontilting mixers at some commercial plants. To
avoid the mechanical problems that would be involved by use of this
system in a tilting mixer, contractors have used electrical torque-measur-
ing meters that indicate variations in power consumption of the mixer
motor. Such meters can be designed so that transmission line variations
do not cause objectionable errors in consistency indications.
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The torque type of consistency meter lacks sensitivity in registering
slump changes in stiff, lean concrete. During the original construction of
Grand Coulee Dam, this difficulty stimulated development of a type of
meter that indicates changes in the overbalancing effect of the concrete
in a tilting mixer of the bowl type. In its normal operating position, the
axis of rotation of the mixer is inclined, and any buildup of depth of the
concrete in the rear of the bowl tends to upset the balance of the mixer
on its trunnions and increases the inclination of the axis. The drier mixes
build up higher than those of more fluid consistency, tending to overturn
and thus affect the meter reading. The meter consists of an arrangement
of links and levels attached to the tilting frame and connected through
a cushioning air cylinder to a spring coil, which deflects under the over-
turning pressure from the drum and actuates a solenoid. As the solenoid
core moves, there is a change in the electric current in the fixed coil,
and the change is transmitted to a companion solenoid that operates a
recording pen. Accurate batching and reasonable uniformity in aggregate
grading are important in the use of this meter, as it is a means of measur-
ing the fluidity of the batch, and the changes indicated may be caused by
other than changes in water content.

The consistency meters installed in the mixing plants for Hungry
Horse, Shasta, and Friant Dams (fig. 117) were a modification of the
Grand Coulee Dam meter.

In later years, attempts to duplicate the results obtained with the
tilting type were not successful on Yellowtail Dam. The shape of the
mixer and reportedly a higher pressure in the hydraulic system may have
contributed to the problem. There have been many advancements in
electronic circuitry since the days of the original Grand Coulee Dam
construction, and it now appears that effective torque-measuring elec-
tronic equipment is available or can be readily fabricated with the use
of the proper electronic devices.

Although consistency meters indicate changes in consistency of the
mix and provide information for maintaining uniformity in the concrete,
their use must be supplemented by frequent slump tests, the results of
which should be noted on the recorder roll opposite the corresponding
consistency graphs.

89. Slump.--Bureau specifications require that the slump be the least
at which the concrete can be consolidated satisfactorily by vibration and
state that use of equipment incapable of handling and placing such con-
crete shall be prohibited. It is of primary importance that the inspector
have a thorough knowledge of conditions in the forms affecting concrete
placement and of what can be expected of a properly functioning modern
vibrator; he can thus determine the practicable minimum slump of the
concrete for each portion of the work. The consistency of the driest con-
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crete practicable for placement with full vibration should be determined
and concrete of this consistency used.

Specifications as to slump require that slump tests be made at the
point of placement, but proper control of batching operations requires
frequent checking of consistency at the mixing plant. Slump tests are
also made at the mixer on samples from which cylinders are cast. When
the mixer is at a considerable distance from the forms, slumps should be
taken occasionally on the same batch at the mixer and at the point of
placement to determine the slump loss in handling.

During handling between mixer and forms, the loss of slump may
sometimes exceed the maximum of 1 inch allowed by Bureau specifica-
tions. Occasionally this excessive loss is caused, at least in part, by
abnormal set of the cement; but regardless of the cause, there are several
controls that may be applied to reduce the loss. Of these, the most im-
portant are short haul and prompt handling. In general, it is good practice
to mix concrete near the forms, especially if the weather is hot, and to
handle it in compact units such as cars and buckets rather than in thin
streams in long chutes or on conveyor belts. Wherever long chutes or
belts are necessary, they should be well shaded and protected from wind.
Good results have been obtained by shading concrete-pump lines or by
wrapping them in burlap kept damp from a parallel, perforated water
pipe. Any measure that will reduce the temperature of the concrete, as
discussed in section 127, will reduce the loss of slump. Compensating
for excessive slump loss by allowing increased slump at the mixer, with
consequent higher water and cement contents and increased segregation
in transit, should not be permitted.

Sometimes in warm weather the water requirements of established
mixes appear to increase for reasons other than slump loss. When it is
certain that such increases are caused only by higher temperatures, the
cement content should be increased only part of the amount needed to
sustain the water-cement ratio since evaporation at the higher tempera-
ture will tend to compensate for the difference. Inexpensive water-
reducing and set-controlling admixtures are commonly specified for all
concrete except under special conditions. They can be beneficial in com-
pensating for increased water requirement and lower strengths that
usually occur in plain concrete mixes during warm weather.

When the slump test is made in accordance with designation 22 of the
appendix, it is more than a measure of consistency. Plasticity is indicated
by bulging of the slumped specimen. If the specimen does not break or
crumble when tapped with the tamping rod, the concrete is satisfactorily
cohesive (see fig. 2).

90. Compressive Strength.--Properly interpreted, the compressive
strength of concrete test cylinders is a valuable criterion of the potential
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quality. Strength tests at early ages are desirable during the first stages
of concreting operations to establish the proper mix. Cylinders broken at
7 days will usually serve this purpose, although tests at even earlier ages
often serve equally well. Strength tests at later ages are more indicative of
the actual strength of concrete in the structure and are, therefore, more
valuable for reference purposes. After characteristics of the concrete have
been established, strength tests at early ages may be discontinued except
when new mixes are Used or if unusual conditions are encountered.

When construction is progressing normally, two cylinders for testing
at 28 days should be made from each sample of concrete taken (see sec.
87). On projects involving large quantities of concrete or wher•poz-
zolanic materials are used, cylinders for testing at 90, 180, and 365 days
should be made from approximately each tenth sample taken; on other
projects one cylinder per week should be made for testing at 90 days.
Also, specially sized cylinders of 12 by 24 or 18 by 36 inches should be
made of the full mass concrete mix at the construction site for comparison
(compressive strength) with similar laboratory specimens. Strengths of
these cylinders also can be compared with strengths of diamond drilled
cores extracted at other ages. Such studies aid in correlating concrete
mix design investigations with construction concrete mixes and establish
other physical properties of the mass concrete. When there is consider-
able variation in the mix, additional cylinders may be required. If curing-
room space is not available, long-time specimens may be removed any-
time after 28 days and stored in damp sand where they will not freeze.

When curing facilities and testing equipment are available on the
project, the cylinders are commonly made in cast-iron molds (appendix,
designation 29). Cylinders should not be moved more than necessary
before final set is attained and preferably should not be handled during
the first 24 hours. They should be protected from temperatures con-
siderably above or below 70 ° F and from loss of moisture.

On projects where construction activities are widely dispersed and
involve isolated structures, it is sometimes advisable to use tin-can molds
for fabrication of compressive strength specimens. Experiments have
shown that cylinders cast in tin cans (appendix, designation 30) and
kept at or near 73.4 ° F during the curing period give strengths close to
those attained by specimens cast in cast-iron molds and cured under
moist conditions at approximately 73.4 ° F. Two types are available. One
type is made with a friction lid; another type has a full-opening top with
circumferential and vertical metal stripping tabs. Plastic cylinder molds
for one-time use are also available, The plastic type can be stripped by
applying a cold chisel along the seam and tapping lightly to cause separa-
tion. Both the open-top tin and plastic types are more economical than
the cast iron. The open-top types can be sealed by use of polyethylene
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dish covers. Extra care should be taken in placing, finishing, and curing
test specimens.

When using the open-top type of can mold, it is advisable to provide
flat bases that will fit inside of the crimp edges and a circular jig of
proper diameter which fits over the top to maintain the shape of the can
during casting. Cylinders from disposable molds, with proper base area
calibration, will provide an accurate compressive strength at much less
cost than cast-iron molds because of the labor involved in stripping,
cleaning, and assembling the latter.

Cans having friction lids are advantageous when cylinders are to be
shipped or when climatic conditions make it impracticable to maintain
the specimens in a reasonably damp condition. Projects not equipped
With compression testing machines should make a practice of using can
molds and should ship the cylinders to the nearest machine-equipped
Bureau laboratory for testing.

Cardboard or paper molds should not be used for molding test
cylinders for concrete control. Laboratory tests and field experiences
indicate that cylinders made in these molds give much lower compressive
strengths than those obtained from cast-iron molds. It has also been
reported that cylinders cast in such molds and immediately subjected to
steam curing cracked horizontally.
Approved methods of curing specimens are described in the appendix,

designations 29, 30, and 31. Loss of moisture from specimens should
be prevented, and cylinders should be kept as close to 73.4 ° F as
possible. Compressive strength specimens should not be job cured in
lieu of standard curing. Specimens cured at uncontrolled temperatures
near the structure are useful for indicating the time at which concrete is
sufficiently strong to remove forms or support traffic. However, speci-
mens thus cured are not suitable for measuring strengths on which designs
are based and concrete specifications written. Strengths of job-cured
specimens are misleading because they are much lower than strength in
the structure, mainly because of the greater ratio of exposed surface to
volume. Although job-cured specimens give lower strengths than stand-
ard-cured specimens, the data in table 3 indicate that cores from struc-
tures are usually higher in strength than comparable standard-cured
control cylinders.

Approved methods for capping and breaking test cylinders are de-
scribed in the appendix, designations 32 and 33.

A simple and rapid check for quality of concrete may be made by use
of the concrete impact test hammer, sometimes referred to as the Swiss
hammer. It is a hand-operated instrument for nondestructive testing of
concrete, based on an empirical relationship between the strength of
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concrete and the rebound of a steel plunger which is impinged against
the face of the concrete under controlled conditions.
The impact test hammer must be calibrated for each particular mix

to ensure reasonable accuracy. This calibration is obtained by correlating
hammer readings with compressive strengths of cylinders made from the
same mix used in the structure. Should there be changes in the properties
of that mix, such as aggregate type or content, water-cement ratio, cement
content, or slump, it will be necessary to recalibrate the instrument with
a new set of specimens. When these calibrations are made, the cylinder
should be restrained in a testing machine to approximately 15 percent
of the ultimate cylinder strength to prevent physical displacement of the
specimens.
To obtain uniform results, it is necessary first to provide a smooth

concrete surface. A carborundum stone is furnished with the instrument
for this purpose. Reliable readings cannot be made on honeycombed
sections or on a single piece of aggregate that protrudes from the structure.

Laboratory tests have shown that the impact hammer has the following
limitations in its use:

(1) Hammer readings on specimens selected at random are not
reliable indications of strength because of wide variations in other
properties which also affect hammer rebound.

(2) Restrained specimens result in higher rebound readings.
(3) Hammer readings vary with different aggregates and concrete

surface textures and between flat and rounded surfaces.
(4) The hammer is not usable for determining the earliest time

that forms can be stripped.
(5) There is no significant difference in rebound readings between

air-entrained and plain concrete.
(6) There is no significant difference between wet and dry surface

concrete at 1 day's age but as much as 10 points difference when
the concrete is 3 years old.

(7) Readings taken on unrestrained specimens, thin slabs, wall
sections, or long beams are lower because some of the hammer impact
physically displaces the subject area.
The uniformity of concrete from a particular mix can be checked with

this instrument.

91. Air Content and Unit Weight.raThe air content of the concrete
should be determined for each sample from which cylinders are made
(see sec. 87). Several reliable airmeters that operate by pressure methods
are commercially available. Instructionsfor determiningair content by the
pressure methods are contained in the appendix, designation24.

The determinationof unit weight of concrete is an important control
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test and should also be made on each sample from which cylinders are
cast. It can be made either in conjunction with the determination of air
content (designation 24) or as a separate test (designation 23). Together
with the specific gravity of the ingredients, the unit weight furnishes a
convenient basis for computing unit cement and water content and
volume of concrete per batch, and it also provides a check on indicated
air content as determined by the airmeter. Generally, there is a slight
difference in the amount of entrained air in a given concrete mix as deter-
mined by pressure or gravimetric methods, especially when using a 1/4-
cubic-foot container or smaller. This difference is usually small and may
be caused by inaccuracies in calibration of equipment, in striking off, or
in weighing. A large discrepancy between the two methods may be an
indication of an error in mix design, very possibly specific gravity de-
termination of materials, or batch weights.

F. Hot and Cold Weather Precautionsin ConcreteProduction

92. HotWeather Precautions.--MostBureau specifications require that
concrete, as deposited, shall have a temperature no higher than a stipu-
lated value--usually 80 ° F for concrete to be placed in hot arid climates
and 90 ° F for most other concretes. For mass concrete dams, tempera-
ture studies have shown the need for considerably lower maximum
placing temperatures. Such placing temperatures, as low as 50° F at
Glen Canyon Dam, are established to control cracking in the structure.
On some jobs in desert regions of the Southwest, concrete placing has
been prohibited during the extremely hot weather between June 1 and
October 1.

Limitations on maximum temperature and on the placing of concrete
during hot weather have been imposed because of the impairment of
quality and durability resulting when concrete is mixed, placed, and
cured at high temperatures. This impairment affects several different
properties of the concrete: First, the ultimate strength of concrete mixed
and cured at high temperatures is never as great as that of concrete mixed
and cured at temperatures below 70° F; second, cracking tendencies are
increased because of the greater range between the high temperature at
the time of hardening and the low temperature to which the concrete will
later drop; third, the unit water requirement for mixing is increased by
higher concrete temperatures, contributing to greater shrinkage on drying
(see fig. 118); and fourth, concrete that is mixed, placed, and cured at
high temperatures has been found to fail sooner, as a result of repeated
cycles of moisture and temperature changes above the freezing point,
than concrete that is mixed, placed, and cured at lower temperatures.

Various means employed to lower the temperature of concrete as
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Figure 118.--Water requirement for a typical concrete mix as affected by
temperature. The increase of water content accounts in part for greater
shrinkage of concrete that is mixed and cured at high temperatures.
288-D--2653.

mixed include (1) using cold mixing water, even to the point of adding
large quantities of ice; (2) avoiding, so far as practicable, the use of
hot cement; (3) insulating water-supply lines and tanks, or at least
painting exposed portions white to reflect heat; (4) cooling coarse ag-
gregate with refrigerated water by sprinkling or inundating or with cold
air blasts; (5) insulating mixer drums or cooling them with sprays or
wet burlap coverings; (6) shading materials and facilities not otherwise
protected from the heat; and (7) working only at night. To obtain lower

placing temperatures for mass concrete, different combinations of these
measures may be required. Use of ice for mixing water should be care-
fully controlled to ensure complete melting before mixing is completed.

For information on concrete placing, protecting, and curing during hot
weather, see section 127.

93. Cold Weather Precautions.--Whenthere is danger of freezing, cer-
tain minimum temperatures of concrete, as placed, are specified because
much of the heat generated during hydration of the cement is not im-
mediately available. Specifications require that the temperature of the
concrete be not less than 40 ° F in moderate weather or 50 ° F when the

mean daily temperature drops below 40 ° F (see table 22). As an addi-
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tional precaution, when the mean daily air temperature is lower than
40 ° F, 1 percent calcium chloride by weight of cement may be used to
bring the concrete to a stage of greater maturity at the end of the specified
period of protection. However, use of calcium chloride is never justifica-
tion for reducing the amount of protective cover, heat, or other winter
protection which would normally be used. Calcium chloride should not
be used in concrete that will be subjected to sulfate attack or which
contains embedded galvanized metal parts; where sulfate conditions exist,
the water-cement ratio should be reduced to a maximum of 0.47 in ad-
dition to using type II or V cement.

The temperature of concrete leaving the mixer should be no higher
than necessary to assure that the concrete after exposure during transpor-
tation and placing will have a temperature not more than a few degrees
higher than the specified minimum.

Overheating of concrete is objectionable because it may accelerate
chemical action, cause excessive loss of slump, and increase the water
requirement for a given slump (see fig. 118). Moreover, the warmer the
concrete as placed, the greater the drop to ultimate low temperatures,
with corresponding decrease in volume.

To obtain the required temperatures for freshlymixed concrete in cold
weather, it is often necessary to heat mixing water or aggregates, or both,
depending on severity of the weather. Heating the mixing water is the
most practicable and efficient procedure. Water is not only easy to heat,
but each pound of water heated to a given temperature has roughly five
times as many available heat units in it as are in a pound of aggregate
or cement at the same temperature. The temperature at which water and
other constituents should enter the mixer, to produce a given temperature
of concrete, is indicated in table 22. Temperatures are computed from the
formula in the appendix, designation 35.

Mixing water should be heated so that appreciable fluctuations in tem-
perature from batch to batch are avoided. Very hot water should not be
allowed to touch the cement because of the danger of causing quick or
"flash" set. If hot water and the Coldest portion of the aggregate can be
brought together in the mixer first so that the temperature of the mixture
does not exceed about 100 ° F, the possibility of flash set will be mini-
mized and advantage can be taken of high water temperatures. The maxi-
mum temperature that can be used with given materials and charging
methods without causing noticeable increase in water requirement or
flash setting may be determined by experiment.

When heating of aggregates is used as an alternative method, the ag-
gregates should be heated uniformly and carefully, eliminating all frozen
lumps, ice, and snow, and avoiding overheating or excessive drying.
Unless temperatures are uniform, noticeable variations in water require-
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ment and slump will occur. Average temperatures should not exceed
150 ° F, and maximum temperatures should not exceed 212 ° F as higher
temperatures may crack the aggregate. As indicated in table 22, these
temperatures for freshly mixed concrete are considerably higher than
those required if hot mixing water is used.

Heating aggregates is preferably accomplished by steam or hot water
in pipes. Heating with steam jets is objectionable because of the result-
ing variable moisture in the aggregate. Experience has demonstrated that
variable moisture can be exceedingly troublesome. On small jobs aggre-
gates can be thawed by heating carefully over metal culvert pipe in which
fires are maintained. Exposed surfaces of aggregates in stockpiles, bins,
etc., should be covered with tarpaulins during heating to obtain a uniform
distribution of heat and avoid frozen crusts.
Concrete placing, protecting, and curing during freezing weather are

described in section 128. Additional information on cold weather con-
creting appears in many articles in the technical press.



Chapter VI

HANDLING, PLACING, FINISHING, AND CURING

A. Preparations for Placing

94. Foundation.---Theprocedures necessary for satisfactory prepara-
tion of foundation surfaces upon or against which concrete is to be placed
are governed by design requirements and by the type and condition of
the foundation material.

(a) Rock.--Where it is necessary to provide tight bond with rock
foundations, the rock surface should be prepared by roughening, where
necessary, and thorough cleaning. Loose and drummy rock, dried grout,
flaky and scaly coatings, organic deposits, and other foreign material must
be removed. Open fissures should be cleaned to a suitable depth and to
firm rock on the sides. Cleaning may be done by use of stiff brooms, picks,
jets of water and air applied at high velocity, wet sandblasting, or any
other effective means, followed by thorough washing. Accumulations of
wash water in depressions must be removed prior to placing the concrete.
The surface to be bonded should be completely surface dried by air jets.
The presence of any free surface water, which may be indicated by
shininess, will prevent proper bonding to rock surfaces.

Trimmed surfaces of rock subject to air slacking or raveling present
special problems. Various expedients, such as a coat of shotcrete or a
covering of wet burlap, have been used successfully to keep surfaces intact
until concrete is placed against them.

A sprayed coating of stabilizing chemicals or of a bituminous or other
sealing compound may be used where tight bond of concrete to the rock is

not required.
(b) Earth.--Many Bureau structures are constructed on earth founda-

tions. Before concrete is placed for these structures, the foundation sur-
face and subgrade should be inspected for adequacy of design loading.
The Bureau's Earth Manual should be consulted for additional informa-
tion about earth foundations. Earth subgrades should be damp, but not
wet, when concrete is placed. Free-draining subgrades in hot, arid regions

261
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should be wetted to a depth of several inches to provide a reservoir of
moisture in contact with the concrete. This practice should compensate for
lower efficiency of curing procedures under such climatic conditions.

(c) Porous Underdrains.--These are constructed of sand and gravel or
crushed rock or gravel, suitably sized and graded to provide rapid drain-
age. There is no reason for concern in regard to loss of mortar from the
concrete or plugging of the drain by penetration of mortar because mortar
will not drain from concrete that satisfies the maximum slump limitation

of present specifications. For this reason, covering of drains with tar paper
or burlap is unnecessary.

95. Construction $oints.--Bureau specifications define construction
joints as the contact between newly placed concrete and existing concrete
surfaces that have become so rigid that the new concrete cannot be incor-
porated integrally by vibration with that previously placed. Unformed
construction joints are horizontal or approximately so and are sometimes
spoken of as fill planes. Although this section has special applicationto
joints in massive structures, the principles and methods described are
largely applicable to joints in other types of structures.

A high quality of bond and watertightness in a horizontal construction
"'•joint is best assured when the concrete, and especially that in the upper

p6rti.on of the lift, has the least slump that will permit proper working
and consolidation. Wet mixes particularly should be avoided. Their ten-
dency tO'\segregate and bleed badly results in weak concrete and a heavy
layer of laitance at the surface which makes cleanup difficult. Inferior
joints, such\,as that shown in figure l 19, are the result of wet concrete;

'\
they may also be produced in low-slump concrete by excessive working
of the surface or subjecting it to traffic before it hardens. Plank walkways
or other suitable means should be provided to take care of job traffic as
soon as the concrete is in place. Workmen embedding coarse aggregate
or setting form anchors and other embedded parts should be furnished
snowshoes similar to those shown in figure 120.

The quality of a joint depends on quality of the concrete and on cleanup
of the joint surface. A rough surface, in itself, does not assure a good con-
struction joint. Footprints, protruding pieces of large aggregate, or de-
pressed keys interfere with accomplishment of good cleanup. Such features
also make the necessary complete removal of free water difficult which, if
not achieved, will prevent good bond even though the surface is otherwise
properly cleaned. Proper use of a vibrator usually will leave the surface
suitably even. Rock that does not settle sufficiently when vibrated can be
walked down flush with the joint surface, as illustrated in figure 120. When
embedding mortar has lost slump, protruding rock should be pressed down
only during supplemental vibration; otherwise, some loosening may result.



CHAPTER VI-HANDLING, PLACING, FINISHING, AND CURING 263 

Figure 119.-Segregation in overwet concrete at fill planes, resulting in weak, 
porous joints subject to early weathering. PX-b11747. 

Any unconsolidated hardened concrete should be removed before cleanup 
is started. 

Experience and investigations demonstrate that where bond and water- 
tightness at construction joints are desired, the surfaces of existing con- 
crete should be wet sandblasted and washed thoroughly and completely 
dried immediately prior to placement of fresh concrete (see figs. 121 and 
122). This method is characterized by: ( a )  simplicity, since there is no 
repetition of treatment; ( b )  dependability, in that uniformly good results 
are readily obtainable; and (c )  economy, as a result of improvement in 
sandblasting equipment and use of properly graded and dried sand. 

Construction joint cleanup by wet sandblasting, followed by thorough 
washing, is standard Bureau practice for placement of mass concrete and 
structural concrete where watertight joints are required. Commercial sand- 
blasting equipment is readily available; however, details of an easily fabri- 
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Figure 120.-Workman wearing "snowshoes" on a fresh joint surface. Snowshoes 
minimize undesirable working of the concrete and facilitate cleaning of the 
surface. PX-D-33053. 

Figure 121.-Final sandblasting of construction joints at Glen Canyon Dam, in 
Arizona. This is an expeditious and effective means of construction joint 
cleanup. P557-42045101. 
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Figure 122.-Final washing with water jets just prior to placing next lift of 
concrete. P1222-142-11967. 

cated type are shown in figure 123. Figure 124 illustrates a multiple- 
purpose air gun that can be asscmblcd readily on most jobs. When the 
gun is used as an air-water jet. the suction line is connected to the water- 
line. For wet sandblasting, small streams of \v:~tcr can bc admitted to the 
sand through a suitable attachrncnt on the nozzle. This device has a limited 
capacity for sandblasting but gives rcsults superior to thosc obtainable 
with an air water jet alone. The multiple-purpose gun has been uscd to 
advantage for minor cleanup work. Wet-sandblasting equipment should 
be operated at an air pressure of approximately 100 pounds per square 
inch. 

Blasting sand should be dense. hard, not easily broken, and sufficiently 
dry to permit free passage through the equipment. Careful selection to 
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obtain an exceptionally good quality sand can be economically justified
because such sand may sometimes be reclaimed, reprocessed, and reused.
Ordinary concrete sand may be used on smaller jobs, but on large jobs
equipment for removing fine material and for drying the sand should be
installed or special sand should be purchased from a commercial producer.
At Grand Coulee Dam, concrete sand was passed through a cylindrical,
oil-fired drier and was screened on a No. 16 screen to eliminate the finer
material. At Friant Dam, sand was wet screened at the gravel plant, and
the No. 16 to No. 4 material was drained and dried for use as blasting
sand. At Hungry Horse Dam, blasting sand consisted of concrete sand
dried and screened so that approximately 26 percent was retained on the
No. 8, 23 percent on the No. 16, 23 percent on the No. 30, and 21 percent
on the No. 50 screen.

The performance of wet-sandblast equipment varies considerably
depending on hardness of the concrete when cleaned, roughness of the
surface, and the amount of cutting required for adequate surface treatment.
In cleaning the joint surface of good quality concrete, it is only necessary
to remove the laitance film from the mortar covering. Tests have shown
that no advantage is gained by cutting the joint surface to a depth
necessary for exposing underlying coarse aggregate. Actually, the joint may
be weakened when the surface is cut so deep as to imperil anchorage
of the larger aggregate pieces. Figure 125 offers visual comparison of
construction joint treatments.

Cleaning capacity of the wet-sandblast equipment adopted at Friant
Dam was about 500 square feet of surface per gun per hour, using a
little less than 1 cubic yard of sand per hour and 21 gallons of water
per minute. At Hungry Horse Dam, because of lower concrete strength
development at early ages with use of pozzolan and special care exercised
in preparation of joint surface during concrete placement, surface cleaning
of up to 1,500 square feet per gun per hour was achieved using about
three-fourths cubic yard of sand per hour.

The so-called green cutting of horizontal construction joints consists
of cutting the surface of fresh concrete with an air-water jet to remove
the surface layer and expose a clean surface of sound concrete. The
operation must be performed after the concrete has stiffened but before
it has become too hard for effective cutting; usually this is from 4 to
12 hours after placement, depending on temperature and other factors
that affect the rate of hardening. Cutting too early will loosen "aggregate,
remove too much good material, and leave milky water which will form
a film. This method usually is not approved for Bureau 'work because
the treated surface, when not specially protected, almost invariably becomes
so contaminated before time to resume concreting that •ndblasting is
necessary to ensure a satisfactory joint. After green cutting, the
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Figure 125.--Comparison of construction joint treatments. Top: constructlon 
joint surface before sandblasting. Middle: after correct sandblasting. Bottom: 
after oversandblasting, causing aggregate to be undercut. PX-D-33033. 
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condition of the surface can be preserved by keeping it covered with
a 2-inch layer of wet sand. In rare cases, it has been kept free of
contamination up to 48 hours by flushing with an air-water jet at 3-
to 4-hour intervals. With these expedients, however, green cutting usually
costs more than one final cleanup operation.

In recent years, extremely high-pressure water-jet blasting equipment
has been developed which will exert 10,000-1b/in 2 pressure. With this
equipment, satisfactory cleanup of concrete surfaces can be obtained at
7 days' age with about 7,000-1b/in 2 pressure. The objection to initiating
cleanup several days before the next lift is placed, as in dam construction,
concerns the deposit of carbonates during curing on the surface which
should be removed before the next lift is placed. With high-pressure
equipment, Cleanup can be accomplished just prior to placing the next
lift, provided there is no excessive delay between the two placements.

Because of more difficult placing conditions, structural concrete usually
contains more water, has greater slump, and requires more working and
vibration than does mass concrete. Consequently, bleeding ar/d coatings
of laitanee and other inferior material at joint surfaces are more prevalent.
Steel erection, form construction, and installation of reinforcement, piping,
conduit, etc., interfere with cleanup procedures and increase the time
between lifts and the chances of contamination. On this class of work,
however, it is seldom practicable to sandblast after forms for both sides
are erected. As a result, there is a greater interval between sandblasting
and placing of new concrete than in the case of mass concrete, and the
sandblasted surface must be washed thoroughly with water, air, or an
air-water jet just before concrete is placed. This procedure, with the added
precaution of covering the sandblasted surface with damp sand, has been
used with good results. The sand, with sawdust andother debris, is washed
off just prior to placing new concrete. Loose nails, which tend to lodge
along the edges of the joints against the forms and would cause unsightly
blemishes and rust stains, can be removed by a magnetic device.

Sometimes the contractor may wish to eliminate or change some of
the horizontal joints shown on the drawings. He should be urged to study
the plans with this in mind as early as possible so there will be ample
time for a review of any requests submitted. Ordinarily, as many joints
as practicable should be eliminated. With modern placing equipment there
has been a trend to place high walls, as much as 40 feet, in one monolithic
placement.
Formed structural concrete construction joints are treated differently

than horizontal joints in dams. These joints should be avoided wherever
practicable as they result in planes of weakness susceptible to formation
of cracks and to passage of water unless effective waterstops are provided.

Surfaces of construction joints to which concrete is to be bonded
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should be sandblasted, washed completely, and surface dried. No concrete
should be placed during rain, and particularcare should be used to ensure
intimate contact. A richer concrete of aA-inch-maximum size aggregate
can be used on the horizontal construction joint to obtain a better bond
and improved appearance. This concrete need not have excessive slump,
2 to 4 inches being adequate. The concrete should be well vibrated at
the joint surface.

96. Forms.--AlthoughBureau specificationsdo not require
contractors to submit drawings of form and form support details for
approval before the forms are constructed, they do require several
important items of performance for forms and form supports to obtain
specified finish surfaces. It is desirable to review these performance
requirements with the contractor at a very early stage while his plans
are still on paper. Changes in form systems after initiationof the work,
because of unsatisfactoryperformance, are cosily and cannot correct poor
results already obtained because of inadequacy.

It is not particularlyeconomical to use poor form lumber. Too often
any savings from injudicious reuse of form lumber are negated by hand
labor in final dressing of the structure to an acceptable appearance. Such
efforts are not always permanent, especially in areas of severe climatic
exposure.

After forms for concrete structures have been set to line and grade,
they should be inspected as to their adequacy. If the forms are not tight,
there will be a loss of mortar which may result in honeycombing or a
loss of water which may cause sand streaking. If the forms are not strong
enough to hold the concrete or are not braced sufficiently to stay in
alinement, the inspector should report the defects to the engineer in
charge. Tolerance limits specified are for finished concrete--not for the
forms. Use of internal vibrators for consolidation requires that formwork
be tight and and strong. While concrete is being internally vibrated, the
pressure against the forms in the immediate area of the vibrator approaches
the full pressure of a liquid weighing about 150 pounds per cubic foot.
Lateral pressure of concrete is influenced by many variables. The major
ones are usually rate of placement, temperature of concrete, and effect
of consolidation by vibration. Form pressure tests in the laboratory showed
that the usc of a WRA did not increase form pressure over that of
concrete without the agent. Figure 126 presents data on the effect of
placement rate on form pressure at different depths.

Bureau specifications stipulate the types of finish required for various
formed surfaces, and the placing inspector should assure that surfaces of
the forms are satisfactory. If more than one type of form will produce
the required result, the choice rests with the contractor, who ordinarily
furnishes all form material. For Flaming Gorge Dam, the contractor
elected to use steel forms in lieu of No. 2 common or better pine shiplap.
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Figure 126.mPressure on forms for various depths of concrete. 288-1)-2658.

The use of steel forms considerably enhanced the appearance of placed
concrete.

Stability is a very important consideration in construction of forms.
Some common deficiencies resulting in form failure are: (1) inadequate
cross-bracing of shores; (2) inadequate horizontal bracing and poor splic-
ing of double-tier multiple-story shores; (3) failure to regulate rate of
placement without regard to drop in temperature; (4) poor regulation of
the horizontal balance of the form filling; (5) unstable soil under mud
sills; (6) abnormal form displacements during and after placing; (7) lack
of complete and adequate inspection by capable personnel; (8) no pro-
vision for lateral pressures; (9) shoring not plumb; (10) locking devices
on metal shoring improperly locked, inoperative, or missing; (11) in-
adequate bracing for wind pressure; (12) vibration from adjacent moving
loads; and (13) nearby embankment slippage.

Immediately before concrete is placed, the forms should be inspected
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for cleanness. Also, it is important that they be properly treated with a
suitable form oil or other coating material to prevent sticking of the con-
crete. Oil or other coating should be applied by brush or spray to cover
the forms evenly without excess or drip and should not be allowed to
get on construction joint surfaces or reinforcement bars. The oil or other
form coating should not cause softening or permanent staining of the
concrete surface; moreover, it should not impede the wetting of surfaces
to be water cured or proper functioning of sealing compounds used for
curing. Form oil used on surfaces of wood forms should be a straight, re-
fined, pale, paraffin-base mineral oil.

For wooden forms, almost any commercial form oils will satisfactorily
meet these qualifications. Products other than oil are sometimes used for
treating wooden forms to preserve the form material itself, as well as
serve the purpose of form oil. Shellac applied to plywood is more effective
than oil in preventing moisture from raising the grain and thus detracting
from the smoothness of the surface. Several commercial lacquers and
similar products are available for this purpose. Occasionally, lumber de-
livered to the project will contain sufficient tannin or other organic sub-
stance to cause softening of the surface concrete. When this condition is
recognized, it can be remedied by treating the form surfaces with white-
wash or limewater prior to applying form oil or coating.

On steel forms, good results can seldom be obtained with oils that are
satisfactory for wooden forms, especially if there is sliding or movement
of the concrete against the forms as in tunnel lining. When an oil does
not produce good results, use should be discontinued as suitable oils
usually are readily obtainable. Specially compounded petroleum oils are
satisfactory and are marketed under trade names by most major oil com-
panies. Synthetic castor oil and some marine-engine oils are typical.ex-
amples of compounded oils good to use on steel forms for tunnel lining.
Sticking of concrete to metal forms may be the result of (1) too vigorous
use of wire brushes or use of a sandblast for cleaning, (2) abrasion of
form surfaces opposite ports or other areas where streams of concrete are
directed against the forms, or (3) use of an unsuitable form oil. Abrasive
cleaning methods should be avoided and a suitable oil used. Rough sur-
faces where sticking occurs may sometimes be conditioned by rubbing
in one or more treatments of a liquid solution of paraffin in kerosene. A1-
lowing the cleaned and oiled forms to stand in the sun a day or two dur-
ing a weekend or other layoff period often helps to prevent sticking.
Abrasion of forms caused by contact with the entering stream of concrete
can be prevented by use of protective sheets of metal, plywood, or rubber
belting.

Occasionally, spalling will occur from the face of the concrete when
forms are removed. This is often caused by rough spots on the forms
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Figure 127.--Forms for siphons 8 feet in diameter and larger. 288-1)-1556.
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where mortar adheres strongly enough to overcome the tensile strength
of the green concrete. Such areas on the forms should be cleaned, polished,
and then covered with a suitable form oil. Wire brushing or sandblasting
in most cases will only aggravate the difficulty.

In form construction, it is important that ready access be provided
for proper placement, working, and vibration and for inspection of these
operations. Figures 127 and 135 contain suggestions relative to positions
and types of openings in forms. Figure 127 shows details of forms for
siphons 8 feet or more in diameter. The surface of the invert is unformed
for 30 ° on each side of the vertical centerline in order that the concrete
may be more readily placed and hand finished. Other openings in inside
forms for siphons are unnecessary.

Forms for tunnel lining should be provided with openings in each
sidewall about midheight of the tunnel and with openings in the arch
on alternate sides of the centerline so as to clear the central area of
the arch for the discharge pipe of placing equipment. Openings should
be at least 24 inches in the least dimension and should be spaced at
a distance along the forms equal to or less than d/2, where d is the
diameter of the tunnel in feet, but in no case more than 8 feet center
to center.

For large-size tunnels, 12 feet in diameter or larger, more wall openings
may be necessary for adequate placing, vibration, and inspection. In the
construction of the 18.5-foot-diameter Spring Creek Tunnel No. 1 on the
Central Valley project, openings along two longitudinal lines in each
sidewall were necessary. The openings were staggered and spaced on 8-foot
centers in each longitudinal line.
It is best to place large-diameter tunnels in two steps. In this method,

the invert, with embedded bolts to provide anchorage for the arch form,
is placed first. Such anchorage provides form stability and makes alinement
of forms easier. The unformed portion of the invert should not exceed
an arc of 60 o. The maximum arc is limited by the slope of the concrete
at the outer edges. When this slope becomes too steep, the concrete
slumps and it is difficult to screed. The use of a full circle form for
large tunnel lining often results in a poor invert finish because of
entrapment of air beneath the relatively horizontal portions of the form.
The full circle form may also more easily become misalined with the
usual type of support. In the method whereby the invert is placed first,
it can be readily finished to meet the specifications requirement.

Small-size tunnels, 12 feet in diameter or less, are frequently placed
with full circle forms. With this type of placement, numerous small
indentations, or bug holes, develop on the formed concrete surfaces below
spring line. These are not usually objectionable in free-flowing tunnels
or upstream from the gate in outlets; however, in reaches of high-velocity
flow, a smooth finish is necessary. Where a surface free from bug holes
is required, about 60 ° of the invert can be placed, first with a wood
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float finish, followed by the arch filling. When the full circle form is used, the
form should be so designed that the bottom 90 o arc section of the form can
be removed immediately after final set of theconcrete but not later than 8 hours
after placement. Then any indentations or bug holes can be filled and the
surface given a wood-float finish. Finishing criteria may sometimes be relaxed
through the use of properly designed and located circumferential aeration slots.
The special finishing requirements for concrete surfaces subject tohigh-velocity
flow are described in section 122.
A very common blemish on formed concrete surfaces is the offset

often found at horizontal construction joints where the forms have
given way a fraction of an inch at the bottom of the new lift.
For surfaces where appearance and alinement are of considerable
importance, these offsets can be prevented by setting the forms so
they" fit snugly against the top of the concrete in the previous
lift and then securing them so they will remain in tight contact
during placing operations. This anchoring can be done by using an
ample number of form ties or bolts, above and within a few inches
of the construction joint (see fig. 128). Ties in the top of

concrete tO level of
broken line slightly above

Lap over hardened
concrete about

Figure 128.---Constructionjoint treatmentat formed concretesurfaces. Bulges
and offsetsare avoidedwhentierodsare closeto the joint.288-D-3275.
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the previous lift cannot be relied on to prevent a slight spreading of the
forms at the joint. The amount of sheathing lap on the previously placed
concrete should be kept to a minimum. One-inch lap is considered
sufficient.

Snap-form ties sometimes are placed so close to the corner or edge of
a structural member that the concrete adjacent to the tie spalls off when
the tie is released and snapped. The correct method is to place the tie
away from the corner or edge.

The unsightly appearance of offsets can be minimized by use of formed
grooves at the construction joints. Typical groove dimensions are shown
in figure 129. Grooves permit more flexibility in form construction and
reduce leakage of mortar onto surfaces at lower elevations. They also pro-
vide ideal locations for anchor bolts. Grooves should be straight and con-
tinuous across the face of the structure and should be spaced so as to
create a uniform pattern. Special attention should be given to placing and
consolidating concrete around groove strips.

Forms for vacuum processing are discussed in chapter VIII.

97. Marking Dates on Concrete Work.--To facilitate future studies of
performance and service, concrete should be marked showing the month
and year in which it was placed. For canal linings, parapet walls, flumes,
channels, paving, or other linear form of construction, the markings should
be placed at the start and finish of each month's work. Each canal struc-
ture should be clearly marked• In large structures, such as dams, buildings,
and powerhouses, the monthly markings should be sparingly used but so
placed as to show with certainty in which of the four seasons the concrete
in any principal portion of the structure was placed.

A convenient method for marking concrete is to set brass benchmark
plates, or similar plates, while the concrete is still plastic. Before installa-
tion the center lettering on the plates should be removed by grinding to
expose an area for the markings. After installation, numerals and letters

Figure 129.--Typical groove dimensions for constructionjoints. Horizontal
groovesat constructionjointsobscurethe jointsand improvethe architectural
appearance. 288-1)-1544.
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can be easily stamped on the surface of the plate with appropriate dies.
This method of marking is preferred where the markings are readily ac-
cessible for close reading. For areas where the markings must be read
from a distance, markings about 3 inches high and at least one-quarter
inch deep should be cast in the concrete surface by figures of metal or
wood attached to the forms. Markings on unformed surfaces may be made
by pressing dies into the plastic concrete at the proper stage of hardening.
Markings should be placed so that letters will drain.

Patterns of letters and figures cast in place have been made of wood
and also have been cast of lead in steel or well-oiled plaster of paris molds
made on the job. Some plastic house numerals are satisfactory. Figures
attached to a form must have a fiat surface and must be held tightly
against the form so that the concrete will not spall when the forms are
removed.

98. ReinforcementSteel and ]Embedded Parts.---Theconcrete placing
inspector on Bureau work receives from his superior any special instruc-
tions regarding inspection, handling, and installation of reinforcement
steel and other embedded parts, including special instruments such as
strain meters and resistance thermometers.

Each shipment of reinforcement steel should be checked for conform-
ance to specifications. If the steel does not meet specifications require-
ments, the inspector should request instructions. It may be necessary to
send samples to the Denver laboratories for examination and test.

According to Building Code Requirements for Reinforced Concrete,
ACI Standard 318, all bars should be bent cold, unless otherwise per-
mitted by the contracting officer. No bars partially embedded in con-
crete shall be field bent, except as shown on the design drawings or per-
mitted by the contracting officer.

Some years ago, the Bureau required that reinforcing steel be cleaned
to a metal-bright condition. Since this was, at times, an expensive process,
laboratory tests were made to determine the effect of rust on bond in
reinforced concrete specimens. Bars with four different conditions of rust
were used: untreated, burlap-rubbed, wire-brushed, and sandblasted. Re-
sults of these studies corroborated the findings of previous investigations
by other persons and organizations that some rust is not detrimental to
bond. The following conclusions were reached:

(1) Some rust is not harmful to the bond between concrete and
steel, and no benefit appears to be gained by removing all the rust.
However, any rust and mill scale which is not firmly attached should
be removed to assure the development of good bond.

(2) Bond is determined by the size and number of deformations.
(3) Rust increases the normal roughness of the steel surfaces and
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consequently tends to augment the holding capacity of the bar, but it
may reduce the effective cross-sectional area of the bar.

(4) Usually normal handling is sufficient for removal of loose rust
and scale prior to embedment of reinforcement steel. However, in
some instances it may be necessary to rub with a coarsely woven sack
or to use a wire brush.

Bars that appear to have rusted beyond usefulness may be checked by
cleaning and weighing them for conformance with Federal Specification
QQ-S-632.

Some steels become brittle in cold weather and therefore require careful
handling, especially when bending, to avoid breakage when temperatures
are below 40 ° F.

Most of the reinforcement used on Bureau work is intermediate grade,
deformed, billet steel, although hard grade billet or rail steel bars are
permitted. Specifications require that the surface deformations of reinforce-
ment steel be of the high-bond type. Reinforcement for prestressed con-
crete must be of high-stress steel. Wire for tying reinforcement is usually
soft, annealed steel. Concrete blocks, metal supports, and spacers are used
for holding reinforcement in place, as discussed in the following para-
graphs.

Bar splices not indicated on drawings or by the specifications should
not be made without approval of the engineer in charge. Tests on beams,
columns, and pull-out specimens have indicated that deformed bars de-
velop full bond resistance at tied splices in good-quality concrete that has
been well vibrated. Splices may also be made by welding, provided the
connection develops strength equal to that of the bar itself.

Sufficient concrete coverage should be provided to protect reinforce-
ment from corrosion and from injury by fire where such a possibility
existsl Special protection is required where concrete is submerged in or
exposed to alkali or salt water. The position of reinforcement steel and
minimum depth of embedment are ordinarily indicated on drawings.

Before reinforcement bars are fixed in position, the inspector should see
that they are of the specified sizes and are cut and bent in accordance with
drawings and specifications. All reinforcement should be supported rigidly
in accurate position by means of concrete blocks, metallic supports, or
other suitable devices. After the bars are in place they should be checked
for positions, spacings, and splice lengths.

Bureau experience gives no indication that use of calcium chloride in
concrete, under the conditions set forth in section 20(a), results in any
corrosion of reinforcement steel. Published data have indicated that pre-
stressed steel strands embedded in concrete containing calcium chloride
were badly corroded after 3 years, and calcium chloride should not be
used in prestressed concrete. Evidence of corrosion has also been found
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on structural steel embedded in concrete exposed to varying humidity
conditions when the concrete is porous or only moderately dense. In all
instances where this corrosion was observed, the extent of the action was
not progressive, and the use of calcium chloride would be permitted. How-
ever, where embedded metal is galvanized, the use of calcium chloride is
not permitted.

Some nonferrous metals do corrode if they are not effectively protected.
Zinc, aluminum, and cadmium-plated parts are particularly susceptible
and should be protected by an unbroken film of asphalt, varnish, pitch, or
other inert material. Lead is subject to corrosion and needs a protective
coating if it is not sufficiently thick to allow for initial attack. As corrosion
continues, a coating is formed which protects the metal from further at-
tack. Copper may be embedded in concrete without danger of corrosion
if chlorides are not present.

Dissimilar metals should not be embedded in direct contact or close
proximity with each other unless there is assurance that the conditions are
such that there will be no serious galvanic action.

Where necessary to prevent damage to the concrete or unsightly rust
stains on its exposed surfaces, specifications require that metal bar sup-
ports and spacers be made of noncorrodible metal. Many grades of stain-
less steel satisfy this requirement.

99. Final Inspection.--Thefinal inspection is made immediately be-
fore concrete is placed and is a thorough examination of all preparations
for placingconcrete. The first requirement is that the forms be checked
for position, alinement, and grade; their stability and adequacy of support
in accordance with the placing rate should be established. The examina-
tion will include a detailed inspection of the foundation cleanup, construc-
tion joint cleanup, draintile and water stops, grout and cooling-water pipe
and fittings, and reinforcement and other metalwork and equipment to be
embedded. All these features should be carefully examined to make sure
they are in accordance with drawings and specifications and with any
special instructions that have been issued. A checklist of items of inspec-
tion is provided in the appendix following test designations.

100. Contractor's Preparations.--Before notifying the contractor that
concrete placing may begin, the placing inspector should make certain
that the contractor is prepared to conduct the work in a satisfactory man-
ner. This involves an inspection of the transporting and placing equipment
to see that it is clean and in proper repair and that it is adequate and
properly arranged so that placing may proceed without undue delays.
When concrete is placed at night, the lighting system should be sufficient
to illuminate the inside of the forms. The contractor's operating force
should be sufficient to assure proper placing and finishing of the concrete,
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and equipment should be arranged to deliver the concrete to its final posi-
tion without objectionable segregation.

The number and condition of concrete vibrators for use and standby
during placement should be ample for the requirements. Concrete placing
should not be started when there is a probability of freezing temperatures
occurring unless adequate facilities for cold-weather protection have been
provided. Also, if there is a possibility of rain, the contractor should have
protective coverings available for fresh concrete surfaces. Facilities for
prompt commencement of water curing or for application of curing com-
pound should be in readiness for use at the proper time. It is also ad-
vantageous, where practicable, for the contractor to provide radio or tele-
phone communication between sites of major placements and the batching
and mixing plant. Such rapid communication can result in better control
of delivery schedule and prevent wasting of mixed concrete as well as
provide better control of workability.

B. Transporting

101. PlantLayoutandMethods.--Althoughconcrete is carefully pro-
portioned and properly mixed, its quality may be seriously impaired by
use of improper or careless methods in transporting and placing. The con-
l•ractor has the option, within the limitations of the construction specifica-
tions, to select the methods and facilities to be used; nevertheless, he is
responsible for adequacy and suitability of such facilities and methods. It
should not be necessary to change the design of a concrete mix to meet
the requirement imposed by use of certain equipment. Specifications for
dams and other work involving placement of considerable quantities of
concrete require that the contractor submit drawings or detailed descrip-
tions of handling and placing layouts and equipment he proposes to use.
These data, together with project comments and recommendations, are
reviewed by the Director of Design and Construction in determining ade-
quacy and suitability of the equipment.

During the contractor's preparation of plans for plant layout and
methods, project engineers often find opportunities to cooperate with the
contractor to the end that undesirable features will be avoided. Some of
these features are discussed in the following sections of this chapter. There
should be clear understanding, by all concerned, of the specifications pro-
vision that approval of the plant layout and procedures does not release
the contractor from responsibility for fulfillment of the specifications re-
quirements. Requirements for minimizing segregation and slump loss
should be strictly observed in all handling and placing operations, and any
equipment incapable of producing acceptable results should be promptly
modified or replaced.
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102. Transporting.--Somemethods of transporting concrete for major
construction work are discussed in the following paragraphs with partic-
ular reference to points of interest to the concrete inspector.

(a) Buckets.--Whendesigned for the job conditions and properly op-
erated, buckets are a satisfactory means for handling and placing concrete.
They should not be used, however, where they have to be hauled so far by
truck or railroad that there will be noticeable separation, settlement, or a
loss of slump greater than 1 inch. (See (b), following, and sec. 89.) The
capacities of steel buckets for handling concrete range from 1 and 2 cubic
yards for structural work up to 12 cubic yards for larger mass concrete

• placements (fig. 130). Use of buckets should comply with the following
requirements:

(1) Less segregation will occur if the bucket capacity conforms
to the size of the concrete batch, or a multiple thereof, so that there
will be no splitting of batches in loading buckets.

(2) Buckets should be capable of prompt discharge of low-slump,
lean-mix concrete. The dumping mechanism should permit discharge
of as little as a ½-cubic-yard of concrete in one place. Also, the dis-
charge should be controllable so that it will cause no damage to or
misalinement of forms. Buckets should be equipped for attachment
and use of drop chutes or collapsible elephant trunks.

(3) Buckets should be filled and discharged without noticeable
separation of coarse aggregate. (See figs. 114 and 131 .)

(b) Cars and Trucks.--Rail cars are often used to transport concrete
for tunnel linings and for short hauls from plant to bucket dock for high-
line pickup. Trucks are convenient for the distribution of concrete from
a central mixer to small, scattered structures. Ordinarily, the haul should
not exceed 2 or 3 miles, unless remixing of some type is done at the
placing point or agitation is provided in transit. On one section of the
San Luis Canal, Central Valley project, California, the contractor was able
to haul concrete up to 17 miles in bottom-dump trucks along a rough haul
road without difficulty. The concrete was remixed by distributing screws
in the paver before being placed as lining. The concrete contained en-
trained air and a WRA, but most importantly the concrete slump was
controlled within narrow limits. Segregation during the filling and dis-
charging of these units may be avoided by following the correct methods
shown in figures 114, 131, and 132.

Free water should not be on the surface of the concrete as delivered,
nor should there be an objectionable amount of settlement of coarse aggre-
gate or caking at the bottom of the load. Such stratification or settlement
can be considerably reduced by (1) use of drier mixes, (2) use of air en-
trainment, or (3) an appropriate remixing as the concrete passes through
the discharge gates of trucks, hoppers, and cars. Of the above measures,
the most effective are the use of drier mixes and air entrainment.
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Figure 130.-A 12-cubic-yard bucket which will readily discharge concrete of 
low slump, permit slow or partial discharge, and dump the concrete in 
relatively low twin piles requiring a minimum of lateral movement during 
consolidation. P557420-05480. 
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Figure 131.---Correct and incorrect methods for loading and discharging €oncrete

buckets, hoppers, and buggies. Use of proper procedures avoids separation of

the coarse aggregate from the mortar. 288-1)-3276.
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Figure 132.--Correct and incorrect methods of concrete placement using
conveyor belts and chutes. Proper procedures must be used if separation at

the ends of conveyors and chutes is to be controlled. 288-D--854.
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(c) Chutes.--This equipment, as ordinarily Used, is one of the most
unsatisfactory devices for transporting concrete. Use of chutes is not pro-
hibited on Bureau work, but the operations must be so controlled that
segregation and objectionable loss of slump will be avoided. To meet these
conditions, the following requirements must be fulfilled:

(1) The chute must be on a slope sufficiently steep to handle con-
crete of the least slump that can be worked and vibrated and must be
supported so the slope will be constant for varying loads.

(2) If more than a few feet long, the chute must be protected from
wind and sun to prevent slump loss.

(3) Effective end control that will produce a vertical drop and
prevent separation of the ingredients must be provided, preferably
in the form of two sections of metal drop chutes. (See figs. 114 and
132.) This end control is of primary importance as segregation re-
sults not from the length or slope of the chute but from the lack of
such control.

(d) Belt Conveyors.--There is no objection to the use of belt con-
veyors if segregation and objectionable slump losses are prevented and
there is no loss of mortar on the return belt. Slump loss is largely pre-
ventable by protecting the belt from the sun and wind. Segregation, which
may occur chiefly at transfer points and at the end of the conveyor, can
be avoided by use of a suitable hopper and drop chutes. (See figs. 114 and
132.)

Several types of high-speed commercial belt conveyors are available.
One type, manufactured in several lengths, has the maximum handling
capability of about 150 cubic yards of concrete per hour. Although actual
placing rates will vary from 50 to 130 cubic yards per hour depending on
the type of placement, specially designed equipment at the transfer points
eliminates segregation. The end section is usually equipped with a tele-
scopic cantilevered swing section which facilitates easy positioning of the
discharge.

(e) Pneumatic Methods.--Pneumatic methods are commonly used for
placing concrete in tunnel linings, often with good results. However,
pneumatic methods have certain disadvantages. In most instances, the
end of the discharge line (slick line) should be buried in the fresh concrete
in the tunnel arch; otherwise, separation of coarse aggregate results from
the impact of the violently discharged concrete. There have been instances
where thin concrete linings were placed in machine-bored tunnels in which
complete filling of the arch could not be obtained with the slick line buried.
In order to obtain complete filling, the slick line was placed about 2 to 5
feet from the face of the fresh concrete.

Separation is most pronounced at the beginning of concrete placement
in bulkhead sections, and it is especially objectionable if the concrete is
to be molded around waterstops at the bulkheaded joints. Specifications,
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therefore, require that equipment used in placing tunnel concrete, and the
method of operation, will permit introduction of the concrete into forms
without high-velocity discharge and resultant separation. Some air guns
have been operated in compliance with this requirement, but constant and
firm inspection is required to ensure compliance until the end of the dis-
charge pipe is covered with concrete in the arch. Where an air gun is used
without velocity control, difficulty with separation at the start of place-
ment can be reduced by using richer concrete with smaller aggregate and
allowing ample time for proper vibration of the concrete in the forms,
particularly until a slope is established that may then be advanced as in
the continuous method.

A further objection to the pneumatic method is the loss of slump which
occurs in the shooting process. Slump losses as great as 3t/• inches be-
tween mixer and forms have been observed, and a loss of 2 to 3 inches is
not uncommon. This means that if the mixed concrete requires addition
of water to offset loss in slump between the mixer and the forms, the
cement content needs increasing as much as one-tenth of a barrel per
cubic yard to obtain the required water-cement ratio. In addition to the
cost of extra cement, there is the disadvantage of increased water content
causing greater drying shrinkage and rendering the concrete less resistant
to freezing and thawing. (See figs. 1 and 17.)

Bureau specifications permit placement of concrete in the sidewalls and
arches of tunnels by pneumatic equipment. Its use in placing tunnel in- -
verts is also permitted with the limitation that the discharge from the
placer line must be controlled so that segregation will not occur with
high velocities. With slight modifications, whatever equipment is used to
charge an air gun can place the concrete directly in the invert. In making
such direct placement, separation should be avoided by dropping the con-
crete through one or two sections of vertical downpipe at the end of the
chute or belt.

(f) Pumping.--One of the most satisfactory methods of transporting
concrete where space is limited, as in tunnels, on bridge decks, and in
some powerhouses and buildings, is by pumping through steel pipelines.
(See fig. 133.) The normal effective pumping range will vary from 300 to
1,000 feet horizontally or 100 to 300 feet vertically. There have been
isolated cases in which concrete has been pumped horizontally in excess
of 2,000 feet and vertically 500 feet. Curves, lifts, and harsh concrete
materially reduce the maximum pumping distance. A 90 ° bend, for ex-
ample, is equivalent to about 40 feet of straight horizontal line, and each
8 feet of line is equivalent to 1 foot of head.

There have been reported difficulties with the use of extensive lengths
of aluminum pipe for pumplines. The difficulty is caused by abrasion of
metallic aluminum from the pipe and its subsequent reaction with lime
being released during the hydration of cement, producing hydrogen gas.
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Figure 133.-Pumpcrete equipment used in placing concrete for gate chamber 
in Sugar Loaf Dam, Fryingpan-Arkansas project, Colorado. P382-706-5404. 

The gas causes expansion of the concrete, and the resulting voids reduce 
the concrete strength exccssively. The Bureau does not now permit the 
use of aluminum pipes for pumplines. 

Although some manufacturers rate their largest pumping equipment as 
capable of handling concrete containing aggregate as large as 3 inches, 
Bureau experience indicates that operating difficulties will be materially 
lessened if the maximum size of aggregate pumped through such equip- 
ment is limited to 2% inches. The maximum size of well-rounded aggre- 
gate should not exceed 40 percent of the pipe diameter. Frequently, how- 
ever, such ideally shaped aggregates are not available but contain 
considerable amounts of flat and elongated shapes. Thus for a 295-inch- 
maximum size aggregate it may bc advisable to use an 8-inch-diameter 
pumpline. In  some instances, depending on the thickness of the lining, 
quantities involved, strength desired, and spacing of reinforcement steel, 
use of aggregate larger than 1 !h-inch-maximum size is not advisable. 
Normal rated pump capacitics rangc from 10 to 90 cubic yards per hour. 
Specifications limit the slump of concrete for tunnel arch lining to a max- 
imum of 4 inches (table 13, chap. H I ) ,  and a pump will normally make 
good progress with concrete having a slump of 3 to 4 inches. 
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It  should bc notcd that acccptablc pcrformancc will bc obtained only 
with pumps in good rncchanical condition and with valvcs in propcr ad- 
justment. Whcn operating difficulties arisc with good workable mixes, 
rncchanical fcaturcs of thc pump arc usually at fault and should be cor- 
rected bcforc changcs in cithcr mix or  slump arc considcrcd. Howcver, 
particularly for succcssful dclivcry through long lincs, it should bc notcd 
that air-entrained concrctc may require somewhat rnorc sand and perhaps 
an inch greatcr slump than would likely be necessary without air cntrain- 
ment. Thcsc arc rcquircd to offsct reduction in workability as a result of 
compression of thc entrained air while thc concrctc is moving in the pipc- 
line. For short lincs, as usccl in most tunnel lining opcrations, cxtra sand 
and watcr arc not as likcly to be rcquircd for succcssful operation and 
should not be used unlcss ncccssary. 

Concrete as discharged from pumplines is gcnerally free from segre- 
gation; in fact, concrctc that scgrcgates badly cannot be handled satisfac- 
torily by pumping. Bcat pcrfor~nancc rcquircs usc of a standard accessory 
agitator in the pump feed hopper. (Scc fig. 134.) It should also be kept 
in mind that inflcxibility of thc systcm and amount of concretc in a long 

Figure 134.-Equipment and method used for pumping concrete into spillway 
tunnel at Trinity Dam, Central Valley project, California. TL5008-CV. 
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line seriously hamper quick adjustments necessary for good control. Be-
cause of difficulty resetting the heavy delivery lines, there is a tendency
toward pumping too much concrete into the forms at one delivery point
and making it flow in the forms to such an extent that noticeable segre-
gation occurs. The result is a serious lack of coarse aggregate in concrete
that has flowed a considerable distance. This condition may be avoided
by pumping concrete into a centrally located hopper, from which it is
transported in buggies to points where it can be deposited and vibrated
without excessive flow.

A constant supply of fresh, plastic, unseparated concrete of medium
consistency is essential for satisfactory operation of the pump. A plugged
pumpline not only involves delay in pumping operations but will result
in additional loss of time, extra expense, and detriment to the work if
placing operations are suspended long enough to cause cold joints. Plugged
lines are usually occasioned by segregated, harsh, or lean concrete; by too
dry or too wet a consistency; or by interruptions caused by improper or
inadequate servicing. In starting a pumping operation, the concrete should
be preceded by mortar consisting of the regular concrete with the coarse
aggregate omitted. About 1 cubic yard of mortar is sufficient to lubricate
1,000 linear feet of pipe irrespective of size. Thereafter, lubrication will
be maintained as long as pumping continues. To minimize friction and
plugging of the pipe, pumplines should be as straight as the work will per-
mit. Flexible rubber pipe sections directly connected to the pump, espe-
cially if curved, are often the cause of pumping difficulties. Standard 5-foot
radius bends of 111,4 o, 22½ o, 45 ° and 90 ° are available. When discon-
necting an inclined pipeline for cleanout, a suitable pin-type valve at the
lower end will provide control of the outflow of the concrete.

Compressed-air boosters attached near the end of the pumpline in tun,
nel lining operations have been used to permit injection of intermittent
shots of air when filling the arch. The air clears the end of the pipe, makes
pumping easier, and aids materially in thrusting the concrete laterally into
the shoulders of large tunnel arches. Compressed air should be used only
when the discharge end of the line is well buried in concrete, and the
amount of air used should be held to a minimum to keep down slump loss.

Care must be taken to prevent leakage of water into the concrete from
the pump water jackets through which a stream of water is passed to keep
the cylinder and piston clear of mortar. Leakage occurs when the rubber
seal on the piston becomes worn (after pumping about 1,000 cubic yards
of concrete) and may be detected by an increase in amount and discolora-
tion of the stream as it leaves the bleeder pipe under the cylinder. An
increase in the slump of the concrete between entrance to the pump and
discharge from the pipeline, or free water found in the end of the operat-
ing cylinder when the pipe is detached for cleaning, is also evidence of
leakage around the rubber seal. When the cylinder liner and piston are
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so badly worn as to need replacement or repair, renewal of the seal will
seldom stop the leakage. Replacement of these parts is usually necessary
after pumping 4,000 to 7,000 cubic yards of concrete. Leakage will rarely
be serious if the equipment is properly maintained and if the water fed
through the water jackets is not under pressure. This water should flow
by gravity from a tank mounted above the pump, and not more than a few
gallons per hour should be required.

If water is used behind a go-devil to clean concrete from the pipe at
the end of a run, progress should be followed by tapping the pipe and
stopping just short of spilling into the forms. When pumping is resumed,
the pump may be relieved of considerable shock and strain if a foot of the
pipe ahead of the go-devil is filled with wadded burlap or excelsior. When
the line is several hundred feet long, two go-devils should be used in
tandem, each preceded by the shock-absorbing material.

Lightweight concrete is being increasingly used for roof decks and other
structural members. Concrete made with lightweight aggregates can be
readily pumped with proper precautions. Water loss from the mortar paste
through absorption by the aggregate significantly impairs the fluidity dur-
ing pumping. This may be corrected to some extent by presoaking the fine
and coarse aggregate for 2 or 3 days; however, the soaking time can be
determined by trial. Following this, additional time should be allowed
for draining. Under atmospheric conditions some lightweight aggregates
will absorb only a small percentage of their total absorption capacities.
Under pressure during pumping, more water is forced into the aggregate
as the remaining air in the voids is compressed.

Lightweight concrete has been pumped successfully for many years in
large lines 6 to 8 inches in diameter. It becomes difficult to pump such
concrete with small- to medium-size pumps that use lines less than 5
inches in diameter.

Vacuum saturation of coarse aggregate has reduced the problem of
using small pumplines to a minimum. Saturation by this method can be
accomplished in 30 to 45 minutes. Early freezing and thawing tests of
concrete made with vacuum-saturated aggregate indicate a low resistance;
however, if the lightweight concrete is allowed to dry properly for several
weeks, resistance to freezing and thawing is greatly increased.

Another method of presoaking lightweight aggregate is by thermal
saturation. In this method, the heated aggregates are immersed in water.
To avoid damage to aggregates from thermal shock, the optimum com-
bination of aggregates .and water temperatures should be determined by
saturation. Moisture absorption by this method is equivalent to that ob-
tained by dry-vacuum processing.

The optimum slump range for pumping lightweight concrete is from 2
to 5 inches. In concrete mixes of high slump, the aggregate will separate
from the mortar and may plug the pumpline. Also, overly wet mixes have
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excessive bleeding and volume change characteristics. It is much more
important to obtain a truly plastic mix by proper proportioning of materials
than to try overcoming deficiencies by adding more water. Mix design
and physical properties of lightweight concrete are discussed in sections
140, 141, 142, and 143.

C. Placing

103. The MortarLayer.--Whenconcrete is to be placed on and
bonded to rock foundations, a mortar or grout layer should be scrubbed
into the joint surface only when the rock surface is horizontal or nearly
so and the surfaces are porous or absorptive. Mortar layers are not
practicable or used on rock surfaces in tunnels, as any spaces behind the
rock are subsequently grouted. The rock surfaces should be surface dry
and free of standing water when the mortar coat is applied. The mortar
should be of the same proportions as those in the concrete with coarse
aggregate omitted, and should include the same quantity of air-entraining
agent. The mortar should be soft enough to be readily spread on the
joint surface at a thickness of approximately three-eighths of an inch.
This soft consistency is usually possible well within the specified limitation
for water-cement ratio. Overwet mortar tends to segregate and to flow
into lower elevations. The mortar coat should be broomed thoroughly into
the joint surfaces wherever possible. On inaccessible joints in structural
concrete, care must be taken to assure distribution of mortar onto the
entire joint. Air jets have been used to spread mortar in such places,
and the air-suction gun shown in figure 124 has been found effective
for this purpose.

Treatment of construction joints prior to placing new concrete is
described in detail in section 95. Watertightness between the new and
the old concrete can be obtained only by complete contact and bond
throughout the joint surface. Under ideal conditions, with a well-cleaned
joint surface and with thorough vibration of new concrete throughout the
area of contact, a mortar coat would not be needed. However, to ensure
watertightness of such construction joints in thin structural walls, mortar
coating is specified. On the other hand, in mass concrete structures it
has been demonstrated that effective bond can be obtained on horizontal
construction joints with good cleanup and a dry surface without a layer
of mortar.

104. General Discussion of Concrete Plaeement.--Properly
placed concrete is free of segregation, and the mortar is intimately in
contact with coarse aggregate, reinforcement, and other embedded parts.
If any one detail of the placing inspector's many duties deserves special
emphasis, it is that of guarding against objectionable segregation during
concrete placement.

The basic reason for segregation is the nonhomogeneous character of
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CORRECT

Start placing at bottom of
slope so that compaction
is increased by weight of
newly added concrete as
vibration consolidates.

Y
INCORRECT

To begin placing at top Of
slope. Upper concrete tends
to pull apart, especially
when vibrated below, as vibra-
tion starts flow and removes
support from concrete above.

WHEN CONCRETE MUST BE PLACED IN
A SLOPING LIFT

:. :'. "-::.....i..'.......
i:.o...,:•'.,•'''. ,Q,- "•-o•.o;.:o 1

CORRECT

Vertical penetration of
vibrator a few inches into
previous lift (which should
not yet be rigid) at system-
atic regular intervals found
to give adequate consolida-
tion.

INCORRECT

Haphazard random penetra-
tion of the vibrator at all
angles and spacings without
sufficient depth to assure
monolithic combination of
the two layers.

SYSTEMATIC VIBRATION OF EACH NEW LIFT

b "o !iooo ,-I.

CORRECT

Shovel rocks from rock
pocket onto a softer,
amply sanded area and
tramp or vibrate.

I "°fQ

INCORRECT

Attempting to correct rock
pocket by shoveling mortar
and soft concrete on it.

TREATMENT OF ROCK POCKET WHEN PLACING
CONCRETE

Figure 136.•orrect and incorrectmethods of vibratingand workingconcrete.
Use of propermethodsensuresthoroughconsolidation.288-D-856.



CHAPTER Vk--HANDLING, PLACING, FINISHING, AND CURING 295

the product, an aggregation of materials widely different in particle size
and specific gravity. As a consequence, from the time concrete leaves
the mixer there are internal and external forces acting to separate the
dissimilar constituents. If there is lateral movement, as in dumping at
an angle or depositing continuously at one point and allowing the concrete
to flow, the coarse aggregate and mortar tend to separate; or if the
concrete is confined laterally, as in a container or in restricting forms,
there is a tendency for the coarser and heavier particles to settle and
for the finer and lighter materials, especially water, to rise. Separation
of coarse aggregate from the mortar may be minimized by avoiding or
controlling the lateral movement of concrete during handling and placing
operations, as illustrated schematically in figures 114, 132, 135, and 136.
Bureau specifications require that concrete be deposited as nearly as

practicable in its final position to preclude use of placing methods that
would allow or cause the concrete to flow in the forms. These methods
result in concentration of less durable mortar in ends of walls and comers,
where durability is most important, and encourage use of a mix that is
wetter than necessary for adequately vibrated concrete.
Bureau specifications also provide that concrete be placed in horizontal

layers (except in linings of small-diameter tunnels where such procedure
is impracticable). Each layer should be soft when a new layer is placed
upon it. This requirement may determine the depths of the layers.
Practicable depths of layers for mass concrete are 15 to 24 inches and
for structural concrete 12 to 20 inches. Precautions should be taken to
avoid entrapment of air within partially enclosed spaces to be filled.

Hoppers and drop chutes may or may not be required for placement
in walls. When the placement can be completed before mortar dries on
forms and reinforcement, drop chutes will not be needed for preventing
encrustations. If the concrete can be placed directly from a crane bucket
moving along the top of the forms as it drops the concrete vertically
between curtains of reinforcement, separation will be less than if the
concrete is put through a hopper and drop chute, and placement will
be faster. Any method is acceptable if it places the concrete close to
its final position without objectionable separation of coarse aggregate.
Scattered individual pieces of aggregate should give no concern because
they will be readily embedded as more concrete is placed and vibrated.
As long as groups and clusters of separated aggregate are not produced,
unconfined fall should be permitted and the height of fall should not
be limited. Methods producing objectionable and excessive separation as
herein described should be prohibited at any point from the mixer to
final placement.

Hoppers for drop chutes should have throat openings of sufficient area
to readily pass concrete of the lowest slump that "it is practicable to work
and vibrate. If drop chutes are discharged directly through form ports,
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considerable separation results, and rock pockets and honeycomb will 
probably be formed. Provision of an outside pocket below each port (fig. 
135) will check the fall of the concrete and permit it to flow into the form 
with a minimum of separation. 

In placing concrete at  surfaces of construction joints where adequate 
vibration is impracticable, the concrete should be worked by hand floating 
or  other effective means to ensure thorough compaction of concrcte at thc 
surfaces of joints. Such hand working may be necessary at  joints in thin, 
heavily reinforced walls, particularly where the joint is sloping, and in 
stub walls where the base of the wall is not totally confined. 

When slabs and beams and the supporting walls and columns arc cast 
monolithically, the concrete in the top 2 or  3 feet of walls and columns 
should be of the lowest slump that can be vibrated adequately and should 
be fully consolidated at the surface. Before placing concrcte in the top 
fillets, slabs, and beams, the concrete in walls and columns should be al- 
lowed to settle as long as possible without allowing it to become so hard 
that a running vibrator will not penetrate it of its own weight. This will be 
1 to 3 hours o r  more, depending on  temperature and other conditions. 
During this time, care should be taken to keep the concrete surfaces clean 
and free of loose or foreign material. Such material is often blown or swept 
off the slab forms into thc walls. Except where the amount is excessive or  

Figure 137.-A chute lining that failed because of almost complete lack of 
consolidation except at the surface. Most of the reinforcement steel was 
found to be in a useless location at the bottom of the slab. PX-P20776. 
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J•.contaminated with dirt and other debris, it is generally permissible to
ignore green concrete droppings as they will be absorbed into the fresh
concrete placed on them. After placing the fillet, beam, and slab concrete,
the vibrator should penetrate and revibrate the concrete in the tops of
walls and columns.

When placing an unformed slab on a slope by hand methods, there is a
tendency to place the concrete at the full slab thickness, using a stiff mix
that will not slough. Drill cores have shown that the placement of such
low-slump concrete without thorough vibration usually results in consid-
erable honeycomb on the underside, especially when the slab is reinforced.
Figure 137 shows chute lining that was badly honeycombed because the
concrete was too dry when placed and was poorly consolidated. To avoid
such results, the consistency for this purpose should not be stiffer than a
2V2-inch slump. Concrete with this consistency will barely stay on the
slope, but it should not be drier. After spreading, concrete should be thor-
oughly and systematically vibrated, preferably just ahead of a weighted,
unvibrated, steel-faced slip-form screed working up the slope, as shown
in figure 146. During vibration, surface concrete will move downward on
the slope, and the excess should be returned to where it is needed. Slabs
placed in this way with concrete of medium slump will be free of voids and
rock pockets. Placing, vibrating, screeding, and strokes of finishing opera-
tions should proceed in an upward direction on the slope.

Effective control of concrete placing operations makes possible the use
of economical concrete mixes. The most economical concrete is that which
contains the least amount of water and cement compatible with sufficient
workability and adequate quality. Highest quality is associated with low-
est water-cement ratio, but this should be attained as a result of low water
content and not as a result of high cement content. With the cement con-
tent held at a normal amount, the lowest water-cement ratio can be at-
tained only by designing the mix to include: (1) least slump practicable,
(2) largest maximum size of aggregate usable, (3) lowest percentage of
sand consistent with good workability, (4) entrainment of air in the proper
amount, and (5) use of water-reducing, set-controlling agents. Good judg-
ment must be used in selection of the criteria expressed in (1), (2), and
(3). Workability is a very important consideration and should not be
sacrificed in striving for economy and quality in mix design. Unless the
concrete can be readily handled with proper equipment, any savings in
materials costs are quickly dissipated.

A reasonable and practical judgment of how low the slump should be
will not be influenced by such criteria as the ability of the concrete to flow
out of a certain bucket, down a certain chute, or through the gate of a
certain hopper. If slump is sufficient to enable good consolidation in the
forms by ample vibration, it is the responsibility of the contractor to pro-
vide handling and placing equipment that will put such concrete into the
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forms ready for vibrator action. In fact, specifications prohibit the con-
tractor from using buckets, chutes, hoppers, or other equipment that will
not readily handle and place concrete of lower slump.

The contractor is also required to handle and place concrete containing
aggregate of rhaximum practicable size, within the specified size range.
Since all oversanded mixes are workable, it will not be certain that the
mix is not oversanded until successive reductions in sand content have
been made and the percentage of sand determined that represents the bor-
derline at which there is a definite hazard to workability and workman-
ship. With the restoration of 1 or 2 percent of sand for a margin of work-
ability, the proper mix will have been established. The advisability of
changing the maximum size of aggregate or amount of sand for parts of
a concrete placement having different dimensions, reinforcement, or ac-
cessibility must be determined on thej0h. It is generally feasible to reduce
slump for the more accessible portions of the work. This is especially true
of wall a•ld column placements, where the slump should be reduced as the
level of concrete rises (see fig. 135), to offset water gain that would weaken
the upper portion of the concrete and make it less durable.

An inspection of existing structures discloses the fact that weathering
and disintegration of concrete are most severe at the tops of walls, piers,
and parapets, and in curbs, sills, ledges, copings, exposed corners, and
those portions in intermittent contact with water or spray during freezing
weather. All available means of improving the durability of such concrete
should be employed during construction, including those in the following
list. Where these measures should be followed in part of a placement and
it is not practicable to make the indicated changes during the placing
operation, items 1, 3, and 4 should be observed from start to finish, and
the slump (item 2) should be made as low as practicable at all stages of
the work.

(1) Use the maximum allowable amount of entrained air in criti-
cally exposed portions of the work (see sec. 20 (b)); the resulting
small loss of strength is relatively unimportant.

(2) Lower the slump to the minimum that can be vibrated well
in critically exposed portions, usually readily accessible. At this low
slump, which rarely will need to be more than 1 inch, the usual
amount of air-entraining agent must be increased to obtain the re-
quired percentage air entrainment.

(3) Reduce the water-cement ratio to 0.45_+0.02 by weight. Ad-
ditional cement required should be substituted for sand in the regular
mix. There should be no increase in the unit water content. Essen-
tially, these changes will result in a new mix having close to 5 or 6
percent air, a 1-inch slump, and a water-cement ratio of 0.45, for
the critically exposed parts of the work.

(4) In placing concrete in walls, curbs, and slabs, work from cot-
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• ners" and ends of the forms toward the center, ratherthan toward
the corners and ends, thus avoiding accumulation of mortar and
wetter concrete in those parts of structures where exposure is most
severe.

(5) Exposed unformed surfaces should be sloped to provide quick,
positive drainage and to avoid puddles in low spots.

(6) Outdoor unformed surfaces should be finished with only a
minimum of wood floating.

(7) The concrete should receive thorough curing beginning with
water as soon as it (formed or unformed) has hardened, and the sur-
face should be kept continuously wet for the specified 14 or 21 days
(see sec. 124) or until it can be thoroughly sealed with approved pig-
mented sealing compound (see sec. 125). The concrete should be kept
saturated with water during the time the forms are in place. Forms
are not a substitute for curing, particularly in the summertime.

(8) Where it is probable, after the structure is in service, that
seepage will come in contact with or flow over the concrete, perma-
nent drainage should be established, preferably by back-filli'ag with
gravel over a suitable installation of drains.

Note that items 1, 2, 3, 4, 7, and 8 are also important factors (along
with the use of type V sulfate-resisting cement) in improving the resistance
of concrete to corrosion and disintegration by aggressive sulfate waters.

The engineer in charge of concrete placement is at times confronted
with the problem of deciding whether concreting may be continued during
precipitation in the form of rain, hail, sleet, or snow and if continued,
what precautions are necessary. As a quick decision must be madc,
trouble may be forestalled by thoughtful planning based on job conditions
and current weather reports. A reasonable supply of protective covering
should be available for immediate use. If periodic or sustained precipita-
tion is imminent, the scale and arrangement of operations should be so
devised as to facilitate protection of the work. The greatest difficulty in
placing mass concrete while precipitation is occurring is the problem of
maintaining the surface of the previous lift in a surface-dry condition.
Covering with polyethylene sheets and drying with compressed air as the
first layer is completed across the block may be a solution. However, this
process would need to be continued until the entire block is covered with
a first layer of plastic concrete. Because of the variety of job conditions,
a comprehensive, definite procedure for concreting in inclement weather
cannot be included in this manual. It may be said, however, that work
should be discontinued when the precipitation is so severe that it is in-
feasible to prevent water from collecting in pools or washing the surface
of the fresh concrete.

Dust storms in semiarid regions occur without warning and may seri-
ously impair the quality of finished surfaces of unformed concrete. Usu-



300 CONCRETE MANUAL

ally, concrete may be placed in forms of a limited exposed area during a
dust storm without serious damage,but fine dust settling on more exposed
work rapidly adulterates the surface concrete and makes a proper finish
virtually impossible. Under such conditions; work should be promptly
discontinued.

Concrete placing should be continued without avoidable interruptions
until the placement is completed or until satisfactory construction joints
can be made. Concrete should not be deposited faster than the vibrator
crew can properly consolidate it; however, the faster it can be placed
without damage to the forms and with ample vibration, the better are the
results generally obtained. In placing thin members and columns the rise
of the concrete should not be so rapid as to result in movement or failure
of the forms. Where concrete production facilities are adequate and it is
otherwise practicable, it is desirable to place concrete to full height in one
lift and thus avoid construction joints and cleanup problems. As long as
the rise in the forms does not exceed about 5 feet an hour in warm weather
and 3 feet an hour in cold weather, concrete hardens at a sufficient rate
to permit placement to any height in forms without creating excessive
fluid pressures.

105. Mass Conerete.--The small amount of mortar in mass concrete
is the source of many of its special advantages for massive work. These
are mainly lower cost and lower generation of heat and temperature rise
gained from lower cement content. The corresponding lower water con-
tent reduces shrinkage on drying and improves durability. However, to
obtain the full measure of these benefits, it is necessary to keep sand con-
tent at a minimum. The percentage of sand required is surprisingly low,
especially with entrained air. Tests should be made to determine whether
the practicable minimum percent of sand is being used by observing when
further decreaseproduces concrete that cannot be worked satisfactorily.

The practicality of maintaining low sand content depends largely on the
uniformity with which the concrete can be produced, handled, and placed.
Factors that contribute toward this end are (1) finish screening at the
batching plant, (2) drainage of sand for 72 hours to provide uniform
moisture content, (3) effective and well-designed rock ladders, (4) self-
cleaning bins, (5) accurate batching, (6) good mixing, (7) handling with-
out appreciable separation or slump loss, and (8) strong, effective vibra-
tion. With these requirements satisfied, only narrow margins in sand and
mortar content are needed to offset variations in workability.

A construction procedure used to increase durability of large concrete
dams in localities where freezing occurs is the placement of a somewhat
richer concrete (higher in cement content) in the upstream and down-
stream faces of the dam than in the interior. Where this procedure has
been used on several Bureau dams, the extra cement content, as com-
pared to that of the concrete in the interior of the dam, ranged from
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0.8 to 1.5 cwt per cubic yard, and the thickness of the concrete facing
ranged from 4 to 12 feet. The thickness obtained is usually a matter of
construction expediency influenced by the placing and dispatching facil-
ities, the size of buckets used, and whether the buckets can dump a part
of a batch. Although thicker facings are easier to place, any savings in
placement cost tend to be offset by the cost of extra cement required. In
general, it is more satisfactory to keep the thickness of face concrete to a
practicable minimum because the lower cement content will foster better
temperature control. For instance, a 2-foot facing has been regarded as
ample to provide protection against freezing. However, because of batter
of the upstream and downstream forms, it is often impossible to hold the
exterior concrete to a 10-foot thickness.
Current Bureau practice for mass concrete dams requires the contractor

to place the con6rete in 71/2-foot lifts. The layers generally do not exceed
18 inches; thus, five would be necessary for each lift. For concrete place-
ments other than mass concrete, layers of 20 inches are suitable. These
criteria permit satisfactory penetration of vibrators. Good construction
practice requires that the layers be placed without cold joints. The deeper
layers require extremely careful and thorough vibration. It is generally
required that the exposed area of mass concrete be maintained at a
practicable minimum by first building up the concrete in successive, ap-
proximately horizontal layers to the full width of the block and to the full
height of the lift over a restricted area at the downstream end of the block
and then continuing upstream in similar progressive stages to the full
area of the block. (See fig. 138.) The minimum elapsed time between
placing operations on successive lifts in any one block is usually specified
as 72 hours.

The manner of discharge of concrete-placing buckets is extremely im-
portant. The concrete should fall vertically and should be discharged fast
enough so that a cohesive, bulging, and growing mass is formed without
significant separation as the concrete is discharged. If the discharge is not
vertical or is too slow and the bucket too low, low-slump mass concrete
will stack slowly in a cone and large coarse aggregate and cobbles will
separate and cluster at the toe of its slopes. When this occurs, rock pockets
are almost a certainty, particularly where reinforcement has been placed.

As mass concrete is placed with a relatively dry consistency of 1- to
2-inch slump, it is important that it be adequately and thoroughly vibrated
into place. Figures 139 and 140 show an 8-cubic-yard batch of concrete
immediately after depositing and after proper consolidation, respectively.

Mass concrete should be so vibrated that there will be no doubt as to
its thorough consolidation, batch by batch, as it is placed. Care should
be taken to vibrate and consolidate concrete in the area where a newly
placed layer of concrete joins previously placed concrete. Usually, it is
customary to revibrate the concrete against the forms around the peal-
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mel:e:r o,f each block,, and as a result, few rock pockets are: found when
•he f,orms are removed. However, the absence .o,f rock: pockets on the face:
is. not proof that fu•l consolidladcm is obtained within the:: blo.ck:. ThS:s. can
be dlete:rmined orul3., by watchful irls;F,.ectior• as, the c:c,,ncrete i!s. p]aced andl
vibrated and by es[ablisl',irJg proc:edures for vibration tt'J, at wil]l eliiminate
the pos.sibillity of mcc, n@le:te: co.ns.olidladon.

E• constructi,on of some E.u=opea:m dar•ls, pllac:Jin•g re, ass c:o,nc:r'ete: d:itl•e:rs.
from methods used by the: Bureau in ChaU. gang vibrators moun¢ed! o.n a
bulIdlo, zer blade are usled for' vlibl:"•stion. The: blade ]:cvels andl s.pr'eads the:

co, ncrete as durnpcd in the pille, llrJ •:hJls mefl'rod., no-•,,ltmlp concrete is: use:d,,
and Iche co, ncrete is; p]lac::ed in h:srizc, n•:al ]:•yers coverJing the entire: b]!ock
instead c,,f being placed iin s•eps. Areas adjoiniing embedded ma/eriia]:s are:
not ame:nabk: •.c,, this. type: of vibradcm and vdlll! require special ccms.o]lida-
tion widT: manual '•,ibrators.

F'iigure•. ]L38.•S.t:e•p me•t:h•odl of pllla•cern•ent a,s used M:: IVIIo.r•t:iicellio Dalrn•, Sollano
p.rojec:t,.Caliiforniia,.S0-.lC]138--.R2:.
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F'iigure l$9,,,--Eiight c:ubiic ya, rds o,f concrete immedia•te•lly after being deposited.
P'X:-D--,25,2 54,.,

P',,:vti(•,ts•s tl•t•. >:.,m:nelJimc>; :re:iv be SL'.l>:.i3cc:tc:d o[' bc!ing poor]3' co.n,s..o, lidate:d
•1IC I]:]C IL!l;It'•"r•i:I'LJ Cdg::L.:S, ,oli R l:lc' batc]:qc,; •ls dcic,,osi•cdi. Oc:casiiomJly these
c:d!gc:.a arc ]cl'¢ ur•vibrm0d u•llil c•:,n.c:::•el:e is p.laced agai.ns.t d:icm during the

m.'xl• :td'vancc: iitli tl!:ic p,I{Hc]il:I 5 ,;.•,t',C:il Llli;(}rl,<;. (){'te•] iS]!,' th141L l[]iT].e: l[}lle unvibrated
c•m•crclc •t thc. oLlgc:s b.co:;m•:c:>. {o.o. hL•rd b::• cc, n, soll]:date prc, perI'.y .o,r' there is.
b•L::14 ,;*f :<•stcm;il.ic ,,J{-:,rali•:,[:i tli•,¢ is rcqui{•c:d to alsst:i•e thoroug]l conso]ida-
ti,c,]i• :•v fl-uc j;cuncti,:,r,, Is,,c:t,,s'c<:.•q, II•GL! [2,LLtcl'I.<.?S. 1{ iis b.c>.• lo vibr'me fully a]] parts
o ir c; i c h Ib,LZC:l< ell h,I w tel.c: rJ, i e {i >:. dh+ m p <:.8, 5. I op,]i n,g dJ, e fl: rv,+' ard c d!ge abo, u t 4

t,,• 1. {•r J]:,t,c., +•>; ,lcccs.>.su•,,. t,,) a•void :lh>v .o•, thc slope:s ,mdl c,.ve•'runrJ, ing
,,:,1:' :l,c,',h. cll' s]k-:,pc,,:..

Dc[;0.'.•. i:l• r:,h•ccmvrJ.t m:u', occul "•.]fic]:• resu:l[ i,• c<•]ld ],a, ists vvklsm a lJift.
hcn /Pll:•cc mc nl Ji•; r.cs nrlcd wh itc' th, c c< m crete i•>;. s;o green ( alsdl the:zelfore

CZlp,3/':,]!C ,:,.5 I.L'II,Lt"• ]><!,I1,Jilaig ], tlll:•t !il c:m r'c•di]lv h,c dug: ,:mr ',,•'itt'• a hand
p Ji c' k I 1, •: L] •, •l:•: I C ,: *]-, S,t z u C t i ,: •, n { • :, i rl 1 t ]'C •mt 1• :i C r, l IJ}•,' i:l • n, ot 7:,, c z ,c! q u Ji r c d i [ ( 1 ), t h e

arc ]+,0],1 ]:nc,.]st ;u:ld: ,I; 2 :• the c',Lmczete ph•ccd •:LO:.::jns{ file suizface:s
i:• lh,oli,;,i,gMy :lnd <>'s.tcm:lticallll]>' vi=tn,<,tcd o.ver lhc: emi.re arc:,• ad]jg•c:en, t to
the .,:•]ld,:• .c<,,•<::rvlc. Wl:w'•n Ilhc de:l<>, is @u:•.r• ergo.ugh to pc•"miit pc:ne:tral:ion
,of lhc: v]i•,•*l,•,r {in[•:, ¢le I,:,wc'z ]a}•'r cllu:•ir•g rouifinc x, iibrati,sm c,.f suc:cessJve:
l;i}.,c:z:<;. 1t1<:. \ ib]:sdli(:,.lq• 'w'i:/I :•,ssure ,ho,•,:mgh cc, ns,::sliidatiotq•.

Bcll'c,,r.c: ih.0: ¢•t7" s.ul:facc •:,• cu.ch :lilt sets, it should be:: gorJc: over by a
Fl•a*-• ',vc4rilr].•:: •.',()(),LIIL"FJ SI]IC!,•'..S]I<!,CS (Jl]g. 12<}) wh!ich, tend [o pre,vent foot-
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1(]1,6,i lulnnel l•iiniin•{,i--(a) •)t'ei[l•:•]'r•'•{tl,it.:ll•;! ' /F•l,r LZ•II'I•;III•II--TI}•I•t rCC,lu]rcmc!nt s
IF•l,r •)[el • ;[ I r • ]: :l • & } lum::lc] for ]:]ininf: dlc]pcl:-•d c,•) Chc p[lITlios;c: iof thc ]linilr•:,
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whether it is for (1) support of the opening, (2) creating smooth condi-
tions for flow of water, (3) sealing off inflow of water, or (4) containing
flow under pressure. Usually, the lining serves more than one purpose and
it is desirable that all timber not essential for support be removed so that
the completed lining will be, to the greatest practicable extent, a mass of
solid, continuous concrete in close contact with surrounding rock. Back-
fill radial grouting fills the voids and achieves the complete contact. Such
constructioh gives best assurance of adequate strength, firm contact with
surfaces of the material in which the tunnel is excavated, minimum leak-
age, minimum requirement for grouting, and maximum service. The prac-
tice of using shotcrete in lieu of steel sets for tunnel support is now
accepted. In some tunnels, this support will also serve as a lining. This
subject is discussed in detail in sections 173 through 180 of this manual.
When every precaution must be taken to avoid flow or seepage of water
along the junction between the lining and the rock, the bond to the rock
should be enhanced by washing the latter with water jets so as to remove
rock dust or mud.

The inverts of tunnels in canal systems (except pressure tunnels) are
usually prepared for lining by removing all loose material between side-
wall bases including rock protruding inside the "B" line. (The "B" fine,
indicated in specifications drawings, is the outside neat limit to which pay-
ment for excavation and placing of concrete will be made.) Any steel sup-
port ribs and sets which have been displaced inside the "B" line must
also be reset to line and grade, and all loose material must be removed
to clean undisturbed surfaces under the sidewalls. Any broken material
remaining on the invert must be compacted. These tunnels are Commonly
of horseshoe section.

Pressure tunnels and spillway and outlet tunnels are required to be
cleaned thoroughly of all oil, objectionable coating, loose, semidetached
or unsound fragments, mud, debris; and standing water before concrete
lining is placed. It is also necessary to remove rocks protruding inside the
"B" line (tights) as well as steel support sets that were not installed
properly or have shifted because of rock pressure. It may be necessary
to use explosives in some instances and special care must be taken not to
overshoot and to assure that adequate safety preparations are made to
prevent injury to nearby workmen.

(b) Control oi Seeping or Dripping Water.--Seepage water must be
well handled or the concrete lining will be severely damaged before it sets.
Water can be kept from the concrete in the sidewalls and arch and guided
down to the invert by corrugated sheet metal appropriately fastened close
to the arch and sidewalls where water is entering the tunnel. In the invert,
water can be controlled by a longitudinal drainage trench filled with coarse
gravel. The trench should be in the lowest part of the invert and should
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have branches to any springs and to points where water comes down
from the sides. If the flow is heavy, uncemented tile pipe may be placed
under the gravel. If this is insufficient to keep the water below the level
of the subgrade, the water should be led to a sump beyond the section
where concrete is placed and pumped to where it will flow harmlessly
away.

In tunnels where considerable waterflow is encountered, it may be
necessary to install temporary dams and pipe the water through the
working area in addition to operating a suction system designed to remove
water from the invert area ahead of the concrete placing. Any remaining
drains other than those included in the structure design are usually grouted
after the concrete has hardened. Records should be maintained of all
water-control features, including accurate locations of all piping and
connections and a description of drains, so that these features may be
effectively grouted.

Sometimes large inflows of water can be materially reduced or diverted
from the work by chemical grouting in the area ahead of the rock face.

(c). Concrete [or Tunnel Lining.--Concrete for the arch portion of
tunnel linings must be somewhat more workable than most formed
concrete because of the lack of opportunity to vibrate the material in
place. Concrete of 1½-inch-maximum size aggregate should have a slump
of about 4 inches.

The sand content should be increased 2 to 4 percent or more in order
that the concrete may readily mold and work itself around any supporting
ribs and sets and into the irregularities of the tunnel roof. Because
entrained air reduces the tendency of concrete to segregate and increases
workability, it is an important factor in obtaining good placement. The
maximum size aggregate will depend on thickness of lining and amount
of reinforcement. The size of concrete pump or air gun used should not
be a consideration in selecting the maximum size aggregate to be used.
There are few tunnels where the maximum cannot be at least 1½ inches;
the largest pumps and air guns have successfully placed 2½-inch-maximum
size aggregate.

In tunnels larger than 12 feet in diameter, the required
practice or procedure is to place the invert and arch separately,
the invert usually being placed first. To preclude slumping of
invert concrete at the outboard edges, the number of degrees
of arc included in the invert section is limited by the slope
of the concrete at the edges. With slumps normally used in
tunnel lining concrete, the angle subtended by the invert should
not exceed 60 ° Concrete for the invert need not be different
from that which is suitable for unformed concrete placed on
nearly horizontal subgrade. No additional sand is needed and the
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slump should be about 1½ inches. Concrete having this slump is very
responsive to good consolidationby vibration, which can be readily applied
in invert concrete. Moreover, this low slump will aid materially in holding
the shape of the invert to the upward slope from the centerline usually
required in tunnel designs. Also, at the lower slump, bleeding will be
less and thus interfere less with finishing.
(d) Placing Concrete in Tunnel Lining.--The selection Of the method
and equipment to be used in a tunnel lining operation will be governed
by physical dimensionsof the tunnel, construction schedule and program,
extent of reinforcement, and specifications requirements for spacing of
construction joints and waterstops. Placing of concrete in the arch is
usually accomplished with a 6- to 8-inch-diameter pipeline (attached to
the crown of the tunnel) from a concrete pump or an air gun.

After concrete has been placed in sufficient quantity to submerge the
discharge end of the pipeline, the concrete flows alternately down tl•e
advancing slopes in the sidewalls. As the sidewalls fill, support is provided,
somewhat back of the top of the slope, for the concrete being placed
in tl•e crown. Unless the end of the delivery pipe is embedded at least
5 to 10 feet in the concrete in the crown (the depth of embedment
depends on the thicknessof the liningat this point), the arch will probably
not be filled.

When the end of the discharge line is well buried in concrete in the
arch in conventionally drilled tunnels with the normal overbreak, the
performance of most concrete pumps and most air guns is much the
same as far as finished results are concerned. However, because of the
invariably high discharge velocity of the air gun, there is tremendous
impact and considerableseparation at the start of each bulkheaded length
of tunnel lining, and this continues until enough concrete is placed to
fill the sidewalls at the end of the form and to cover the end of the
pipe. Since concrete in the sidewalls must have a forward slope between
3 to 1 and 5 to 1, depending on thickness of the lining and spacing
and strength of supportingsets, a large proportionof the concrete between
bulkheads is subject to this separation before the arch begins to fill. For
this reason, the air gun normally has been looked upon with less favor
for tunnel lining than the pump, which discharges concrete more slowly
and without separation. Bureau specifications,therefore, require that tunnel
liningequipmentand its operation shall not involve high-velocitydischarge

• and resultant separation.
Forms for the arch and sidewall lining should be provided with ample

openings throughwhich concrete may be worked and inspected as it moves
into plaee (see sec. 96). It is difficult to achieve optimum consolidation
in tunnel arches. Such areas require special effort to achieve a quality
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str'ac:eure If sufficient h=eadrc,am •iis avaiilable, intema]l vibrato, rs: can be:' used.
'•,•.;ork:ing th, rougl•, f:o[m openings with vil:,,rators:, po.It]ions of the: arch can
be conso]lidated. Form vilb, ratc, i's are a usef:ull tc<)l if el•ey, are: properly

attached and not pe.tnqlittedl to. run for extended periods at the same
location,. \.qbrat:ion of: •he s:lope s]L•c,,u]ld p.toceedl iin, ehe upsk)pe direction.

F]lexible-shaft:,. internal-Vype viibratc,.rs ]'•ave also beerJ, used tc,, gc• advan•:age
l:lT, rc,,u:gh the side doors. Vibration above: the side dloors shou:lld! be

systematically obtained wit:h higl'J,-speed vibra•:ors •'ig:id]ly attac:hed to the
f:orms back of the advan, cmg slc,,pe of the cc,.ncrete: (see f:ig 1141111. C:aie

shouldl be taken to, see t:hat the vibration is not ]lost at: l-J•inge pc,,ilnts and
also, t:hat tl•J,e rib to whiiclT• the vibrator ]is: at:tached! is connected to the

skinplate securely enoug]-J, to, et:fectiive]!y transrn]it: the vibrations to the
co.ncret:e. On;ly by maintainiing constant obsen.,ation, through, operaings m,
the crown can the operation be: managed and the dis:c]•arg:e piipe moved
so as to ob, tairJ• the rno.st c,ompl:ete fil]lin:g of the: arc]>

F iigure ].41.•A co mmerc:iall aiir-ope•ra, t:ed viil0•a•tor clamp ulsedl •o at:t:ach• a
hliiglTi-spee(•ll viibrator 1::o a tunnell form TITe aJir.operalted featlJire fac:iillitat:es
atl:zl•ch•ment: of t:he clamp. SB-]758--IR2.
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The exact positions of high overbreaks and points of doubtful filling
should be recorded accurately so that, if the lining must be grouted, holes
for grouting can be drilled at the most advantageous points. If quantities
of sand mortar or neat cement are to be used in grouting, grout pumps are
preferable for this low-pressure grouting. Air vents should be installed in
high pockets above the lining. Grout should be made to travel until it
appears at holes as far in advance of the point of introduction as possible
without exceeding the allowable pressure at the insert.

The same factors previously discussed for arch placement govern the
selection of equipment and methods for placing the invert. Placement of
concrete in the invert follows the usual procedure for unformed concrete,
but it is made more difficult by the necessity of transporting the concrete
from its delivery point to the section where it is to be deposited--some-
times over a length of invert in which track is being removed and the sub-
grade prepared. In some tunnels the track is elevated so that cars can
pass over the section being prepared and dump directly in the invert, but
this method leaves cramped space for placing, screeding, and finishing op-
erations. The concrete pump or conveyor belt is probably most satisfac-
tory for distribution without segregation.

The transverse section of the invert is usually curved to a prescribed
shape. The best way to hold such a shape and at the same time obtain
good vibratory consolidation of higher areas along the sides is to use a
heavy, weighted slip form equal in length to the width of the tunnel. (See
fig. 142.) The slip form is moved forward by winches as the concrete is
placed and vibrated ahead of it. In small tunnels the surface may be formed
by a transverse screed or template operated longitudinally. For wide,
curved inverts, better results are obtained by setting transverse screed
guides, curved to the proper shape, at 10- to 15-foot intervals and screed-
ing with a straightedge parallel to the centerline. Finishing should con-
form to the procedure described in section 121, the principal precaution
being to assure that any free water accumulating on the bottom of a curved
invert is removed or reabsorbed by the concrete before finishing tools are
used.

If the tunnel invert is placed first, treatment of the longitudinal con-
struction joints depends on whether the lining is to be watertight against
hydrostatic pressure, whether structural requirements call for a joint
securely bonded, or whether a close-fitting but unbonded joint will suffice.
If the joint is close fitting, it will be sufficient to wash it with a jet of air
and water just before the arch concrete is placed to ensure removal of
loose dirt and debris. For the other conditions, the joint should be wet-
sandblasted prior to washing.

107. Monolithic Siphons.--In monolithic siphons 8 feet and larger in
diameter (see fig. 127) the inside form is omitted in the 60 ° arc at the
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Figure 14.2.--Plalciing CCl,nc:re•e wiith slip form iin iinve,•: sec:tio,n of SpriJng C:ree•k
Tunnel rNIo.. 1,, Central Va•lllley' proj;ec:t:,,. C:aliifomliia,.P'4.1•.22•9'50•8,,

[>altom t{':, p•2F•l:li:L t-,,ilI]cl l]lllliS]][!ll•l: •LrJ,di fflus avoid the usual suff'ace: im,per-

lccl!ic, ns I,L:,m]d undl,cr S•LJclh i,arrns, •tql Ic, catiorJs where •heprofi:le rc:qu:ircs H•c:

s;iipha, r• t,:• lie ,:m ;• steep •l,,:•pe'.•c:m,p,:)ra]:y F,,{meil,_, are requiired on 1:hose pof

tiic, ns c,i' 1lolL' in',crl sii•tcs th•,t arc stccp,er than •Jba, ut i ta, l,, These: ten:l>,

p,O']r21Iy F),JI:]C]S •]]]L: rot31m,',udl in •1•1 hOt]l[ (n tv¢() and the inver't su, rf:•ces, are

fi•is, hcc]l h 3, hu•7,d '•\,'l:•cr, Ih:e sip, l!•on is 20 feet ,a,: mc,,•'e ]in dliameler,, it iis
UsL•al]I),' I]ll(]YC! ,L!Lh:IIT, OT1]iC'•[] 1.I:!, ]:']'l•l•TO JlTI\'(•:[T[ L•:(:']:]CFOl•O ]Irc!,•l] C:LH"S ]FUll into thE::

s, iip, l:h,c,n (H'II •[['•]C•;•(•'[" I•:l)' iinm:z>du,ch•: ]t t]hr,:m•b,:h operdngs in [hlL•, I,(•lp of the:

Jr,>idc •,:•rms. t-,:,r di:•m•ct•.:,s, ur•dlcr 2t:) •:e.ct.. H],e cc, nc::rcqL' ma)' be: passed
fl•wn•g]] ,[:,pc'ni•,gs •]eal" •]ll:c bot•c,m o.]: 'tt>c: outside: fi.=,rms:, when '•,ibrat.e:d:, it
v,,il]l liM, w d,•Ya.n•<•rdl l:c,. iLs p,,•)sitiia,•, in @,c invert. W]hh ar• ai>e:ntraiinedl
•]i•:, •l!-lc.,rc s:hot, ld I-,e. ••,•:,, scgreg• i,:" II•q• rue:, event sh•,,au:ld a specm] mix
(sm•d!lcr. g:grc• •:c. rn,:•rc sated, mc,•'e: water I, be: used t: exped!ite p]lace-
nrle::llt. Vv'hcn• lhc first ]a?'c:r ,•" c.•},:[•c:•c::{e ab,L•.,ve fhc: invert is placed in the: side::
fo.rms ;•..• ',cii1•r;itc.d. ][]:lcre: v,,i]l h,e ;• ter•dler]c::i' for it •,;:) b:,c,H up m• the invert
bcIov• the cdgc •:,t ,he ir, si;dc: form. This actJlo.n ma} be: r'estr'ained by ten'J-
F,.,orarily {lying: a 2!- b:y 4-imch boaurd .,a,• oJge tc,. '•hc re:itTfforcerr, e:nt just be-
•(::,w if-re: ir:•sidc •,:,rm. F'llL:,w ,,:Y.I the c::o,•crc•c: in'•o the invet1 has also, bee:n
>::s.t•l•li:•c.d Ilv.y v•cdg{i•,g •: pkmk flla•t CII[] [hc stJrt:ac:c: Cl, f •hc: h'•vert: corJ.crete
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;,di•l,•:•'l,l L•:, t:lllc' •,J•!c , q tile in>;,i•!l•' l,,::,•m Whcr!l F:,h,ci,t$: concrctc Jin >,ipho",n
I!•m I;.' I •4 :L I :,.] '-i •1i i I ;L I: ",t I: LI!CI[ [:11"C'• ill i• lJ•,,t];I ] ]),: J mp(:,,rt•mt to kcop J::]c.,,h])' ]l,]•Ced

c.:,L•,:lltdil,,.b• i lit ,,;•]iq•,c,,:-:]lc• s.i<tlc•:• ,,I the l•{:,.llll-i ',it II•iJrly cvc:rl c]l•.•:vaiJloIli'_, so •ls i:,o,

i:•Jl t; '•<: i 11 <]iii •{ <',.• i i.,, •, ; :,•<,<1 • ,,i.•;, 1 i :,•c' m C111 •':,1 fl: •rl<l:*lS, q[WO c.,:.l.!r-•c:• ct c dist rihut ion
;1l"i,.!1 h,;•<J'• ;:d"c; ]l[li!!<l;I H:L:c/ ii•<i J]<[!tll,•"; ]143 •t]lltl ][ 4-4,

<•;,il,t'i,•,•:,'.• ;ire p/,,•i, li•.]o.] ',•, il. ll l:/i,c•lZLI •;>r r,Lll•tr)Or t,,al,0r,•,lop .',[r]•,•-; •lt t•Jlr]l{,-

%,'c] ,,,. i• }i i:l[ •,,, iil/"l,L] c!l•:,:',c' {l{ICllil iti,]l il <';, rc;C/It;IJ, l"Cd '{CI, St2C: tl'mt thcs•' c]ir•.• l::,ro, p0:r]]p

,;mll:•,c,cl:€]c:J. P;ii!lic:tll:lll c:'•l;i,;' >,lli,C•,t[]d [:,c.:: c:•;:crc::isc',cl [•.• c, blt;ilin thior,;:)L•h fi]llin•.;
{IIID.]:CII !17,,! <':;t]iit" ;it lli,c' (,L!,I• :il'l,L] l-:,,c'ql[c'•,Tri• ,c,f il•, vert:]ic:H di•lri•-l•t•:r, ]ltll n•o, ldl]irlg;

.c:t'H:]C[,Jl,c ill'l,L]'•'l th,: ',',;•tc•',t,:G•, •i'l Ihc7:!:,,.• cr]l]c:•l poiT•l•:;, the cc,nczct.o s•c:,u.]d

FiE:ure 1431...--Pllaciing co,ncrete iJn ciirc:uilar sip,ho, n with conveyor belt and
clrop c:hu,t:es o,n Delta. Mendiota C:a,nall, C:entral Va, llllley p, rejiiect,. Calliiforniali..
P×-D-3;3;03:,4.
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Fiigure 14-4...--M'or,oraill conc:rete diis;tributiio,,n for bo,x s.,iiphon 6;5 feet: wide
at Big Dry Cr'ee.k, F'ria•nt-Ke.rn CanaL. Cent:ra, n • Valllley p, ro.'iect,. C:a, llif:orniFa•.
PX-D-34583.

be wel] vW,.ratcd •<•. l:h,•L1 ill '•il]i 11]<,',', irJ, •1• JliirccZ!ic, l:• n,cal:]y F,•:ra]lcJ[ to dJ,•:
pl!•rJ, c c,,f lhc: .it, ira AII>;E,. ,:llc v,•..,tw,->Ic,,p !ih, c,.:LJI,L] Ibc ",il:)la•cJ i.•' ill iis s•]::F'-
fic::i e •-• I I:•. h c :1:•.'i:, 1,L1, wJi 1 hlt•l zt II ](11 I h.-' "•' i [hr;,;L i.,:•.l], ',,v J T. h, c,, Li C d i •t,• r• ]< :,]:• c,.m d i sp ]',acc-
merJ•t:, lit ]ih;. i]rnport•a•t tll:•tl[ tlhc Cn,L]<; ,,4" tJW :l<•.rnl• I:,C I-:,.r•wud righ_tlj •.o •hat
l[hc]!F' C•]II]:['•O•. d i•i['lZ)•'i C'uIL • It' [,::l, LI I')LI Yh hlL'[]l •IIL'), r Ibcc.c,n-lc fiJ!Jcd with co,Tmc•ctc.

Such ,d:i•;torlJion c:•:lll>c• .c, llIy,:t>. ;I]-Id JJ!lJ!icu;It). r irTI Ili•tiirqlg t]•c IFc:,rm• for the
E&d#',/ccz•;[ ]lcl:l•th ( ]'[' :l);:llrrcll: Ji; ',1]!,< ]1 [L:lTId',, {{:1 ]l I&:l:':lLI]'ll t]]L: 'U,'[l[Ijl'kll:•l• •tr•[•)• ;t1•],•

neccssd[a¢.e, c;,, p,c: n >.3 v c rcW• ii r ;[1 fl,c b< :lit< :,;q•] ,,A / h cci rc it.
F'.0.:']i]s Jl'<:,]t C4Nlt-j],-pllaL'.U >qip]hc, n,; ]]:1•12>' ['•c I:,•illt <,,I ','•., :,.,:•d c,• sloe]l. The lat-

tc:• Jis mc, st .c,m•:l•,:*l, t.,: :l [hi,L' ir•>;i.h: il<,J•l],:::. II ]lc']e ealhc,LJl,cl I:•C r• ]..,:•.pc:nings in
•]-,c insiidc: fl],rn];%., c>,wqc:,'L lh.L (i,,l:), galp. in •l:lc ill],',t.:F[ :l;l•,Ll C,p,(rElirll£S in tl-•e lop

tc•, ,_wlmi[ cc:,.ncrul:L, t,;•,]r <{liirc,,t F:,hwcm..:r•, i••h,: i••L•.()ul',:;J!dL' t:',:•,YF•]S arc le-

q•]i•-cd:,:mr:c .a• :LhC: '..JJu:,, Lip '[,•)ail',,Wt ,h(* ,.{h•,xL:: •]•C'h=,,:),iz,::,,nl',•il ce•:•tc:r]irt.,.::.

OpcnJ:ngs ]:•wst bc p> '•]{.11{ •1 iir:• thL: ,,,:,,Lz*l:<.iJ•: li,:,rr:•,', l,,w Jintr.:L wc:i,L',:' t]l]e: cc, n-

c::r'L*I:• • it, b.c: F,,]z•ced iin t]hc ],:v,:,ccr p,:Hqi<:,n <::,1 •]-lc [•:,a:rTc.] ;ind for aC:Q::L'SS :•',::*r
vi bratii,wu a nJ i :rueq:)cc:T.ii,; •,•u E,;,:,,x I ]i k c rc L:c F:,.•;, c I.L>.. •, 5:. •;h,: ,',:'•' n :i n ilil •:,LI rc 11 3 5 ,. ,:::ar•
be: t:l;•;cd •t the: I,;v, vur ,;:•,pC::lliBfl, gs II{• FL'..Ci•,L ' I liL L:,LZ, 19C:],• bL I'r<m•] •,]IIC LJI].E!.I•, ChlIJtCS;,

b r c a k ii,. s f 4 u I I, a Ii :• (/I I ..:: t i t I a• ,,: • "• c c {•, >. iil !i r• • ,=:• il Ih c 1',: •, •1 ,q, >; a 1. 1 c ] e e 1 ii ', c I !,: ] < ::, x.,, v.e 1 ,:,c: ii t 7
:•m,,d v<id'• ,c•,,:asi!.d:•:ra h:l.v I!.L 5:.5:. >;.CpZ•a atli•,n. '1 IW IIc,'¢VCq r,:,.w <::,1 , T:,crilh-ub,>:. s;hot,]d
be :Is: love ;t#4 pra,cl:ic•t/-dc [<:, f:<:ilillatc il•Lr<:,,dLictii,,:,l• •,,t C:,•,I]C:•'.L::t,.? ]•11,;7a, 1he:
i]I1"¢CUL d[:l{l! lit) Et>,L,L;I rC I:l]i :11i ;3•] I 113!1 •, C:]< :,ci;L',, •tl]J %:F, kt:r ;•I[i(•,111,
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108. Canal Lining.--Anideal canal lining would be watertight, mod-
erate in cost, prevent growth of weeds, resist attack of burrowing animals,
be strong and durable, provide maximum hydraulic efficiency, and have a
reasonable amount of flexibility. No canal lining material will possess all
of these characteristics; however, concrete composed of selected aggregates
with proper control of placing, finishing, and curing, on adequate sub-
grade, will require minimum maintenance, satisfactorily carry water at
relatively high velocities, and have a long service life.

(a) The Concrete Mix.--Concrete for canal lining must be plastic
enough to consolidate well and be stiff enough to stay in place on the
slopes. Special care is necessary to obtain good consolidation under rein-
forcement steel when specified for the lining. For hand placing and for
placing with the lighter machines where the concrete is screeded from the
bottom to the top of the slope, the consistency should be such that the
concrete will barely stay on the slope. A slump of 2 to 2½ inches is
usually satisfactory. Use of drier concrete with these methods of placing
is apt to result in honeycomb on the underside of the slab, as shown in
figure 137. For the heavier, longitudinally operating slip-form machines,
best results are obtained with a slump of about 2 inches. A close control
of consistency and workability is important, as a variation of an inch in
slump can upset the established operating adjustments and interfere with
progress and quality of the work.

In placing canal lining with a subgrade-guided slip form similar to the
Fuller form, the slump has a critical effect on slip-form operation. If the
concrete is not sufficiently plastic, it is difficult to control thickness of the
lining. A 2-inch-thick lining may require as much as 31/a - to 33A-inch
slump; a 2½-inch-thick lining from 3- to 3½-inch slump; and a 3-inch-
thick lining, 2½- to 3-inch slump.

Concrete for canal lining should include enough well-graded sand to
ensure a reasonably good finish with the minimum treatment specified.
Use of more sand than necessary for this purpose should be avoided. En-
trainment of from 3.5 to 5.5 percent air also helps materially in securing
a satisfactory finish for concrete containing 1½-inch-maximum size ag-
gregate. Another factor that will considerably improve the finishability of
the concrete is the reduction of the pea gravel (No. 4, or $•6- to 3/a-inch)
content of the mix to about 5 percent. This reduction is possible only
when the pea gravel is batched separately. Bureau specifications for canal
lining usually stipulate this separation where sufficient quantities are

required.
The maximum size of aggregate should ordinarily not be greater than

one-half the thickness of the lining. However, Bureau specifications re-
quire the use of 3A-inch aggregate in a 21/2-inch-thick, or less, lining. Since
consolidation of the concrete below reinforcement does not involve appre-
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J•t?lv ]a•c:x•LI Kit,,.. und•:r d-:•c sl:,.:cl!, •UiL :rLIthc'r i:l c]osin• lLOgcl]fle:r J[:'JOnl bCI'•L]]

<, Jc> a dccrc, ase in lh•c: ma:•iim•Lir]l s;iizc :,•rc•al• bccLw:se ,:,l reirlI'o•cem,•:n•

sistw•c% and pJlacil:l•, Tl,•occdl.lro,
([)) i":{'F/,"@)•,,:'•h"•i'dk!',',--RCi[JI,i!,r,L:CMC:'I1L in canz,l ]iizlin•s is n.oTmal]lv •e,t

llCedc'd., aicld! :<.ince •lk,.,ml ]1'746 c(:,.ncJ-cW II:inin, gs. c::c,.n£ruc•.ed by •h,•.• 13;u:eau
]la• • bccn unroinil'c:,rccd cxccpl iin •pc'cilic: can:As whe•c: sm•c:mra]l corMd-
cr'afi,,:m nzc il:rvo]v,ccl h2 the: ,ctc>,,i•:n,

Wh:c]ll Ihc: I:inin•: i>: rei:nfol, c:ed., c::ong:Aiid4lhm .o.f the: c:o.nc:rclc! is b(:,Ih dlif-

l}c::uJl$ ;I!FId I•Jll!cC'Z•i]lil-I LH][]!I..I:SK, iLhC '.,[CCI iS ]]Y[TI[)' ]he:lid ]in Jt•, proper po, s.il]cl.n• iin•

fl•c midd]lc ,c,f lhc: s]l:,b ;•nd I::lol pcl m:iitlLC.d to :sa• durin• fl-w: pllac:ing ,3.per;.ll-

fi:.,:u- '1! his i•, n,,:• c•Ml::,. •wc.c, mp]i•l:•od, and mint:O,' c:,orc:s zultd .c, lher C"t'.lTl'lt]lrIm-

I•i.u•IS lC\.C:::tl IIl,al S.I:cc]I iS ,oill:un much IOWC'] •h•an iil s:h(•.Lil]ld bc (see fi•i• 11 3,'7 ),.

\Yhc,c it s•;• du•riny ,::.,:•.:ncn.::W f:,h•cing, thorc is p.,:•c,r consdidafio.n under
ILhO %tc'c]!. ,•,;-i. i:1 C::,C'II!',C:•.]LIC:]IC,j., SLOE']! iS ,8,1'I. cI'J CXp,;•)SCd LI!I-HJ CC:,[I'c, de:•J,

l-(I C']IISLI[I•C, p,[OFI, UIF t}Osilh•lltillt• and IrJr,cv'cn• disp,];4c:c:nmnL ICjl'llfCi, lCey•-IOlll•[

I!llhl•%[ :hlO LlCl:C(]t:la•t)]}' tied :•nd 5;llt3,]•lrt,scI. Ll•s iiilus;•rtulecl :isl fi •: •] ;I (• l 145, Rocks

or pro'cast c,•ncrc•c [::,k>cks arc: c,•m]]]mK£lJly used as sLfl:l,pc, rts, These ar•;

F'igulr'e l•5..--Jo, b.buliiil=t sllip, form being used on sllopirllg apron of: Ileft abut:meant

o f Ihlliim b uls Dam ,. Ce ntra II Va I lley p r'o,ject, C:alifa r n ii a. R'ei n fe.rceme nt iis
systemlalt:iicalllytied andl siup, p,o,rtecll o,n co,ncrete Nloc:lks. Not:iic::e patt:ern formed
by usiing V-L•r(•,av'es at: c::on'strulctiion• joint o,f abutment in bac:kgroulnld.
A RI-, 1, 5i23-C'V",,
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satisfactory if adequate in size and spaced at proper intervals. For firm
ground, 3- by 4-inch blocks at 3-foot centers are sufficient, but for aver-
age soil conditions the blocks should be 5 inches square. For less favor-
able conditions, the blocks should be thicker to permit embedment in the
subgrade. Bearing blocks should be made of concrete of a quality at least
equal to that in the lining; they are usually provided with grooves or wires
so that they may be secured in position under the bars.

When a general downward displacement of the reinforcement cannot
be entirely avoided, an allowance should be made in setting the steel to
compensate for the displacement. In some canals, mesh reinforcement is
held in position by a special pipe cradle, suspended at the sides, which is
moved ahead under the mesh as the lining machine progresses.
(c) Placing the Lining.--Subgrade preparation should be performed

far enough in advance to avoid delay of the lining operations. At the time
concrete is placed, the subgrade should be thoroughly moist (but not
muddy) for a depth of about 6 inches (see sec. 94)). Some leeway is
given the contractor in the degree of refinement to be used in trimming
the subgrade. A comparison of canal linings and lining methods used on
various projects is given in table 23.

Placing methods range from the hand method commonly used on small
canals or laterals to the longitudinally operating slip-form machine. The
simplest hand operation is placing unreinforced lining in small laterals and
farm ditches where the concrete is dumped and spread on the sides and
bottom. Screed guides are laid on the subgrade, and the concrete is
screeded up the slope to proper thickness. Ten-foot screed panels are
practicable for two-man operation. These thin slabs are consolidated
mainly in the screeding operation. One or two passes with a long-handled
steel trowel complete the finishing. Transverse grooves are cut at 6-foot
intervals, and the lining is cured by use of sealing compound. Mixes for
this method should be well sanded to simplify the labor of placing and

finishing.
When constructed by hand, the larger linings are usually placed in

alternate panels to facilitate placing, finishing, and curing operations.
There may also be some reduction in overall shrinkage cracking if enough
time elapses before placing the intervening panels. In this method, it is
best to place the bottom slab first to provide support at the toes of the
side panels. The panels are screeded up the slope, the concrete being vi-
brated ahead of the screed as described in section 104.

Most efficient placement of concrete on slopes is accomplished by use
of a weighted, unvibrated steel-faced slip-form screed about 27 inches
wide in the direction of movement. The screed may be pulled up the slope
by equipment on the berm as in figure 146 or by airhoists mounted on the
slip form as in figure 147. Concrete should be vibrated internally just
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F'ii•ure , 1.46i,.--Pllac r•lS' c::olll=c:r'et:e OIFII al canall s;llo, pe.. S.Iliip..fOlirm p, alc: rig corlc:re•e iiin
par•elll (3,• rLe:.ht sl'o,p,e, ef cana41 for D•eltai-Mendota Canar rello¢::a4::iior,. Cone:re're
shoulld be well' viiibrated ahead of' the screed as. iit is pulled up the slope.
P8051235-.7608 al•dl 288-D--3;284..
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Fiigure :].4?',,•Modiifiied s, llliip-f:orm screed ready t:o "'p,ulll its,elf"' up, t:he sllo, pe on
the •a, oden guiides,., PX-D-33036.

thc,:•d of •li-lc: •;:lip I:c,,]m. th-]{lcr proper ce, t:ldilt]c:,zq•; ,:•,f c:,F,e::rafi,o• t:he: ,•;,t]lrf•lce:

J•']•]dC! ]•:II) [t•Cl s:lil,, l[c:,r'•T:l v¢il[] r::c]lJire •ll::l f],l•'tlJL•:T" •:;crcedlirlg: and •l'e:•'l'Ir little:

finJi•;hli•,g I-he :•;lJ•]3, I,::•,l:m itscll slll,C:icl]ld i:,ot bc: v]l-•,r:•{cd,,a•; thlils p,•'oc:e:dl•'c::

ca•as;c::s a s',,< c ll i:n ll•c c,,::)•:•cr•_:tc:L::yn!)czgir]g l•r(:,m fl3c:: ][c3,v,,a:•- cd•:,•:, "l-his cxcc:s,s
COI-IIC•TC:1.C ]i":, •'I(H (IllIll'i( l•d:,c,,ric•,u:,.; I•:,, rcn3,:wc: l-3• iit ;:,lso c:nJ•ph:•sizcssa•gs •bat

•l••[•J •l• i]"]:]p]:OVC:•:I3C:n'I.% ] ••', l •3 b'CLtYJl n]l•:•dC: i]• •:l-,c ],:],]•l•:il:U,L.tinl,:l•]:l:!',:)pcrat]ing

%l!i]•:ll-lFc:l,]['[]]l •T][•IC]llJ:I-IIL:H [7{'II]• !liming IC[']]]I•-[Is;' :)i' •:[]] siz:cS Sli•'•c:l•:::•:[']c: llt•'S• |]It•-]IIC:I-Ili]'lc: Of

131f'0,•r'csS ]I]!•l',;, [•[,:CI]I ]::•I{]cc il'll FCC:CIII:L •,:C•IFS ii•l C:•,:•L:•I,S, iVC CZI-II•II Ji, Di, Y•: ,2,,t•C•'•l•-

whii•:]l-•l •r•:I-Jl,,dlr',/u!liL:::•]l::!' C/IpC|'•I[Cd :•,']<]1 •:or][,ol]cd •,wc:l•[ •s Sl][]I3C: c]ccl.ri-

c:•m't:l,L. •::•,••,:llc,•t]i]• d J•: ]lir•iz•g. Si••-•iilart]•m'w•r•L• .!i c,, i: r, •'-; •rc p!l•tc:c:{] •!l,•im•

E ]1 i rn i •3 •1ion:, ,:3f r•: i •ffc,,rcca-•:,•'r3t h as a•!1 rL: •3•d• 'c,•c',3 d i :H;cu s•:,c•.]1 ( •:,L:c ]1,1: '•l g •1: b ) },

A],lc:,[l:2c:] cl:]a•]gc ff£ •lluc •.],il"C:,ctJ:<::,,I31 (::•,•: c:(::o]3OY]% w]hi,c[:l h;3,•; g[cc:,;.•,•];3p•[3ic:,dC]i]F]3-

ii•atic,n c,[ r L3i]:3{'C:,rCCm, Lq'Jl. iS l:]•C: lc'lEt::•at],[),:[•o1 t(,,lcr•]Flc,:::s; i• ',fl]:•3,::•a3c•]t. •rad,:•.
•[:I][C:k]I•C:S,•,;..:SI,L]I •]l:liSl• (:ll•' Cl•)I'BC:['C•:tC ]i•li[•]':TS'm" I•LI]I']•'L:•J•[']I'IHDE::,.IILI SpL'C:il!iiC•LtJiCl'n:•,

p•:r]ll]Jit •:],•.'[:!,,_•171L:IZL: ['rc!,ITII I:t:IL• c•>:,t;•["•,li•,hc.IL]:lii•:,•: ,l::)f 4 i•lC:l,,•s ,:•,:,• c:•,rvc:•, aF•d !

inches; u[R, ta, n,gcnl•, ;•t•ld d•'p•,r'tlLJrC olF 1 il•lC:lJl :Yi •radc, m:]d •,lllow a ]1•:)-
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percent reduction in thickness, provided each day's placement averages
full thickness.

A simplified type of construction has been adopted for linings in rela-
tively small canals and in laterals and farm ditches to reduce costs and
at the same time maintain the durability and serviceability of the work.
This type of construction makes use of a subgrade-guided slip form (see
fig. 149). With reasonable care in operation, no difficulty is experienced
in placing linings with such forms to the tolerances currently specified.
The quality of materials, proportioning and mixing, uniformity in placing,
and curing of these linings should be equal to similar requirements for
linings used on the larger canals. A reduction in these requirements
would seriously impair the durability and result in very little decrease in
cost.

Pit-run aggregates should not be used for these simplified linings. The
cost of processing is usually compensated by better progress made with
uniformly graded materials and reduced cracking resulting from lower
water requirement of the concrete. Finishing of simplified concrete lining
should be kept at a minimum. Except for gaps or rock pockets, surfaces
are generally acceptable as they emerge from the slip form. Substantial
savings can be realized only by high hourly and daily production result-
ing from a minimum of refinements in workmanship and from co-
operative and practical inspection.

Construction of a canal having a depth of 51,4 feet and a bottom width
of 5 feet is illustrated in figures 148, 149, 150, and 151. The equipment
is not carried on rails on the canal berm as is equipment for larger canals.
The slip-form lining machine is held to grade and line by a steel pan
shaped to fit thc canal section. Back of the pan and immediately preced-
ing the slip form is the transverse, compartmented trough for uniformly
distributing the concrete mix. Truck-mounted mixers supply concrete to
the slip form as the entire machine is pulled forward. These machines
have been used with and without internal vibration. It has been difficult
to control the lining thickness when internal vibration was used, apparently
because of the lack of weight on the machine to hold it down to the bot-
tom of the canal. Because of the tendency to place an increasingly thicker
lining, the design of the mix and the slump are of critical concern as
discussed in section 108(a). Because the machine rides on the subgrade,
it can be used for placing unreinforced lining only. Good workable mixes
have been so well placed as to require practically no hand finishing.

Slip-form canal-lining machines have long been used on large canals.
The older type of lining machine, illustrated in figures 152, 153, and 154,
consists of a framework traveling on rails on the canal bank which sup-
ports the working platform, distributor plate or drop chutes, compart-
mental supply trough, vibrator tube in the bottom of the trough, and slip
form. The slip form is a steel plate, curved at the leading edge, extending
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Fiigu,re :148.--..Ex:c:avating a smallll canal on the Giilla prejject:, Arizo,na,. The canall is
e,:(cav'•.,ted iin a, s.iingle pa;ss., pX:-B--33C]I37..

t,L> lhc fiJ•i,•.,h,, Ji '.<L,;1 sI,J,• ,;•1 1 ]:,,. ]]lfil;l•..:• .di>::, it:,u[< •,r p];•l •.. ,,:,•lq,•:•rl used., ]is;:
l•t-,IcIiLbJ I<,, lh,,' I.L:ild]lil£ ¢,LI.•L: ';fl [I:,L! >,lip l;,,al]il] •.HI],•.!I C'",¢I•L:IIL]S LUll'ate!I'd Or], f

•q•r<'p iim.:l in.,' c,;•, i I',L' '•,. ,-•rl; i,•:,• I•]iLil !1,:•.1!1,1 ,I •.L'•' I]• [ :•i.4 ) ()1i] '•,;>li:lc [ql•;]dL:il,i?.Cg.,

:•i OL:,i:liiiH;:c:,Cl-, r,,','.. •:,'1 l,c:,]R'l:),:i:", i:ri I I!,L' V',,:•,i•']]}:•:: p!lcll:•,;•,r:in !12•:,,'•!1,:; iint,:• drop

l:::;2 •]ri..c]i 15;7,], ]: I',[!<. o:m,:.l:i,•[•:li,;,l:l h;i!4 cll•' ;ic!l',.;il•lii•_' ,:d pc]:m]]:tii•qig o',ls;.•'
,L:CI, II-Ill]I.!IIlJ:L'•[[Jidl, I[a,L'L"AOJ]4, il:,c ]I]CI} ;11 lll,,L ilt,,ltI lil:ld LI;li)S,.: ],]] khc ]i'CLl]'. ([•(D,]G,-

(:rL:I!L' i,l•:, ,ll,,r,,,l•,.',;t Lm]JH!il", ]!l,,•l:rl ;, :.,h,LlllliL •.::k•" (:,li• illl,,•_: t",,;!,lilK]iJ]• 1•: l'l;•l-li'<:q•m. •B[]I•:],

Is ,.:!Lli L!i• •1 [<•' L!l':•' :! r,•:,L]-t7 'I•,L'I, ,.", Ih..., 'E !,l.:' d i >:.'t !1 il]-,J I:<•,r pI•,LL' ,,•" t hL' <]l•op Ch ulcS
L\ >. i hL' O. XlI.L:,L b.. ]•. Wli:•.l r]l)•ll,.:•il : tT:l.L,u•!h t hL' ]1•< =,ll <m]: ,,fl' 1! Yic 'L:r•:•l£]l]• :•rJd

II•I'LIL:B [ I'lL •']i [1 I ,i•l;'l':li, :i L i5. L:• )YI bi !'1 i,L[•I:LL!I I -•', ;I; '• [ h:r•ll i'll." I L!IR, C j:,[[ r•:•l:l,cfl 1(::, s,mt ',:,

f{tv• i],•'llc•-: kd:,Lr•,dl ,;•,:i' th,• 1,.'.L•,.li,•2 •,.1•.' {:,l Ill,.' Jk,.]:l•:l. ]1 ]:,L: O,•r]C];•.:I.L: II,•UISI '[:,C
{:,o]!]s{•lil,:l[•tc{I a:-, J;1 p•t'.,:-,,J•; IIl!,:]Li •ll'.: tJ il"' i,•,,] :1]:1, 1]'] ',]'pd] 'L:{ ,]q>;OI]•]•],lL]i'•'•'ll C:a"t-

II•c,.::•'ISL: ,: ,I l'hL' 11;,."I, • ,I ;, ','. :]', i:•, >l qR, pI2.' •',•I'L] ii i< =,]2,:•]1 .L:•:,m:'rLrl:L• r]•'C',dL•d •":•' 111111
I:I,L' ',,oi. dl>:. I. :ll.' :,•:•i•]Jrl.@ ,:,:1•c•,1 lh,. •lit:, I<•,•m i-. •],.•jz•!ll:,' '•t.d:itl>.t;:,b]c 1!o posi-

y],l'(•'• k:S C,;•FIISh.!,li•:l•!l{ i{l•]; II,L]I L•J]!/'EI •', [i]' []1],( I, ILt i lil,d ,L'• li'lC]iL EL lil:l,C,:l ,d CI, O",L:I): 1 {:1, t]lC
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IFiiigu're ]49..--A, sult•,.grade-g:uidledl slli;p,..form conc:rete, lining m,aldTliine fel!lo, wii'ng the
e.xc:avalto, r.. PX-D-320,56..

Fn:gure ].5.0.•.Rllear viiew' o,f s;•ip, form, ef t=iigure 149.. The pressure plate eli•miina•tes;
mc,st o,f the I',and finishing. I='X-D--.331.,039,..
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F"iiigure 15,L--Spra•ying sea, l, ing compo,u=nd on a• new c::aBat liniing t:o conserve t:he

moistu=re necess, ary for c::urin=g, p,'X.,D-,33=040,.,

subcradc, T :•,o, ]ow cL scttin'g (f ff, e t•:•i]lin# cdgc cat:lscs tc:Luriing, rathcr th:;m
stucCo,thing c,f •.hc sur'f•,cc:, On some m, achi!ne:% t'hc 5;lip, f,OHn iS, fo]lIov•cd
within a few feet b? an in:met p]latc IS to. 3,(J h'<:he•, v,ddc: i:sc:c •g. 154L

Whlic]l• ILH'J=dlL•F ['av(:,•'4lL•],.: c,0,]l•diti,l:)•ls •10avc •., a s.•.]irfacc th•t requizcs litdc or
r,c,, hLm.dl tr'catmcnt. Such arJ inmer orJ c,n,• job sc:rvcd to rnal<:c less con-

spk::ul,o,,L•s t]:]c s]igh: >,:)li]s or bL]Ilgc:S ,CaLl'•,ed; b'j sagging o,f t!l•c cc, l:]crcte

a£ail:Jst th,L •:c:]ri•f'o:l:'c::elTlc:i]t hairs, or1 t}TiC: sid;,c: ,g]lop0s,
The more F•]()dc•"nt l[]•'pc!: (1,• tr•L'VCliing canal llmhqt• ]ylh,ClihiYlc is s'hOWlTI J•]

figU:rC ] 55, S,u•c:I', maclhincs v, crc us, cdl f,o,•: p]l•c:i,r,• Ih]iing in the Sun Lt,is

CiHI'JLL C•:WLF•11 V•I]IC?.' p,r(,,]cc::'•, 71 h•c: !l]74xilrJ]q]rI1 C17(i,5,s SCCliOEI c,:.•,l•sii:F4cd o,f

a ] ]l(:l•-fl::•o.t inv,::rl •.viith 2 •,c) ]1,, :!;(:=-fl:•ot side slopes, lhc: lit3,h,g I•l:liL'lT, iEC:•:;

"•vc:,c m(i, ulntcd •ln cutczpiJl:lar' tracks hTdlraulic•'•l]ly driven •nd travc:]ing c,n

tl'Jic sLlb•:]l•dlc. Fc.cl,:r •1,1•: I•:s ru!nll]tTl• ab:)r•g s;.c.1 w]Jr.cs COli]Zrc!,]].L:(I •l'ac]lc and
•lJinernc:nt. One ]Til•LchiYtc cc,.vcxcd the on.c: side: s!lc, p.c an¢)l • 11 •:]l-f<•.c,t scc:fiicl, n
of the ]invclll•. The hv•;crl p•xvcr, v,'h].cb sp•mncd 45; fk::et, rc:qui;r'c:d tv, o
passes •c,, cc,,mp]lctc' the iinvcrl. Thcsc niacM•l,c:s .could pa',c :tl llC::LSt 1..5;(}'(]'
fleet per da}. and fna::quc::nl.]ly c:xcccdled 'this ,:ale.

rrhi{}: c.cl.•-•crc:l[le: v•...•js, d.isc:hgsrgcdl frc:,m tilth/•o: mixe,s, into, a l,c,,ppcr' frc,,m
whi:c:l'•, the cc/.•3<:rcte was d]sJr'ibt]ltcd dc, v,,-• thc: s]l<z:,pcs b6, a ][7,LiC::k,c!l C,,D]IJI'•,•.:9>'o]r,

T'I•e: n:-mlltipurposc machi;nc a]iso cxtruded ]c,.ngitlldJrJ:•]17 c:mbedded, fc, rn:•c:d
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Fi;g:u'r'e 252...--A. m'a,m, mot:h sl'iip-.fo,rm miniing ma, clhliine, with drop c:butesl;, f:e•lo,w ng
the e'x:ca, va, tc, r--Dellta,-Mer, det:a, C:a, nM, C:ent:rall Vallley p,r'ojiect, Ca, ll!iifo, r'nia,..
DM-762-CV...

71hJi• [•l:•,Jic: ]mct•.]hJin•: ',,•1:•. nJLocli]!icdi hll•' c,,:.•,]r•lr•c:•clrs •:7•]:1 diflcrelr•L re,.•cl•c:',; •.:,,f

sc:h r• ].,£ ]il]l•:,. •t I!1 t,tT,.c'r [rc, m whick• t]hc' .ccmc•ctc. 'w•:; •7]•,,',•(I b,).' screw

z•fill-•;•,•ppc,r•c:..d I:]..l•c: Jh:] rcg;ud to di•qrJit::,utj:c•,T• .c:,.[ ccmc•ctc ][• Jis ,pc••,:•d
•u:M •u:]icl!cd] f•om a: c:,;:w•lrc,]l st•l•tic,.•] at t]l]c l'r<:,u•. WJifl• •tx-

pcl:i:.c•ncc:d: ot:,.:r•m•rs ' Jit Ji>. c:•p•/•,.!lc •:•f t:,]l;ic::in•; ar• c•xcc]llc'n:• l!Jni•]•: C';lrc:
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F'iigulre 153,,,--A Iliiniing nna, clhdine, wiith drop chutes, pro,gressing allo, n,g the Patah

Soult::h Feedler Ca, nail,. Sollano, projjec:t, Califo.rnii,a. SO--2:55i2-R2...

dlc:viiati!,a.][•s h:)rl, ]ilnc and •r•,d,::. Sc.c fig. ] 5(a. )•

El]ic'iC,tl[ ca]ilL[l CO, l.r-,stru,,::liic,]n ,4[v,,ay% rcq•.,irc", ('a•L'•,L[II ,cc, c,]rdJin•lii•)•a• ,,::•f •[Ihc

$,I.JICCC•i•;iVCq:T,.m;i,t]i.c,]:ls. ]hc •,i:n]]ni,ag machi]:•c F.]:muld !be c:k•scl:> Ij.,:filI!•,V,'.LX!I

h,y {1"•,'• :lir•inv ma.c'hiirJc v, ith c,:•{-,rdir•lo4 c:.,:•i•c•,.'•L:supp].}, and by sci::,E•:r',ltLl

•:r oo•]i •:,g •:,•d ,:: u ]: !i r, •:] u m bo •:; j. u •L b.L: t•, i r• oil th ,•' ]1 i i", i ,:••: ]::n s i c :11 ] 1•L::

(d) J',:;'.!:•J'F', ']i[4:l•!•'•cP..cC:.OliYlIaLLiO:ll :i,:]'!ints a•,c •]'[{)'i'idC'Lt

i n C arJ a II 1 ]• n, ]i r, •:•.b'.•.' i r•[sc n •F,.,•a,12'. v i ]:-•:y] ch ] e,r]d c ( II?V(") p II u •;Ei.c: c,::•r•.••,,L'• i,;:•r,

ji,,:•iint-to]•m i•:,•v,,'•[tcrst,c],ps ,c,• b:!.' .c:ul:l i r• or f(•.rn•i,•.b• c,,,:wcs Ji•:• I h.c u.l::,F,.c r

surfac:c .,:)11" i[Ih, c >:.t;•t:,, ,1: •::.cc fi• ]! 57 ) w]hilo thc c,•,rlc•L't.c' J!< •tiH] p]l•sl:ic Sh•4]:lk-

a gc c r ax c k •, v,,' i I I t £] c]•, b c: :1 •• 4c I 2,' c a,:n, I:] •:,c oil •,a t :h c I < :, c {]; z ii ,,::, n -,,i' E t J c P V U •lr ii p

or to any •:r•{•,',.c'•.v•J:•::]ctllc thic:k•:•.•:ssof I]•,.:. !liir:•in•: :l:ms ]bL'..'•:• ]rc'ClL]Ccc]l.

C:arJa]g h:Lvirl•, a l ir•.cd pcrimc:tc:r ,;•,f 3•:], f•',:t o• m,o]ic, p•lic:LllalI). l[lu:•.sc Ehat
•lrO LI rl •I •L ' i 11 ]i I (:111 IC] C'(•. E:•IC:•SI [][]i •tl] •:• C •[]1•1 I! si ;]] Et j> ]: L:!I• I ][1 i I-c' | ••l II )I ',••t]!' (: F; ]I(:k IE:: & 'll•31 I'( :' 1

iif subb{•lSC ]:l]l:J[C/li!•l II "&'•.t]']'•H]I'(•-; it.

SII'I•,•]I•IS'C:]Ip:l•: gr(Rlll:]'l, lC:S Z•:C (:•lll cill"lCr I•l'• ]]l•]/?[d! ;]l][(ll[]l• {, SlT;;•ii•[I[L:(I•c:c:,• IRI.N. ,

•1 ]i]] L: C )] {I ]11 i J ; ]1 ] k II1 i i'L: O F C L I 'L 1: C Y i ]::1•p , C ••:.•(] •t Cl i: ] '• i [] I •t [ C ILl i 111: .o. •t1 L. c ,; a. :1 ]m c ]1 o t c

"L,C, II]•:il:].ll(]iI]l:[] •ll()ll,'..,jb:. L•l:.: C'L[t )3,'.. >.t{Ll.i(:,]ls•r', c,] r..:'•,,:<,l:•..ii•:•,•::•tl•s [H[;]c]:lcd
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Figlure ].54.--.A c:utaw'a,y dlra•wir, g o.f a cam•a, II I'iinin, g: ma•ch]ine with a distr'ii•but:er pl•a,t:e
a•ndl ironer p, lla•|:e.. PX-D--313038;.

[.o, t]lC' rc'.l, •,l' 'lklc •;]it:, i!'< ,1•] ;i . ,.",•.,. i:,l•,lk: •_,:.mc],..!,•:. •,..ii[I n,•i ;L•I!•,,;:,]•'<; r,.:'t•]]n •hc

•:r,:•c:,',,c •<l•:i•t]•c: :lflL:]r Br•:,,,::,•'•: c•,it:iil],• LCILIit',]•:I.C]I1 i•.; V,,!il:lql..ill'•l,,.,J,]*l.. •IC,,C,'•'C:';. •3],•.
r'c'sl,•lpc,d [,::• 'k•,Jit]fi]l• >;F,•:cilq, L,d <l]m,,s•,:i,>r,>:, :,l'lL':• lhc c',::,••c']•:tc: I!l;:•>; !q]:llc•qc<l
'.;.u:l]],c:ic'n:ll]lv Bcc',I•.[<L: .,:•.f '•c•',r. I1!,: ,:!i]]•t']:]•4i.,R,,l•q ,•:,1' •,,;,•',.]irl• [,:>•,.1'• i,]Jlii•'•]l]!'.,
".;]'I,;]LJIcJ }:,c <:,vc•>.izc Jil'l>;l',c,.:l<:,•>. •-;ll,:•l;lld ]lr•.!c]!t:lLt]l]l]} cl:lCC:]-.L 1FIc <k.'tqeh [u-•d:
Ib,:•t•.om •.'ii<]:•]i] ,,d tlilc •r-,,•.:,•,,.';..; F;.•:',I !,•tr]l]c c&lllLtl II]ir, ir•.!>:;, t:,[LFIJichll:tl]>.' V',]I]ql

m ,:•, "C' i •q• t :1 Ji C:• LC • aO,, rq..: :.=,]h • q::, Ct•.. ]]L a] ;• ti I],..' Ii]L CC :",:',•11 '•' I .( "l. 1'•. :,• J]ll I:• I I]IL! I+ [ I!l [I ]i*1 1[ ,1[ ]l: •l

I ]Jl C •: ] ,1: ]• 1 ', ,,_! t ,I } • il :..•-. L I Ilc ] :, I ,• } Jl ) C II :'. i >'t C • I ]ql ,LI ;'-, il 1 ;[ ]:l, j. ]l ,; ], I: :1 ]i] •- • F C h l!q L• • II I I V t:1 ]:-• 11"]! C•I t C',LI

IFrom p]•l•qtJc c,l! ]1 ulht::,,'R. :trl, cl v.. i:]1 i! ul,:T:,c:l c'•r•. •11],.:> •:•1, t-•,•' :r,.'u:.,c:•.l sc',•:r;l:t
I i.T•I,LI S.

Pl'c'"•']OIl'.;]y. C:•ZCILI!",•ICI:J,:HII .•]'¢:,,L:,',,.:., ',.'•..T,. (:,IIcI:I lc"t ,:l,]'•d'll ,.:xcC'p.L •','Ilc!•C •
I:li•h ,Jc'.•rcc ,,•t' •.', :It •:rt i-:hi! i:l• '.'. •.', ;[,.: n,.xo:t,•'d T]!/i:•; ]?<,,[i,.:£:, ',•.z•>: d i•:l•:cd i:•,•ll r.I/
J',L.]lll ] (],[IS,OI:I•; ( I,[ 'L'CI )•'1CII•I\' I',•;11 zll..,::, [Iqc',L:•]:k]>...' ci'.:]m, lh [111 [•,;IqC,L] ".'J•II,..3TS ',•' C']'£: "•'[[-

tC:[iOr,_ll:[Olll illt;),]]!] •.•ILI,.•;III,L}]I'i:I]?. J-I-,•:, ;:,•':.plqlEIIIL :,.L:•l.,r]!'! •, Ih:•,:l ,I.:,I'[.L'I:I ',i;',I,C;li]11C]k•.l •.:;(:1

:•; •.I: •, L: r C! ]1 ),' • t: <. [ ,•: ]. J!', c • • I I•1: ,;. •,:.;. :[ • I •]• •. •.: I +',' i C ,. t til > I .L: [ ":, I! t't .! I J ] I• t C' ',,'v • t I ,.• •" ',w • I •. ] ]1] • •" ,L:,,L[ •L I C C' ,C ]!
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Figure 15iS..--C:a.nall c:onstrulc:tion• Ilay'out on S;.aln Luiis C:an,ah•., C:ent:rallVallllley projiec|:,,.
E::a.tifo,rniia.. Lining o,perat:iion progressiing upstream o,n [eft s;llo,p,e,. paviing •ulll•ll
heiight:of slo,pe and 10 feet o,f iinvert Note t:he beU, ly-dump t:rul¢:ka•ndi trailler o,n
drive•-o, ver unlo.adier suip,pllyiing co,ncrete to, the limning ma•chiine.. The truclkllload
o,f s.and iis for f:inishiing gr'out:. Reel;s of PVC fermed wat:erst:op cent:ra,ctiiion je.iint
rnateriall are s.h•o,wn in the 1left feregroum•dl.. F"805-236-9•546;...

:\ ii • u m bc :r ,::ff ]i',:fi n t- s c a t i n g %' s.tciq• • s ',,,• •.:rc •;;t m.lk:: d i • fi-l,c 11 abo.rz•tc, r 5 an d
t :[ •c: l:i!.e ]1 d 1:c,.1: roe :1 •m: ]i r, e 'a sph •'J it s.c a I c •: s. Of EL11 t !1, OS. a c,;:m S i dc z,cd• P•:<:• show c d
t 113,:: •c.atcst l:,,rc,,n-hisc. OE-IIC CO, l!l":,J ",1 ,:J (-:•: L• 13 ] EtY] C-'• L'LLt.:'C•Ii YI ,• VC•'tii c[fl Ilqle:FJ:l-
I>cr d•.(] {I ,zd L o {L ]l]ql i [1 i a[ U ]C: '%;,.qq!'LC • •,t,: T, '•: fig L• •C: 1 5; 7, a]ll.,c:l'[li it[ i"CC S 2: •FbL] • } 7'l•i C
L'•C:•.::C']!I d 'l:)[ ¢ t21 •.: :HI C:I'•I?C:• " S::• ¢'ILL: []'Jl S, a C:L-)IZI- 1 C xtIL]:iql t:{ C:{] F•IC:I• :i• •; U!I fiJ e SIc: :• • er iI:: •,l-

lcrnativc:s :1 ar,(I 4.. figkIrC 157).. iS modilltcm.ti]c•'u], c,f a sca]iar.lt dc:v.c:b;:*pcd
c:•rliicr I:,I:)Y &ir'p(}l'[ •'l-II]•l'•'•ll]! l ;IJi•.d t•.'J"•]'•',"•-Q!' .i'lP]iFIL •.;Cd]iD_•:,

r]']]C: N!,rs[L!]*I[] cc, nsi•;tJi•q,M ot a s.mal] ',•atc::s;tOF•, with a vc:rt]ca]I pla•c-
V•C2•k,L!:ICIi•3•:: L:],C[lll C:•] t ] g !LIS LB•II]:]•,' I,LIC FI'Cd 1,0 E[S g• C C,•-l{r;:tCt ](:,,•] jio]i n t-fc]•m h]•,#

vvatc•st(:T,, c,,r., rn,•rc: simpLY., as a P'VC slrip. E::.x{rud,.:d hc,m PV(' plastic
•:Ln d ] [a• sor{ c:d i r•t.,:) • h c c o r, c rct c' d u H n g ][ii n Ji F• g pl•c c m c'-lt. I h Ji s st r] p co•]• t to] s
crackiing c:fl'c::cti'•'cll2•.'. E";•-C• ]i'.,'•]cc 12,11OVCS tl'l,tlt lthc: i•>•l.alh:•t[ic,,n yt]l•.lS.t b,c: ,co1-
I:C:C[]{]!' I'•l•ktle:: 1]hh.! top O[ [}:IL} s lrip n-•u•;L tR•c,L JR, L: ]111o•7c 1]]•Etl-• oYIIC-I,I•t]t: i]1¢::11,

'[)C:]C:•\.• ".}qlC• COIIIC•'Ct..C SLJ:I'f'JCE• C:•I" iLllL' c:o•lt]'act]ion c:•ack :[1]•igh•h I'IL)• dC"vL']O'p' W,

the dcs]il:L:dl ]•,.•c•[t}ic:,,]]: and thc stri:p JI]I]tlS,'L •2iO• b,,•. tidied sha•plly or flhc crack
might, lead! to, a :<::a!li••g builh,, thc• c:1•,2:, cllcstro,3 ling dl, c watc•stC,.F,, effect.

Advar, tagc:s .o,f the PVC strip ;•rc::
,ill. It forms & wc',:,kc:rJ..ed plane 1in fl-l,c liniing, pz,,:•.duc]ing c:xc:cllent

c•'ack c:omro,]] when t:,•l,,:•pclrb• i••stal[cd.
(2) ][t SCUllS 2,:).' ",vatc•stop actiO,•ll sO. thc Sc:Ll iS. not dcpcndc:n:. ,::m

bo•d tO •t110 ,CCI, I1crotc.

I3) •[t is: t:mriicd so, ,acathc]ring is viztuaJ[ly •.::][i:mi,-•atc:d..
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IF'iig:ure ],56.--Caterp,iillar t:rac::k-rno,unted Illi;niiing rnac:hine i:n o,p,erat:iio,n on t:he P'uta, h
South Canal Solano p,,ro, j;ect, Ca, li;fo,rniia., S0-36194-CV'.

(4) IE !i•; h-Jc];;[ chc•rJ:ic:•dl::••nd. IIhclrcfl:•rc. nor. l:ikL'!l> l•, bc a;lIL'ctoJ
b}, cxtcndod •,,,,a{,L:•r iin]rncrsion,,

(5) It iis a manufa:,ct ulr<d: Ji{cm ;,Lccp:ivc l{, ]fi:gll qml]iili:!' ,c{mtrol

s;• a n d a rJI s,,
(6) •[ wiEhs,and• hiigh h0,,dros:•,tlic p, rc.ssurc:•; t:[IF,, :•2,• Ib in:•).

(7' ], • ,on abllL!•., l:i,•i n,g •m<l XClj]l[ll•: •1 cm•na11 i]ll: •si]•,]lc ,: qTi.c•'atio,:11

(•;], 1• t.cnd•; l(:,. m-fi•Jizc •[ ccLnx]l ]!i,•in•b,}. t:!in£: 1he Jndiivid:u•,I •]l•ll•s

lc,•cdhc]: but t],i'• <•l]<::ct is :<,•mc',.,,li•8imli[:•i:.,Ihcd b:; :..Irc•.:,; YL:hl',<:•{i(•,n.

Tlw s•'o,:)r•,d! ,::)[ Ihc ii•,<wc• [l•crials., thL:: c::oal-[a, C:•IL::mlLd poUiyNu]lMc
C•/11141! %:a]!C]l" (£11bcr•lnli",cs l {llllLi 4. I:]b•:LIIIL' ]157), ig t,•::.cd Jin 1111LhJ[3 ]•I!/C 5;•1111,L

n:aa,•:nc£ as []alL:: p]rC:• iOLISI} SpcCil!icc] a:•p:l,•l•ma•slk:>; hL,• ",',ri[l:l m',•]kc,dil2• 1SOl-

tcr ,CS,LHrS. I{ v, cm]hcr>, v,,.:l] a•]dl v,,'Jlll rc::.;Jist ]h,5%llros.L•Jic p:Fcs.:..u,'c •1 F, t,:) 26
lb in •:)',c!l" • ]! •;;-Jinc}•l-wi:,:]c cra•:k I'•Iorc..,:Yvcr.. ii: •'h:J,:ncts wc]![ l:.c,, c',c, nc•c•c and:
rCllll:li]llS 5(:ql(k:.c]! cvcll l•ilg pcr'Jc:•c]!}. ,c,l! !i]:l-illlcl•J(:•.ii• i:l• '•.';!•tcr. l!l;ci]!l• :1
two-corn p,,;La, n c n E, q [, ic k -c u ,' i n • n]; •l ,c ri a• 1.. i • "'-'{tl L] i [C• I arg C', < x pc :n S ii •..c •11 • • i p-
Irwll• 1F<•.r succ:,cssfut al?plica•ic,,]: S:imilla,. b•[;• NII,c, wcl sc;ll:h•., f:,oll3•>;,L•lfiidc

JJ 1 I110 LIg,]ql ql u i•! c s I,l:•,,• ¢:Ul r ii n g., a F, t:l.•::{]:l•i ILL}, [3'L: 'L: flcc•,ii •,,.•w :1 ], c]• l u I1[., c u red.

Al[c•]•ti•< X,c, -.1 in t!ib•lLLrc I •;? •;h,c,',• s 'F,,ccial ,c',•:;c .::ff •lhc L•S.c c,f I]:,•'
C ,:a,;, l - 1 a r c x I: ,c • :• • I c ¢ I t::' c ', :1 } ,• L ] I fi d L: c ;: • • a, • 11 •, c a I ,,, ]:] [. HI c r c •L l! ] c •; < a II ', • •: • •: i :• f ,[ • r rL i s I • C ,d
•:[S •i. ]•IIIL:It:IIL}I:[]I]ICE/I Sl!]Cip •4i['1211-•Cih] in :• ITJEHII•:IJ]I;W t'OZ]ln as SI:IOI•']I1 •ll!Id iall)ri,::alod
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NOTES
- Concrete curing compound in grooves

for olternofives No. I ond 5 sholl be
, removed by sondblosting.

A long. jointof one olternofivemoy be
used with o tronsverse .joint of on-

. •- other olternotiveproviding o reoson-obly close fit is obtoinedot inter-
sections.

A"dio. circulor opening moy be used
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t Grooves for olternotive No. I sholl be
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Where RV.C. strip is used in the long.
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through the slot.

Groove ond P.V.C. Strip Dimensions ond Tronsverse Sporing
T

Slob Thickness
(inches)

2½

A•
PV.C.Strip Height

(inches)

B
Groove Width

linches)
tto}

to•

C
Groove Depth

(inches)
to•
to;

Approximote
Groove Sporing

(feet)
IO
I0

3 I• tO 1½ I tO½ I tO t• 12 tO 15

31
4

t½ to •j

=-• to I-•
I• to It
l½ to li4½

tol
I tol
½toi

12 to 15
12 to 15
12 to 15

*Dimensionof upper vert. member is decreosed " to}"for tronsverse joint.

Figure 157.--Details of transverse contraction joint-forming waterstops and
contraction grooves for unreinforced concrete canal linings. 288-D-3254.
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from the same material as regular canal sealant. This strip being pre-
formed is suitable for installation only in plastic concrete. In this instance,
a seal for the contraction joints results from the concrete bonding to the
polysulfide.
Alternative No. 1, figure 157, is now the normally specified groove

shape using coal-tar extended polysulfide sealer.
Alternative No. 5, figure 157, was the standard groove used for many

years and is the easiest shape to make. Experience has shown that it is
less effective in inducing contraction crack development at the bottom of
the groove than are those shapes having a fairly sharp point such as alter-
native No. 1; generally, therefore, it is no longer included in Bureau speci-
fications. It may prove satisfactory in small installations but only if it is
completely filled with either asphalt mastic or polysulfide sealant as
shown in the drawing.

Dimensions and spacings for various PVC strips and grooves for
various thicknesses of unreinforced lining are shown in figure 157. Trans-
verse joints in reinforced linings are similar to those for unreinforced lin-
ings except that minimum dimensions are usually specified and groove
spacing may be increased to approximately 16 feet.

It is not feasible to establish fixed guidelines for spacing longitudinal
joints either in reinforced or in Unreinforced linings. This is particularly
true when linings are constructed in stages by machines that place concrete
on the side slopes first, then in the canal bottom. With this type of con-
struction, the longitudinal grooves are located to form the construction
joint between side slopes and invert lining. Concrete linings having perim-
eters of 30 to 50 feet placed without longitudinal construction joints are
generally provided with longitudinal contraction joints near the bottom of
each side slope. Linings with larger perimeters usually have additional
contraction joints about one-third the distance up the side slopes; there is
often a joint established about 3 feet below the design water level to pro-
vide stress relief at that location. The number of longitudinal joints will
be decreased for reinforced lining, depending on the amount of reinforce-
ment used. Dimensions and shapes of longitudinal joint strips and grooves
are as shown in figure 157 except that alternatives No. 2 and 3 will usually
have a 1A- to ¾-inch longer upper vertical member than that shown to
better accommodate the installation of the transverse strip at intersections.

Normally, it is left to the contractor to select which of the alternatives
he will use to produce the specified contraction joints. One exception to
this would be for linings thinner than 3 inches where alternatives No. 2 or
3 would be permitted in one direction only and alternative No. 1 (or pos-
sibly alternative No. 4) would be required for the other direction. (See
fig. 158.)

Installation of PVC contraction joint-forming waterstops must be made
in plastic concrete. Usually, the longitudinal strip is fed from reels



CHAPTE:IR: VI--HAHDLI, r'qlGi, PLAC:IING, FIINIISHING,, AND, C:URIrNIG 3133

Figure 1581,,--Ilnt:ersect:iio,n of PVC: plals,t:iic cont:ra,ction jioint-formi:ngwaltersto,p
(lllongit:udlin,a,I joiiint:) wiith fiield-ext:rudled, co•JI-t:ar ext:endledl, po, llysullfiide calna•ll

sea•Mlant (:tran•sverse ioiiint}. Bot:h plane wea, keners dlevelllopedl centra,ctiiion crac::ks;

bot:l•joiirrts a•re sealUedl. PX.D--67376.

mour•'{ed iin front o4 the paver' into the f'•e:sh cc,.nc::rete t:hr'ough g.uiidle:s and
tension rollc:r's so placed as; to erJ.s.u•r'e pr,o, pe:• de:pti• arid; orientation c,,f tl•e
strip (figure 1 551t. Insta]llati•c,,n ,:)f d'J•e t:iar•sv'e:rs.e s.tr'ip iis often made fro.m a
se:cond iium, bo into. a >•)uoh g>c)ove. S, uff•lcie:nt vibration is; requiir'ed: to le,,•o,-
duce thc,,r•:•,ugh consolidatior• c,.f the corJcretc: arc;,u.nd the s.tr'iip and to pr'o-
vide: contir•u•o.,as c:onmct bc:tween {:'he: concrete and a]l[ surfaces oil the st•'ip,.
At intersecHo, ns bepa, ec:n ].o.ngitudiina] and transverse .joints cc,,ntaining the
PVC strip, •_l•J.e top verti,:::all member' of Ihe: first-i, ns•.alle:dl s;tri;F,, is removed
{'or 3 ]inches at "•he i•'•tersectio, ns and the second:-installed strip is placed
wiit]hin {:he: notch so ic,:med. Sc, mc'. d:epressiaon c,,f' the fi•"s.'•-place:d strip is to
be:: e:q:,.ected in such an insta]latiion but sho, u]ld be pezmStted o, nLv to the:
extent nc:cessar'y for plac::iT'lg ttqle: up, per strip to t>•e: pE•per' dept:•q,. The:
manr, e•: of making mte:rsec{io.ns shou]ld be: s.ulc:l'J• as. to assure: a reasonably
close fit bc:•wc:e:• transve•'se and lorJg:!it•dinal s'•ri:t:,,s acid: to. pro.vSdle a nea.Hy
c:on, tin:uous wcakc[q•ed plane no.final to fl•e li:mng; surf:ac:e: in both dlirec:•ions

thrc, u•gh the irJ:tersectiions ,{see fig. 1591:)..
Equipn'•er•t for mixing and placi:ng rapiid-sc:t:, cc,.a]-taz' c:xtended pc,,lysu]-
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IF'iigur'e 159.--•.•ltersect:iion o4 tralnsverse anldl Ilonlgit:ucllinlall PVC co, ntral•t:iion
jioi•lt..fo, rm, irllg waltersto,ps. Upper verl::iicall memlber onl the Iongiit:udiin•hll striip is
one-halllf inch, lenger thaln that onl tral.ns,,•'erse strip (left:)... Beth striip,s dleve•ll'op,edl
{:O•ltractioln ¢:r'•l, Cks; both jioi•lt:s; are sea, ll'edl; both co.ntractio,n, cralclks alre
c:o.ntinlU•l, US. alcross the iinl::er's•ectiio, n•. PX-.E)-6.7427.

Fzdc SC•ILH1K is ]I]],,:XFC c]laborL•m: Ll-I=Z.•[]£ t[IIT.•UL LII•,Cd t,Ll,• aspl:];llt nlla:•;Eics. ']F[:le •,x',:-•

c:o'mt•onon{s, ,•]un.:L [:,,c' dcdivcrcd at •tctrlnt)cralu•,•:c,f ,•!:!:1• bc:• ]1,13,13'o F in cq,mH

'•' o Jl • :1 z]a• c s 1 ¢::, • m i x ii n g-h L' ;:a {]! z] ,:):.,: :.d c. E: q i[[ •.] ] ,. ci ]! LI •] 11 L: S ]i S d L' fir], L' { ] •a •; z• r', • 1. i ,c,..o, lf"
I: II pIL, s {:,[ •TJ:inuPi. ]O' pCFC::L'•'I1. /•CL::U]t].IL• 13.FOSS•HFC •:{t•;.L>S Of •;uJ{•t•l,.• rdi]l•!:L•s
;rod i•].spL:',clior••:•L•:cs•.(].T fll•:,v,' n•J•cxl•it:lr.L.l•:l•c.]]i•l]c nCCc:Sgt]d•V 10 ]3,L::r•3-Ji•. c,:l, yP

v.c:micnt mc, mt,;:).:i•ag (-:,.•' ]prc::f;:h;u•,•:s a]•ld p•c,por{Jomr,•: [lid: t:,r,ct:,(,•{ii,z•,rJii]:]g

shc,,u]!dl b.,.c c]lc:,c:l<•:d at IlL'•zs• .::','or)' 2 ]h,:•u!rs:;. P]l•)v• r•c throLl•jLh 1he n']i>(i]• g
]i•e •]•d >;, t31 o L] ]I cl ]:i O [ C ",C co c c l [ h c c' q Lfi p,:rl] ,L: ]:l t ]111 ;:] •31 L]•;]IC: i I IF C r's ',;, F' ,L:!C ifi,C d ]',•,•x im u]•]]

• 'hc sc:al•,•:,t ShOh,:ld bc L'xt],"udcd • H-Jc bo.ttom ,::•i •1:,,•: ],,.h,H •:r',c•,,,:•'•c• •u]d
21. t:1 o L! ]1 c ] }C, O /' t:], O ]: C ,•.l t O '•N. •: > F k t I:•1 c' •:; c •t I! El 1:1 i i 1:] 1: •. :1, [ F• [ ] I :l:i • • • C C X:l t d C I. Y,• i t }ql t I •] C j • 1 [ :r• I
sur.f•cc:s....c:liml:i•,t,• •:,i] bubble:s. •:1(1! ;]•.cl-]•ic::vc: (h,.:: s.]!l•lF,.c:: :d]uv•n iri figur.e II 57
alltcr'nativcs ]1 arid: 5.
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Any sealant that does not cure properly, fails to establish a satisfactory
bond, or which is damaged by the contractor's operations must be removed
and the joint recleaned and resealed.

Conditions for placing the polysulfide sealant are more critical than
for asphalt mastic. The concrete must be cured at least 7 days, joints
must be dry, temperature of air and concrete must be at least 50 ° F,
and joint walls need to be sandblast cleaned to remove laitance, curing
compound, or other bond inhibitors.

General and detailed requirements for the PVC contraction jointforming
waterstop are given in Bureau construction specifications, and the test
procedures are covered in U.S. Army Corps of Engineers Specifications
for Polyvinylchloride Waterstops, CRD--C--572-74. The coal-tar extended
polysulfide canal sealant is required to conform with Specifications for
Polysulfide Canal Joint Sealer dated October 1, 1973. These latter
specifications are based on some prepared by the California Department
of Water Resources. They cover not only the rapid-set, machine-mixed-
and-applied, nonsag sealant (Class R, Type II) which is most widely used
in large-scale applications but also a rapid-set, self-leveling grade (Class
R, Type I), a slow-set nonsag material (Class S), and a slow-set one-part
sealant (Class O). Class R, Type I, is commonly used to fabricate the
preformed polysulfide strips mentioned previously; Class S and Class O
are used for smaller jobs, for repair work, or for sealing the intersections
between PVC strips.

There is apparently still a need for a convenient, less expensive mastic
sealant in some of the Bureau's operation and maintenance work. For
this reason, specifications for previously used rubberized asphalt mastic
were upgraded to assure procurement of a higher quality sealer and are
now titled Specifications for Mastic Sealer, Rubberized, Cold Application,
Ready-mixed for Joints in Concrete Canal Lining, dated March 1, 1971.
Materials of this type were used in the past for sealing and resealing
grooves. They are still used for resealing contraction grooves containing
deteriorated asphalt mastics because there will be less surface preparation
required and no compatibility problem which would result if a polysulfide
were used.

Different types of equipment are available for placing mastic joint
sealers in grooves ,and on random cracks. Hand-operated calking guns are
suitable, but for larger operations there are hand-operated pumps designed
for use on 5-gallon containers in a two-man operation, one working the
pump handle, the other holding the nozzle. For larger jobs, a heavy-duty,
48:1 ratio, air-operated, double-acting pump, equipped with a drum cleaner
is useful when 55-gallon drums of the material are used. The nozzle tip
should be of such size that it can be easily inserted to the bottom of
the groove to be sealed.
The nozzle tip should be kept near the bottom of the ioint during the
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filling operation so that filling is done from the bottom to prevent trapping
air bubbles. The groove should be uniformly and completely filled, and
the sealer should hump up slightly above the surrounding concrete to
compensate for subsequent shrinkage and subsidence. When joint sealer
is applied at the time concrete is placed, the inspector should be sure that
the joints conform to designed shape and cross section and that there is no
free water in the grooves. When it is applied after the concrete has cured
thoroughly, the grooves should be cleaned of all foreign substances, par-
ticularly concrete curing compound, before the sealer is placed. Sandblast-
ing is usually the most rapid, effective, and economical method of proper
cleaning of grooves.

Each shipment of polysulfide sealant should be sampled by the manu-
facturer prior to use; the samples should be taken during the canning
operation. They should consist of a 2-gallon sample from each 500 gal-
lons Or less of each component of each batch or lot and should be accom-
panied by a certification stating that the sample is from the batch to be
furnished.

Two 1-foot-long samples of the PVC contraction joint-forming water-
stop should be taken from each batch of the strip. A certification for
sampling and physical properties should be furnished with the samples.

Each shipment of mastic joint sealer should be sampled in accordance
with designation 39 of the appendix. Samples and certifications of all
types of joint sealers and joint-forming waterstops should be forwarded
to the Denver laboratories for testing prior to use, as required by the
particular specifications. Arrangements will usually be made for final
inspection at the point of origin to prevent delay in operations after
receipt of materials at the project.

Expansion joints in concrete and mortar canal linings are usually at
junctions between linings and structures. When expansion joints are used,
details of joints are included in the drawings.

109. Precast Concrete Pipe.--(a) General.---Extensive use is being
made of precast concrete pipe for siphons in canal systems and under-
ground distribution systems. The manufacture of such precast pipe should
receive no less attention than that given to construction of monolithic
concrete structures. For this reason Bureau specifications have been de-
veloped which permit plant control during manufacture of pipe. With
proper attention given to mix design and placing and curing, there is less
reason to be concerned about the pipe meeting specified physical tests, and
need for expensive and undesirable repair of pipe will be minimized. Re-
pairs, when required, should be made in accordance with the provisions
given in section 138.

Where plant control is not feasible or is not justified because of small
quantities involved, pipe may be accepted if it passes specified physical
tests. Standard specifications for concrete pipe, such as those issued by
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the American Society for Testing and Materials (ASTM), are used to
make and test concrete pipe. However, these specifications are often al-
tered for specific reasons, such as changes in type of cement, reinforce-
ment requirements, or curing.

Precast concrete pipe may be classified as cast, centrifugally spun,
tamped, packerhead, prestressed, and roller-compacted asbestos cement.

(b) Cast Pipe.--ln regard to the casting of concrete pipe (generally
48 inches or larger in diameter) in forms, there is little to add to what has
been stated relative to final placement of concrete in ordinary forms. Most
of the material included in this chapter under forms, placing, and vibration
is applicable and should be reviewed in consideration of casting concrete
pipe. Experience in the manufacture of such pipe for the San Diego Aque-
duct and the Cachuma project demonstrated that high-quality pipe having
a minimum of surface pits and air bubbles can be made by using an am-
plitude of form vibration at a frequency above 8,000 vibrations per minute
(see fig. 160).

The tendency in casting concrete pipe is to use mixes that are over-
sanded, too wet, and have too small a maximum size of aggregate. Such
mixes may have been necessary in the former method of working concrete
with revolving square rods but are detrimental to production of the high-
quality concrete now possible with use of adequate high-frequency vibra-
tion. Slump should not exceed 3 inches and should preferably be less than
3 inches, particularly at upper ends of pipe sections. Normal percentages
of sand are adequate. In the 7-inch shell of 20-foot lengths of 69-inch pipe
for the Salt Lake City Aqueduct, l l/2-inch-maximum gravel produced
excellent results--better than when 3,6-inch gravel was used. In the 15/16-
inch inner shell and the 43•-inch outer shell of the 16-foot lengths of 48-
inch pipe for the first barrel of the San Diego Aqueduct, l l/s-inch -
maximum gravel was used with complete success. Although the size of
the gravel was 86 percent of the clear opening between the steel cylinder
and the inside forms, no difficulty in casting was experienced, and the
de.lay and inconvenience of using two mixes was avoided.

Concrete should not be placed rapidly in deep lifts but should be fed
slowly into vibrating forms from the circumference of a plate or cone so
as to distribute the concrete evenly around the pipe as it enters the forms.
(See fig. 161.) Production can be maintained by casting several lengths of
pipe at a time. Vibration should be continued while the concrete is enter-
ing the forms and as long as bubbles of entrapped air emerge from the
concrete but no longer if overvibration is to be avoided. Particular atten-
tion should be given to vibration after filling the pipe form has been com-
pleted, as overvibration will cause coarse aggregate to settle and water
and air to rise, resulting in a weak and fragile spigot. For this reason,
entrained air in concrete for cast pipe should not exceed 2.5 percent. For
long pipe sections, it may be advisable to discontinue use of lower vibra-
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Figure 160 •Casting20-foot leng•ths ef 54-inch-diameter pipe° The concrete is
consolidated by two form vibrators per pipe• PX,D-33052.
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F:iigulre 16Z..--C:oncret:e pl'a, cement: by' sll!ow uniiforrn flllow over a c:oniiicallsurfa•ce.
Manuall opera•tion ef tl',e butterfly v'a,U.ve• at •e, outlet of the p, llacins: b.ulck:et: and
cont:iinuous v.iibrat:iio.n• are used t:o control fmew'.. The bucket at: thee top of t:his
photograph is;. used for transportins: c::oncrete to tlhe i:.llaciing btJicket.
PX-D-33=52:6;...
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"•ors ",•]1c•. th,,. level c,f corJcJ,•.tc ]l•>• ri:<.•l v•dll! •/•,,:,',,,•t lh,•.n•. A f,•v,, •'LIl::[d,,2

piits, •md air bllbhil•.•s at Lh,c uT:,p,j cn,•l z•:rc It:.,:. ,;¢Q,ocl:i,:uT,:l/f,l,.• t]:l•m i:u, l c :r ii ,;. :, l:
C:cincF,LI:{,C: L:2LILI:%CL[ •1,],,' U},:t2CSSis,,C: "•it;ratiic, l:•.

'W]•clu; fci, rnls •.lrc str'ippcL.]!....[t::,pl:,:•.,.:il:-ll•:•l:cq),. ]:],l•llii:i¢!,]/I;ll] FLl{:L]l,OI'lilCrlt c'rLtc:•..C•.;

u.re ,o.fl•.:n visih]lc i•a, ,JPllX•r cr•ds ,•t c;•-•.l piiF:,•:. I hc,.c Cl;•ck•, L,•,L:I•tI!['• ,:•C,•:tlJ

where cach I:•c,,:•p h4s 'b,,c::<r• •.,•chloJ 1.,:• hmgiitucli•l•] I:x•l::q. •,r •,,.lic],•.: :•;•c,cl

(::3,]lindcrs arc: vvclldlcd to joinlL •il::i•s SL,clh c,;,crkt, s,cfllJ,:•,m ',!q.c, pc,¢r in iLIhc,

l•wvc'r porth•n of Ihc pipe bcc tusc ,,:¢ •lhc ,,,viib•l:i,:,-, c!lu, ii•:,g pI,Lc'c'mC,•I! •'li

Ji•q•g ll,e I•::•.:l.•ll..[rL.•lur .i.,14 •'•'C:](()•'C' iL ('%.:C'tlI'jlIqI,C'-. S;,I) s.lill[ •lh•it p.]•lsLiicif.} c•inlqu;.•,l II',c
•'•:Sltil:)•C'ld bll)l . \"i•llI•lil<•I:l. •l' }lilt ]'J I]llL.t C(:l[]L[l'k}kC ]•i IC',il•l;l{,..',C]! Ill,)ll] •l•'l'l::):l]• , t•( II]]]l•:

:sc:tflcmCnL •irJ l•k,os plla•c'c LII:I(]! lille [,c>.l:lllf¢ •!l•." I:li:q ;is, •.l:l•:•LI I ;1:.: tl:u>.c ;il-

tainlcd wil,en rc, v]it:,r•u: [,:ml iis dc']a •,c,d tt'• I,: u:le •ts p,,:•s•dbllv
'Wi!t]h, t]:fi s; c'n:lphtl•ds; <l, nl 'vi b:r',/• ion. it i • c<<•<c n I: i•l 1 ]•,:k! I', •rz:l/:S bc abs,:q lUl C]I •,

t i g Ill• €:, t I:1 c'l '•,ii s.v. ,l:, t i,. c i [,::•17<1 b ]1 c , a lucl: •/. n d g,zi "• c 1! :<,/r c; i k > ',,',, ]i I I at f •I:' c •, r ,,,•', h .c' r,.'
mOlrL•l, ]c4Jks •X, CC,LI:F aH [k.lC •L•.tcS c],:•,si•2,g the lr,:•rr• c',,liin,d,•'r•:, •und •1: I:llC
k:,im bct't,,ccl:l {llc f,:•.rlrrl:<.; •1,•.,4 l.]lc t.':,•sc, ri:l,g ,{S.x' fie:.. ] ,!•! :•Ii•.]] 2<•,3 ]1,

] t] f ,{ I, r';[l 1: ..{ 1 i t; 1 [ii C'. 1. :llt C L' [" [11 ] Ell •; C { ] r l } s e r L' li I g:." ] • .,; ' I:" ,,. '< ', n ,, r c I .c : L I :, •. I :'• :1 C .., n I C t Ji t i, I m ','• ] I I
L•c: f(i,l.l:lld iin scct ii<:,n:•; 9 ;tnd ] 2•., rcs]-,c,c:'tiivci 3 .

.t¸

i! •

i!

F'iigure 16.2:..--Forms; for cals•t pipe.. If t:iight ga•skets are not us•edl iin form jo, iints,
ga, l::es iin iinsidle fo, rm, s. and .jjoinl:s; wiitlh bas.e riings should be sea•lecl with 2.iinc:h
¢llot:h tape, that will acllhere, fiirmlly t:hrouglh•out tJhe p.lla•cing opera=|::iion.Paper tape
is; :not fullllly satis;fac:te#y'... P'X-D-:3.4510..



F'iigu•e 163,,,--P"enc:ii, lls in, sert:edl to, a depth of 2 iinc:h, in ho, mes• caused by lllossi oi:
me,fiat, illllustrat:iin,g the efl'ect: o,lf lealky fo, rms,,, P'X-D-346],I,,,

(c) ("c•l'a"•:,fa',,•'•,'i',•?, ' £i':,t,'1'2 •"h';,c,--]Ir:l <:,•l,•! p,:.:,p,u]•ir rll•C'•illl(•,di ,a•" FllT.•llll'LI1[i!IL'I'LJF-

ling rcinM.rccd oar•c:rctc lpiF,'L: ',•cncr:t]l'.! 42 i•l•Ch,:>• ,c,• smalM" in ,diamL•t,L!r',l,,
l:}]e outside: l:clin] is FClt;III.C..] ;!it •1 •]g]':]" ¢ {tkr ILI]• S[:•l'•'c'•] i l:• ',• !lb(llriZlbl]l'•t LII] p,;>siLila, l:l

so thai c,,:•r•crctc ca•q, h,c •.n, liacccl iln t]:l•: :q:fin]rfi•]g tc,,]m :•]d c<,,mpactcd b,y
c:ent•[l[uga]l •f:,,a.rcc:. ('l:)iql]ll]l].(fl] •.:•riati(•.n,•:. it, O:•lil]p•l,,L:t](•,•]• LI•'i'L:¢!I ii1 co•:]ji•,]ct:i:o,n
'•.'itt• c:cnt[JifugaJl force :1,,•:: dJ•rcct ,:(:,,mp, actk•,n c,f c<,.n.crclc at L]l-ac imc:ri,c,•
s u•[•]c:c •,•i i I[ hi •]1 S[ •lc:l• >'all •C: Z ',' •3' d '•i bra •i,,:•:• dl u/:i •u, g •;'F" Ji I] ['1 i ]i I• ( so,.: fi •s. 1 6.-1 ',l [] d

165)..
'W ]ith I: hie C¢ hill ri!l•'L•g>t]l I]'ll C t t] od of ,]11 ii1:1 •kl;t aC t L.I FC .. C t ]l[]l c: FC '[ k] Ji s p ktc c,,d Ji [21 t h L:'

•Olq111 d•liFiilllg, ctlar•li-:......•" 1 L• ;•]-.t Fat .tl,•ls i111 'M]IC]II qUIil•].[ilL'(. II•I,.CI ili] .h.tlI.C]ql • l:]]l{llllFicIr' •/is,

to cns,u*c the: spccificd wall thickr, ess ',a'M, m!inim,hm] varied:ion] ]i]:] i:•siidc
diameter d•,rc,.ugho, L•t •lq,• lcngtt:• c,f t]uc piipc I[•.•:c fi.g. II (i,,fl). ]lhc duralior•,
and spc:(.:•.!I ()f spiim'•:i•q,g IR]I]I•-'L •II•} 54]•t]cicrJ£ II[] I •:lt'•}'l'llcr['•t 'l]]ll"-• COI]CFCtC frC:lYI]l

s,Iot•ghing wh,,cm sp!ir,,ni•q,• ]5:, s;,'•,c•pl::,,cd:, t]i•c:>,c: azc: •:cr, c:tallly m,c:,rc lh,[ll'li st,i]l:i-
cient to, c:ns, u•'c: c::omp]lc:lc Cllis•tributicm •:*[' ll•c c(/mi,crc•lc :rod F,,>c,d•cc •t-, c',c•q,
iinterii,,::•r sur[i,cc:, l•ait•mcc, c]i•v ba!lls, I]J•,;i[ •,;a, ct.;. >u•-i(l: m,•.c, ic, r tines, iff f•:,u, nd
o,n int:eri,,ar s,u•faccs., s,li,n•Id b.c:: rcl]ll,;:y',c¢•[ b",' ]light b,,•s]hing:, •:;crapi:ng.. or
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Figure 1.64.--.A. c::entriil:ulga,II met:hod of ma, nuf:•,cturiing concrete pipe whiich also
empll!oys both direct c:oml:,a•ctiion of concrete wiith a, steell! rollll'er' and rnec:hlanica•
vibr'a•tio.n.. P83.0-D-.] 72121..

troweling. Hard: brushing .or trc:,lWC:Hing t:,o. tl-],e cxtent tha•. ,dc::ep marks, ap-

pear in :::he cured p:iipe ,•;hould nol: be: permiitEted.

The: m•aximarn siz:c: c,,f' aegrege•e: and: m•ix F,>:•,pc•rdc,n:•; f'or cer•triif,L],ga]ll3,'

spun pipe: are n.o.rm•l]ly si!milar to fll,:•se fc,.r' cast pip.c: of c::•:,mpara•b,le d:hlm-
eter. Howe.vcr. the cor]•sistency •.•<il] be, sc,me'wl:l, at .dfic•',. ust,a]l::!' ra•:•ging
fr'om z:ero, to, I •!.'E-ir]ct:• •;•ul•-jf:,. AI•;.,:•.. c::•Jring c,f sT,•J:n pipe s:hc•.uld h,e eq•dva-
lent to that for cas.• pipe.
(d) Ta'.•:pc(., r •:•i.d Pa'.cLvrh'eud /'i..•,:". (:',;:)r•cre:tc: pipe o.f "{he:se t,.•.'p,cs. Jis.

made by cc,,mpacdng ver:!•, dD con:crete into. forms The: c,m.siide fc,,r'm, iis
s.imJi]ar for bod• mc:fl-,ods and consisls of a splJit c3.'l]ind!er tl•,at can: be casi!ly
removcdl without damage tc,, •he pipe: as. so.on as the p.iipv is c:omp]cl[cd..
F'o.z packerheadl p, ipc., the base ring and ot;•ts.i:dle fc,.Hr]: a•c slatior•ary, t'l:•c:
iinside sudac:e c,f d-JC piipe be!in.g f(3.rmed by a rapiidl:p rc'cc,,I,•iiFjlg S.klOC.. or

packerlheadl..As, co, nc::re•:e iis fed in{c, t[Ihc: f,o.•m., the packcH:•eed packs tt-lc

c::o,T•C:•'ete iinto p]lacc: and prc, d ucc:s a •;m(:•c, ffl finish o,n lhc: iin, side c,,f' the: piipc.
For lamped pi!p.c:, thc: base ring and ot,tsiidle form rc,.ta{c:, the imedior sa,-
face being f'ormc::d [:"5" a s:adc, nary c'y]Ii!ndcr'. As cc,r•crc:{c: is. fed !into the
forms, it is compacted by veztical [amxpc:•s s.trJiki]qig at the rate of 50.r3 t,:•
60.rJ blov,s per r•iinLtle.. C'o, nc:rete irrigadc, n and dr'ainagc: p!ip.e: is commo•qd)
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Figulre 165,,,•A c:en•triifu,galll m•e,t:h•od, ot: mal, nufa,ctulriin•g c:oncr'etepipe iin, whdich the
cenc:rete iis a, llso, clliiirec:tilyc:ompa,ct:ed by a st,eel roller,, I•'X-D--34(]•70,,

made by the packe:rhc:ad method[, where•,s large (u:p to about 36 irJ:ctlcs)
un•reil:-lfc:,rced pipe: and rcii•:lf'o•'c:cd culvc•t pipe: Js c:.cmlmc,.n!ly made: b,y tlqle
tampiing me(hod. (See figs. 16,7:, 1168;. and 1 d,9..),

Un, r'eint'c,,rcc:d co, ncretc: pipe: such as. d:,e tamped c,.• pac:kc:d•ead type is.
c,c}rnmon]ly used for dlc:ep s.ubst:lrf'acc dlraiinag•: pipe whc>•:: ]-/dgh dlL]•b.i]lit3.'
and lor•g service lJife are •cqLfiirc:d. B urc:au spL::ciificad,mss,. S, tandard S, pec]ifi-
ca{ions, for Unrc:infc,•'ccd CorJ, crcte Drainage Pipe., arc: li'ol]lc, wc:d fc,.•
marJu;factur'ing and tes.tirlg lh.is p, Jipe. The c]lass o4 piipe to be insta]ile:d
u•rJdl.c:r varJ,o,'us field cor, dlitiorJs is. dc:termir•ed fro.m lh, e: amc,,unt c•.[ sc,,lt,blc:
suJfa•e F,,resc:nt or expcctc:dl in the: so.ii] arid or the groun, d water. '•\.'l'•crc:
maximurn sulfit•e: rc:sistanc:e is •'c:quircd:, fly •sh iis addled tc, the concrel:c: i:n
an• amount of' nc:,,• ]less them 2:5 percent b3" v•eigl,t of ccmcr•{. The arnourJt
of ce:ment requiir'.c:d iis nc,,t less •:ha• 7.5 l::,ags, per cubiic: yard c::on•.aiinino:
:•.!i•-inch or snm]lk::r n:•a>:im•um size CC}l•rsc: aggregate:. ]!f at illcast 50 pe•'c:clq•t
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of the total aggregate in the mix consists of material larger than 3/8-inch,
the minimum cement content can be reduced to 6.5 bags per cubic yard.
The following tabulation shows the conditions governing the class of
drainpipe to be used and establishes the cementitious materials require-
ments for each class:

Percent
Class water soluble P/m
o/ sul/ate (as SO•) sul]ate (as SO•) Cement Fly ash
pipe in soil samples in water samples required required

A 2 or more 10,000 or more type V Yes
B 0.2 or more 1,500 or more but type V No

but less than 2 less than 10,000
C Less than 0.2 Less than 1,500 type II No

Reinforced concrete pipe for culverts, storm drains, and sewers is
manufactured and tested in accordance with American Society for Test-
ing and Materials (ASTM) Designation C 76, Standard Specifications for
Reinforced Concrete Culvert, Storm Drain, and Sewer Pipe. Items in
which the pipe most often fails to meet the specified requirements are
discussed below. Tables and sections hereinafter mentioned in this sub-
section are from those of ASTM Designation C 76.

Strength requirements are covered in tables I through V and sections
19 to 21, inclusive. When pipe that is dense and sound in appearance and
otherwise satisfactory does not meet strength requirements, usually there
is not enough cement in the mix or curing has been inadequate, and
corrective measures become necessary. The specifications list minimum
requirements for both cement content (sec. 8) and curing (sec. 16). The
inspector should verify that these minimum requirements are being met at
the start of the contract work and should see that they are later increased
if necessary to meet strength requirements.

Reinforcement requirements are covered in tables I through V and
sections 6, 9, 11, 12, 13, 15, and 23. Appropriate verification of com-
pliance with these requirements should be made by the inspector. Circum-
ferential reinforcement in bells and spigots of pipe is sometimes exposed.
Displacement of the steel not only weakens the pipe but often interferes
with proper consolidation of concrete in these portions. As such defects
are not consistent with good workmanship or with requirements of specifi-
cations, pipe with exposed or displaced reinforcement should not be ac-
cepted. Thin-walled, mechanically tamped pipe with standard reinforce-
ment sometimes develops spiral cracks caused by the release, when the
forms are removed, of a twist induced in the cylindrical cage of reinforce-
ment as the filling forms revolve against the tamping stick. This tendency
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Fiigur'e l[66,,,--Uniif'orm placing of c:on¢:rete iiin a rot:a4:iin,gp, iipe form b,y use e,f a•
t:ravelinfl: belt c:onveyc•,r viisib, lle at: left center o,f form P830-D--17023;.,

shc,•ktl b,c gL•;•rJcd ;•;fiir,.•[: •md. c,;,rrec::ti•,e inclosures. •rc rc:qu{iredl if ]it oc-

t:tits. Pipe c,i•,l•tltin]n• •iiacitl:rcs., l:•r•:c: q;•r ,Lk::cp ¢:r•c:ks,, or cr•t(ks p;l•;'-;irJ,#;

1]h•r.•:}uf:.]h lh.,.! s;tqiL]]l sh.c•u],d rl:c,.t bc :lL::cep.llcd re•;tir,J]Iof, s c:,f C•.ltlGe {scc 27 {it)).
C,Of]llt3;:lOlioIG (7,• t'llc: mii× tlh.r'ou:•;ho, tlit t'hc frill fl•iickia•css ,o.f pip,0: :m;]llc:ll is,

]IYl;I•FI,,[),T•}]I!I• ',]l+tiL] q],o,t•]d b,,a l'CqElirCd L.]:',,•.EI {]hffJl't];Tl':l ]C<•,S {hCIFCI, LI•i'J CO:YJ]3'3c{i4:"7•,

wc,,'Ll'Jdl pro, duct pip, c 1[1q4• pui._clfles •,trcnuth los, Is; and iqi•ts irllc:ri,o.r s, tlrf:•ccs,

t:h•l.t :tppc•:r Ic, lb,,e c]criiso •lrlL]l v,,:ttcrl]Tht. "]+]::i T s, oolrl]3.Jc::t]c,,7l •,hould •lls,,i:• bC
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Figure 167.--Equipment for the packerlhead rnetho4J of manu|•clure of
#nreinforced pipe up to •beut 154nchdiameter.P×-D-34071o
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Figure 168..--Fe.rm remo,•all t:rom un•r'ei•lfc, rc:ed pa•ckerhead piipe immeclliiatelyafter
p, llacement. PX-D-34072.



346 CONCRETE MAN UI.t•L

F'igur'e 169,,,--Equiiip,ment: fo,r manufam¢:tumre• o,f reinforc:ed o,r unrei:nforced' tammpedl
c:orllcrel:e piipe Ulp to, a,•ut 54-iinc:h diameter,,, PX:-D-,3401731,,

ap?]lic'd: t•], corTiorc•L' ]in •lhc Ib.<]lll 4mc]l •;p.ig.o.•.Spcc:'ific•,ti<:,•l:s;.p;,Hhibiit •;u•rf:,cc

roLi•lh•:m•ss.,•!l•l{:c'ts Ih•tI ]sld]ic;l{c: i]::il•C:r!I:L:Cl ]:,rc,.p::)rlJiq)i:iir]•:.. :mi:•iir:•.. ••nad

m,,:)Jl,d:ing, s•c,:,E]I S:L•rl•ac::o cll.•]l'oc:•s iin.dic•tmg ,,,nc:'D.c.,)mbed or c,,pcm •exlurL.

(•.ec:•..24. 2!';'•:: b,). ;iEi(:] 27( c ). rcspccT.il•..e]!:•::, P'c,s,:•[]s •l:ili•[Ipo•,r]::•cc,]•ip:•c•cd

c,or•cret o.. c¢:,•]::1 Eli< ],n• i n ]h, cl I1>;. x,lq•d c,,m• ! h L:. o¢] ! >ii{l!L• •:;•llrf';ucc. <:,.1 pii F,L:s. ,ca i:• bc: c]lii m-

i]r]atcd h,.':, p•,::>F,.L'r prop{:,rtic,.nin,• o!1' [11,o m i::L •::<:,,•,a::c•gra,di•a•of [I:IL' sz•]:•d:
(wii•]l•m•rll•p]!L•fi •aC:Sl } , I S;IL]]It]IL:iL:Int •'<l]•']LI]!] • =. •:ffCL:mii',•!t]:'l,.' IIL)I f •.•m•pilll•.I{tL::•I;i•L:•j':•:;,Ial::ld!
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together they will make a continuous and uniform line of pipe, compatible
with the tolerances given in section 23(a)." This requirement permits very
little eccentricity if proper space is left for a solid ring of mortar in the
joint. Eccentricity of spigots is a defect indicating imperfect molding, and
pipe having this interference to flow should not be accepted.
Acceptance inspection, whenever practicable, should be provided at

the point of manufacture as pipe is produced and not after delivery of the
product at some later date. At the very earliest date in his program of
manufacture, the manufacturer should be notified if his pipe is unaccep-
table in any respect. In this way, the contract can be fulfilled with a mini-
mum of rejections and a maximum of quality in the pipe accepted.

• Reinforced concrete pressure pipe is manufactured and tested in accord-
ance with Bureau specifications, Standard Specifications for Re'inforced
Concrete Pressure Pipe. These specifications also provide for the design
of the pipe from 12 through 108 inches in diameter for hydrostatic heads
of 25, 50, 75, 100, 125, and 150 feet measured to the centerline of the
pipe and external loadings of 5, 10, 15, and 20 feet of earth cover over
the top of the pipe.

(e) Prestressed Pipe.--Prestressed concrete pipe is commonly used
for distribution of water under high pressures and is manufactured and
tested in accordance with Bureau specifications, Standard Specifications
for Embedded Cylinder Prestressed Concrete Pipe and Standard Specifi-
cations for Pretensioned Concrete Cylinder Pipe. The main difference be-
tween prestressed and other types of high-pressure pipes is that reinforce-
ment steel in prestressed pipe is held in tension during manufacturing.
Methods of manufacturing prestressed pipe usually employ centrifugal
force to make the core by spinning the pipe form containing concrete and
longitudinal reinforcement with or without a steel cylinder (see sec. 109
(c)). After curing, the core is wrapped with reinforcement steel under
tension. Then the core and circumferential steel are usually coated with
mortar to produce the outer shell of the pipe. In some methods of manu-
facture,the longitudinal steel is also prestressed. Additional adequate cur-
ing completes manufacture of the pipe. General information concerning
handling and curing of pipe, contained in this section, also apply to this
type of pipe.

(f) Roller-Compacted Asbestos-Cement Pipe.--Asbestos-cement pres-
sure pipe, generally in sizes 4- through 42-inch diameter, may be used in
lateral pipelines for heads up to about 700 feet. The manufacture and test-
ing of this pipe are controlled by Bureau specifications, Standard Speci-
fications for Asbestos-Cement Pressure Pipe. Acceptability of the pipe
is determined from results of tests performed by the contractor for
hydrostatic proof pressures, minimum crushing strength, joint leakage,
and flexureproof tests for 4-, 6-, and 8-inch-diameter pipe, and through
inspections during or after manufacture. Certified copies of test results
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should be furnished by the contractor. The Bureau reserves the right to
perform acceptance tests for uncombined calcium hydroxide and sulfate
resistance on samples of the pipe. If the Bureau elects not to perform
these acceptance tests, the contractor is required to furnish certification
that the pipe being furnished is made from materials identical to and
in a manner similar to that of asbestos-cement pipe which has been tested
and meets the requirements of Bureau specifications.

The most common method used to manufacture the pipe is to pass
an intimately mixed slurry of water, portland or portland-pozzolan cement,
silica, asbestos fiber free from organic substances, and curing agents, if
used, between two oppositely rotating horizontal steel rollers under load
to build the pipe gradually around the lower roller to the desired thickness.
Pressure produced on the pipe wall during forming expels the excess water.
It is then very important to cure the pipe properly by use of high-pressure
steam to produce maximum durability. Sulfate resistance tests show that
high-pressure steam curing reduces free lime content by formation of
chemical compounds very resistant to sulfate attack. The use of silica
in the mix aids formation of these compounds. Water curing and steam
curing at atmospheric pressure result in an excess of free lime not yet
chemically combined with other constituents in the pipe.

110. Cast-in-Place Concrete Pipe.--(a) Genera].--Cast-in-place
unreinforced concrete pipe has been used for conveyance of irrigation water
under heads up to 15 feet, and Bureau specifications are used to control
construction of these pipelines. Pipe sizes installed by this method range
from 24 through 48 inches (see fig. 170).

Cast-in-place pipe is normally constructed in cohesive soils in which
the excavation will stand vertically. However, in soils which tend to ravel
or slough, overexeavation and refill with compacted cohesive soils is
sometimes economically justifiable. Cast-in-place pipe may be constructed
in one placement around the complete periphery or in two placements
with longitudinal joints at approximately each end of the horizontal
diameter. If a two-placement method is used, the second-stage concrete
should be placed before first-stage concrete has initially hardened to provide
ample consolidation and intermixing of first- with second-stage concrete
by vibration or tamping.
(b) Concrete.--Criteria for control of concrete and resultant

high-quality east-in-place pipe are similar with few exceptions to those
used in fabrication of precast pipe by the cast method (see. 109(b)).

(1) Concrete is usually transported to the installation site by truck
mixers, and appropriate requirements for this method of supplying
concrete are included in Bureau specifications.

(2) Minimum cement content is 5½ bags per cubic yard of
concrete.
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operations, a 6-inch layer of damp earth backfill should be placed over
the pipe and kept damp for a period of 7 days or until the trench
is completely backfilled.

(6) After placement of each pipeline segment, the concrete should
be protected from drying and freezing.

111. Vibrators.--Theobjective in consolidating concrete is
elimination, so far as practicable, of voids within the concrete.
Well-consolidated concrete is Satisfactorily free of rock pockets and bubbles
of entrapped air and is in close contact with forms, reinforcement, and
other embedded parts. Accomplishment of this objective is easier if
segregation and slump loss are avoided during transportation and deposition
of the concrete.

Specifications require that concrete be consolidated with electric- or
pneumatic-driven, immersion-type vibrators. For consolidation in structures
and inverts of tunnel lining, the vibrators are required to be operated
at an oscillation frequency of at least 7,000 vibrations per minute when
immersed in the concrete. Concrete in the arch and sidewalls of tunnel
lining is required to be consolidated by electric or pneumatic form Vibrators
rigidly attached to the forms, this type of vibration to be supplemented
when practicable by immersion-type vibrators. (See fig. 136 and sec. 104.)
Form vibrators are required to be rigidly attached to the forms and operate
at speeds of at least 8,000 vibrations per minute.

Concrete in canal and lateral lining is normally required to be vibrated
by internal-type vibrators operating at speeds of at least 4,000 vibrations
per minute when immersed in the concrete. An exception exists for linings
having a thickness of less than 3 inches; in these linings the concrete
may be consolidated by external vibration" if the contracting officer
determines that the consolidation being obtained is equivalent to that
produced by internal-type vibrators operating at speeds of at least 4,000
vibrations per minute.

For construction work involving large quantities of concrete containing
3- and 6-inch coarse aggregate and where large-diameter vibrators may
be used, the concrete should be consolidated with vibrators having vibrating
heads 4 inches or more in diameter operating at speeds of at least 6,000
vibrations per minute when immersed in the concrete. Each cubic yard
of concrete should re.ceive a minimum of 60 seconds of continuous
vibration. Where adequate consolidation can be obtained with less
vibration, this time may be slightly reduced. Vibrators having less than
4-inch-diameter heads should be operated at speeds of at least 7,000
vibrations per minute. For work inaccessible to immersion-type vibrators,
such as precast concrete pipe and portions of tunnel lining, vibrators
attached to the forms produce good consolidation if they are operated
at a speed in excess of 8,000 vibrations per minute.
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Some subgrade-guidedslip-form concrete lining equipment has the
tendency to float on the concrete when internal vibration is used. The
use of this type of equipment without vibration can be permitted in
placing linings of less than 3 inches in thickness if it is satisfactorily shown
that suitable consolidation can be obtained.

Contractors proposing to use this type of equipment should be
forewarned that use is contingent on whether good consolidation of the
concrete and acceptable results, as determined by the contracting officer,
are obtained. Internal vibration should be used in all linings having a
thickness of 3 inches or more.
Immersion-type vibrators for consolidating mass concrete should be

heavy-duty vibrators capable of readily consolidating large quantities of
lean, low-slump concrete. One-man vibrators are now in general use. These
vibrators, if operated in sufficient numbers and at proper speed, will
produce results equivalent to those produced by two-man vibrators formerly
USed.
In placing and consolidating mass concrete, gang vibrators mounted

on self-propelled equipment are permitted by Bureau specifications. Gang
vibrators should be mounted so that they can be readily raised and lowered
to eliminate dragging through fresh concrete. When vibration is performed
by gang vibrators, hand vibration should be used near embedded equipment
and at locations difficult to reach with the gang vibrators. The
requirements for vibrating frequency and amplitude and penetration
patterns should be met regardless of whether one-man, two-man, or gang
vibrators are used.
Vibrator speeds should be regularly checked by inspectors. Pencil-size

vibrating reeds to determine vibration frequency are available commercially
for this purpose. When equipment will not run at the specified speed,
it should be removed for servicing or replacement.
An immersion-type vibrator should be inserted vertically, at points 18

to 30 inches apart, and slowly withdrawn. However, in shallow or
inaccessible concrete some consolidation can be obtained by using the
vibrator in a sloping or horizontal position. Vibration periods of 5 to
15 seconds for each penetration are usually sufficient. The amount of
vibration in one spot may be gaged by surface movement and texture
of the concrete, by the appearance of cement paste where the concrete
contacts nearby forms or embedded parts, by the approach of the sound
of the vibrator to a constant tone, and by the feel of the vibrator in
the operator's hands. Systematic spacing of the points of vibration should
be established to ensure that no portions of the concrete are missed. Most
of the common imperfections and rock pockets in concrete can be obviated
by thorough vibration.
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The entire depth of a new layer of concrete should be vibrated, and
the vibrator should penetrate several inches into the layer below to en-
sure thorough union of the layers. (See fig. 136.) Under ordinary job
conditions, there is little probability of damage from direct revibration
of lower layers or from vibration transmitted by embedded steel, pro-
vided the disturbed concrete still is or again becomes plastic. Bonding of
new concrete to concrete that has hardened and has been properly
cleaned is essentially a matter of thoroughly vibrating the new concrete
close to the joint surface.

There is little likelihood of overvibration when the slump of the con-
crete is as low as is practicable for placement using vibration. When
overvibration occurs, the surface concrete not only appears very wet, but
it actually consists of a layer of mortar containing little coarse aggregate.
When overvibration is indicated, the slump, and not the amount of vibra-
tion, should be reduced. Efforts to avoid overvibration often result in
inadequate vibration. Experience indicates that objectionable results are
much more likely to be obtained from undervibration than from over-
vibration.
Considerably more vibration is sometimes required to satisfactorily

reduce the amount of entrapped air and the number of surface bubbles
than is necessary to eliminate rock pockets.

Revibration is beneficial rather than detrimental, provided the con-
crete is again brought to a plastic condition. Revibration may be accom-
plished by immersion-type vibrators, by form vibration, or by transmit-
tal of vibration through the reinforcement system. Apprehension as to
use of the last method appears unfounded as extensive observation has
disclosed no instance in which damage to the concrete could be attributed
to this cause. Revibration could well be more widely practiced to elimi-
nate settlement cracks and the internal effects of bleeding and also as an
aid in making tight concrete repairs in walls and other structures.

There should be no difficulty from cold joints if full advantage is taken
of vibration and revibration. If the underlying concrete will still respond
to revibration, the vibrator should be allowed to penetrate it deeply at
each insertion in the new concrete. If this procedure is followed at close
systematic spacing, the concrete at the joint will become monolithic. If
the underlying concrete is too hard for revibrating and it is still very
green concrete, thorough vibration close to the contact area will result in
a good bond. Drill-core specimens have shown that the strength of such
joints is equal to that of other portions of the specimens.

Experience has confirmed that the immersion-type vibrators that give
the best results are amply powered of rugged construction, and of rela-
tively high speed. (See discussion of speeds earlier in this section.) Air
vibrators are adaptable over a wide range of service, but it is imperative
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that an adequate air supply be maintained. Freezing at the exhaust may
be prevented by use of dry air from an adequate receiver or by trickling
an antifreeze agent into the air line. However, antifreeze solutions with a
glycol base are objectionable because of a tendency to gum the valves.
Electric vibrators are highly effective, especially in medium and smaller

sizes.
Small vibrators can handle from 5 to 10 cubic yards per hour, even in

restricted spaces, and one large two-man, heavy-duty type can handle
approximately 50 cubic yards per hour in spacious forms. One-man,
heavy-duty vibrators handled a reported 80 cubic yards of concrete per
hour working full time. This was accomplished with a well-designed mass
concrete of 2-inch slump containing a WRA. Spare units and parts should
always be on hand to take care of breakdowns and necessary repairs.
The life of a vibrator may be prolonged considerably by systematic
conditioning at short intervals. In determining the number of vibrators
required in mass concrete placements, the effective vibrating time for
each cubic yard of concrete is usually from 60 to 90 seconds.

112. Surface Imperfections.----Mostimperfections in new concrete can
be avoided by reasonable care in placing. Unfortunately, this is not al-
together true in regard to air bubbles and surface pits, particularly those
on surfaces where forms slope upward toward the concrete, as is the case
for downstream faces of dams, battered walls and piers, and areas below
the spring lines of tunnels, siphons, and conduits. Treatment of these
surface imperfections is usually regarded as a matter of surface finish
rather than repair; nevertheless, they can be reduced considerably by
using proper precautions during concrete placement.

Most procedures for reduction of pits and air bubbles are based on the
fact that, given the opportunity, a large bubble of entrapped air (not
the minute bubbles of entrained air) will rise to the surface of the plastic
concrete and escape. Such an opportunity is best afforded when sticky
and oversanded mixes are avoided and when the newly placed concrete
is deposited in relatively shallow layers and is amply vibrated and spaded
along the forms. Avoidance of excessive coats of form oil and of viscous
oils will diminish the tendency of bubbles to adhere to the forms. Occa-
si'onally, less surface pitting has been noted when forms were sprayed with
lacquer. Paint applied to plywood forms, particularly when the grain is
horizontal, produces improved results in this respect and preserves the
forms in better condition for reuse.

The temporary fluidity of concrete resulting from vibration is probably
the most important influence in the release of entrapped air. Fluidity
must not be obtained by using high-slump concrete, because reduced
quality, sand streaks, and other imperfections more objectionable than
pitting would result. To be effective, vibration must be continued until
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the bubbles have had time to escape. Proper duration of vibration can
be determined by noting when bubbles stop emerging from the concrete.
To achieve maximum effect, the vibrator should be operated somewhat
below the concrete surface, raising it as the concrete is placed above.
Inserting a vibrator into concrete that is partially consolidated tends to
compact the upper layers first, thus making the escape of air entrapped
below more difficult.

Notable success has been achieved in reducing surface pitting on precast
concrete pipe by continuous vibration of forms at speeds higher than 8,000
revolutions per minute during placing and by depositing the concrete in
shallow layers. This was demonstrated during manufacture of precast
concrete pipe for the Salt Lake, San Diego, and Second Mokelumne River
Aqueducts. Experience has shown that extra internal vibration will achieve
similar results on surfaces of architectural, structural, and other concrete
cast in place.

Vibration does not drive bubbles to the form. Bubbles in a fluid
medium do not move horizontally. They may move diagonally upward
toward a more fluid portion of the mass and may move in this way toward.
the vibrator or toward the form if it is being vibrated. A certain amount
of vibration will permit most of the entrapped air to escape without
appreciable loss of valuable minute bubbles of entrained air.

Although some engineers are convinced that purposeful entrainment
of air appreciably increases the number and size of air bubbles on formed
surfaces of concrete, there is much evidence to the contrary.

From the preceding paragraphs it is evident that little can be done
to eliminate pits and air bubbles from surfaces of concrete placed under
a sloping form. Additional vibration which causes the bubbles to rise will
only increase their numbers as they collect against the overhanging form;
the minimum vibration necessary to prevent rock pockets will then result
in the least surface pitting. Use of tightly jointed horizontal lagging, such
as shiplap or tongue-and-groove boards, will often result in fewer surface
bubbles than would occur if plywood or other sheet material were used
for sheathing. Use of absorptive form linings or the vacuum process will
tend to eliminate pits and air bubbles, but the cost of these procedures
for this purpose alone is prohibitive, except where best appearance is very
important or an exceptionally durable surface is a consideration.

Sand streaks are another common surface defect. Sand streaking is
related to the concrete materials and their proportions, the tightness of
forms, and the manner of handling the concrete. Lean, harsh, wet mixes
with bleeding tendencies, poorly graded sand deficient in fines, coarsely
ground cement, and leaky forms are all conducive to sand streaking.

113. Bond With Reinforcement and Embedded Parts.--Surfaces
of reinforcement and embedded parts should be free from contamination
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such as mud, oil, paint, and loose, dried mortar. Removal of tight, ad-
herent mortar is unnecessary. Loose rust or mill scale will generally be
removed sufficiently in the normal handling of the bars (see see. 98).
During the earliest stages of hardening,, after the concrete loses its plas-
ticity, bond may be impaired if projecting reinforcement is subjected to
impact or rough handling. Exposed portions of bars only partly embedded
should not be struck or carelessly handled, and workmen should not be
permitted to climb on bar extensions until the concrete is at least 7 days
old. Forms to which embedded parts are fastened or through which they
protrude should not be stripped until the concrete has hardened suffi-
ciently to avoid damage to bond.

114. Waste Concrete.---Waste concrete is considered under two classes:
fresh concrete which, because of inferior quality or some other undesira-
ble condition, is rejected before it is placed; and defective concrete that
must be removed after it has hardened.

One of the reasons for wasting a batch of concrete is arrival at the
forms in such a stiff condition that proper placement cannot be assured.
This condition may result from some unforeseen delay in transportation,
from improper control of consistency at the mixing plant, or from pre-
mature stiffening. More often, an 0verwet batch arrives in such a segre-
gated condition that it is unfit for use. Batching errors and overproduction
are also responsible for waste concrete. Occasionally, when unsuitability
is not detected earlier, concrete must be wasted after it has been deposited
but before it has been consolidated.

Concrete that is not placed within a certain interval after mixing should
not necessarily be wasted. It should be wasted only if it has stiffened to
such an extent that it cannot be placed and consolidated properly by use
of extra vibration.

After the forms are removed, the concrete is inspected. The contractor
may be required, at any time before completion and acceptance of the
work, to remove and replace any concrete that is found to be defective.
This requirement includes concrete that is obviously unconsolidated or
that has been damaged by accident or by freezing.

When any of the concrete materials are furnished by the Government,
the inspector should keep a record of rejected batches and of concrete
used in making replacements so that payments may be appropriately

adjusted.
115. ShuttingDown ConcretingOperations.--Atthe beginning of a

job, concretingoperationsmay understandablybe somewhatbelow stand-
ard, since the contractormay need time to break in new crews and cor-
rect equipment trouble. After initial difficulties have been eliminated,
unsatisfactoryconcreting operations usually do not develop immediately
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but are the result of continually worsening conditions. The contractor
should be required to correct such conditions before they reach the stage
where operations become so unsatisfactory that they must be stopped.

116. Placing Concrete in Water.--InBureau work whenever practi-
ticable, the placing of concrete under water is avoided. Preferably, entry
of seepage water to the working area should be stopped by diversion, well
points, or other effective means. If there is shallow water over a solid
subgrade, satisfactory concrete placement can be obtained by starting in
a dry area and crowding the concrete toward the water, which will grad-
ually be displaced with very little intermixing. This procedure should not
be attempted, however, in deep or running water.

At times it is physically or fiscally impracticable to dry a foundation
prior to concrete placement. In such cases, suitable underwater placing
procedures such as pumping or use of tremies or special concrete buckets
should be employed. Pumping is considered by the Bureau to be the best
method of placing concrete underwater. A temporary plug should be
placed in the end of the line before it is lowered into the water. To pre-
vent the concrete from mixing with the water during pumping, the end
of the delivery line is always kept submerged in the fresh concrete and
is raised as the concrete rises. The surging action of the pumping will
provide some consolidation as the concrete is being placed. No other
consolidation should be undertaken.

A tremie is a pipe having a funnel-shaped upper end into which the
concrete is fed. As with pumping, the discharge end should always remain
buried in the fresh concrete. A tremie pipe should normally be eight
times the maximum size of coarse aggregate. Pipes 10 to 12 inches in
diameter and lengths of 10 feet are commonly used with the pipe sections
bolted together using a gasket to prevent leakage. Pipe spacing varies
depending on the thickness of placement and congestion from piles or
reinforcement. Usual pipe spacing can be about 15 feet on centers or so
spaced that one pipe will cover about 300 square feet in area. However,
spacing has been increased to as much as 40 feet under ideal conditions
using retarded concrete.

Concrete mix proportions for tremie concrete differ from the usual mix
design for 1 ½-inch-maximum size aggregate since the concrete must flow
into place by gravity and without any vibration. Thus, the cement con-
tent of the tremie concrete should range between 6.5 to 8.0 bags per cubic
yard for 1 ½-inch-maximum size aggregate concrete with a slump from 6
to 9 inches. Rounded aggregate should be used to improve flow char-
acteristics. Aggregate sizes less than 1 ½ inches maximum can be used
in critical areas. Sand may comprise 40 to 50 percent of the total weight
of the aggregate to obtain the desired flowability characteristics. The use
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of air-entraining agents, pozzolans, and water-reducing, set-controlling
agents also help obtain flowability.

The tremie pipe should be equipped with a footvalve or other suitable
device capable of sealing the pipe. Where such a device is not available,
removal of the water from the pipe is accomplished by forcing a ball or
plug or scraper through the pipe ahead of the concrete. In deep place-
ments (70 feet or so) the buoyancy of the empty pipe may present dif-
ficulties in lowering it. In this case, use of the latter described sealing
method is preferable as it permits the open pipe to fill with water as it
is lowered into position.

Special underwater buckets are also sometimes used for placing con-
crete in water. These are bottom discharge buckets in which the discharge
end of the bucket is lowered into the previously placed fresh concrete
before the gate is opened for discharge.

When placing by pumping or by tremie, the placement must be started
slowly to minimize scouring of the bottom. The bottom of the pump dis-
charge line or tremie pipe should be placed as near as practicable to the
surface against which the concrete is to be placed and not raised until a
sufficient depth of seal has been established. The pipe should be lifted
slowly to assure that the lower end of the pipe is not raised above the
plastic concrete and that the seal is not broken. If this occurs, it is then
necessary to reestablish the seal as if starting anew.

Initial placements should begin at the lowest points of elevation within
the confines of the placement. The surfaces on which the concrete is
placed should be free of mud, marine growth, or other materials that
might prevent bond. The spacing of tremie pipes should be such that a
minimum of hills and valleys will occur during placing. A slightly slop-
ing surface is ideal, although difficult to achieve. The deeper the pipe is
embedded in the plastic concrete, the flatter the slope. However, this also
requires more slump.

Inspection of the concrete while being placed is difficult. The water is
usually murky and the surface of the newly placed concrete will not sup-
port a diver. Thus, the control must be principally from above the water
surface. This requires close inspection of equipment, constant checking
and maintenance of the discharge seal, continued checking of concrete
slope and height by sounding lines, and maintenance of a uniform rate
of flow. If excessive hills and valleys occur, an airlift pump can be used
to remove scum and laitance which collect in depressions before re-
establishing the tremie seal to level the area.

D. Removal of Forms, and Finishing

117. Removal of Forms.--Determination of the time of form removal
should be based on the effect of the removal on the concrete. When forms
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are stripped, there should be no measurable deflection or distortion and
no evidence of damage to the concrete resulting from either removal of
support or from the stripping operation. Supporting forms and shoring
must not be removed from beams, floors, and walls until the walls are
strong enough to carry their own weight and any superimposed load.,
Figure 171 depicts the probable early strength of standard-cured concrete
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cylinders made with various types of cement. However, the strength re-
quired and the time to attain it vary widely under different job conditions
of temperature and materials, and the most reliable basis for the early
removal of supporting forms is furnished by test specimens cured at job
temperature. Figure 10 may be used to estimate, and correct for,-the
effect of temperatures on the strength of control specimens when they
have not been stored at standard temperature. The figure may also be
used as a basis for estimating 7- or 28-day strength from tests at inter-
mediate ages (see sec. 9). In general, moderate temperatures are de-
sirable for curing concrete. The importance of controlling the tempera-
ture of green•concrete depends on the size of the section, necessity for
early form removal, and likelihood of damage from overheating in hot
weather or freezing in cold weather.

Warm weather, high concrete temperature• fast-hardening cement, a
low water-cement ratio, light loads, and Use of calcium chloride expedite
early stripping. (See fig. 31 for effect of calcium chloride on the early
strength of concrete.) Sufficient strength has been attained when test
specimens indicate a safety factor of two for the stresses to be sustained.
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On the other hand, experience has shown that even when the concrete in
siphon barrels and tunnels is strong enough to show no distress or de-
flection from the load, it is still possible to damage the corners and edges
during the stripping operation.

Forms should be removed at the earliest practicable time so that cur-
ing may proceed without delay. Forms are a poor medium for curing, as
indicated by the dry concrete surfaces usually found when forms are re-
moved. Another advantage of early form removal is that any necessary
repairs or surface treatment can be done while the concrete is still quite
green and conditions are most favorable for good bond. For these rea-
sons, early stripping of inside forms of open transitions (1 to 3 hours
after the concrete is placed) is advocated.

In cold weather, forms should not be removed while the concrete is
still warm, as rapid cooling of the surface will cause checking and surface
cracks. For the same reason, water used in sprinkling newly stripped sur-
faces should not be much colder than the concrete. Also, in cold weather
the urgency for form removal to commence curing treatment is not great
and, unless uninsulated steel forms are used, it may well be that the
protection afforded by the forms warrants leaving them in place for the

first few days.

118. Repair of Concrete.---Defects in new concrete that require repair
may consist of rock pockets and other unconsolidated portions of various
areas and depths, damage from stripping of forms, bolt holes, ridges from
form joints, and bulges caused by movement of the forms. Accepted
procedures for repairing concrete are described in chapter VII. These
procedures are also applicable to the restoration and reconstruction of
disintegrated portions of structures in service.

119. Types and Treatmentsof Formed Surfaees.--Except for occa-
sional special finishes, formed concrete surfaces and finishes are desig-
nated in Bureau specifications as F1, F2, F3, F4, and F5. Surface irregu-
larities permitted for these finishes are termed either abrupt or gradual.
Offsets and fins caused by displaced or misplaced form sheathing, lining,
or form sections, by loose knots in forms, or by otherwise defective form
lumber are considered as abrupt irregularities. All others are classed as
gradual irregularities. Gradual irregularities are measured with a template
consisting of a straightedge for plane surfaces or its equivalent for curved
surfaces. The length of the template for testing formed surfaces is 5 feet.
Maximum allowable deviations are listed in table 24. Formed surfaces
will generally require no sack rubbing or sandblasting. Except as required
for special finishing of elbows of tunnel spillways and special treatment
of offsets on surfaces of outlet works and spillways that will be in con-
tact with flowing water having velocities of 40 feet per second or more,



360 CONCRETE MANUAL

no grinding or stoning is generally required for formed surfaces other
than that necessary to bring surface irregularities within specified limits.
Repair of concrete surfaces is discussed in chapter VII.

(a) Finish Fl.--This finish applies to surfaces where roughness is not
objectionable, such as those upon or against which fill material or con-
crete will be placed, the upstream faces of concrete dams that will nor-
mally be under water, or surfaces that will otherwise be permanently
concealed. The only surface treatment required is repair of defective
concrete, correction of surface depressions deeper than ! inch, and filling
of tie-rod holes where the surface is to be coated with dampproofing or
where the holes are deeper than 1 inch. Form sheathing may be any ma-
terial that will not leak mortar when the concrete is vibrated. Forms may
be built with a minimum of refinement.

(b) Finish F2.--This finish is required on all permanently exposed
surfaces for which other finishes are not specified, such as surfaces of
canal structures; inside surfaces of siphons, culverts, and tunnel linings;
surfaces of outlet works other than high-velocity flow surfaces required
to receive an F4 finish; open spillways; small power and pumping
plants; bridges and retaining walls not prominently exposed to public in-
spection; galleries and tunnels in dams; and concrete dams except where
F1 finishes are permitted on upstream faces. Form sheathing may be
shiplap, plywood, or steel. Thin steel sheets (steel lining) supported by a
backing of wood boards may be used on approval, but use of steel lining

Table 24.DMaximum allowances of irregularitiesin concrete surfaces

Finish (formedsurfaces *)
Type of irregularities

FI

Depressions ....... 1

3radual ...............

Abrupt ................

M1 surfaces .................................... Ya V'4 ¼

2anal surfaces,

bottom slabs .... , ..... , ..... , ..... , ..... , ..... , ..... • ..... , .....

_-'anal surfaces,

side slopes ..... , ..... f ..... , ..... , ..... • ..... , ..... , ..... , .....
* Allowance in inches--measured from 5-foot template.
t Allowance in inches--measured from 10-foot template.
+ Allowance of irregularity or oflset extending parallelto flow.
§ Allowance of irregularity or offset not parallelto flow.

Finish (unformed
sur faces-•- )

F2 F3 F4 F5 LI1 U2 U3 U4

..... I ..... I ..... I ..... I ..... i ..... I ..... I.o*oo

1/2 zA ¼ ¼ .......................

l• 1/8 •I• I/4 .......................

V4

½
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is not encouraged. To obtain an F2 surface, forms must be built in a
workmanlike manner to required dimensions and alinement, without
conspicuous offsets or bulges.

(c) Finish F3.mThis finish is designated for surfaces of structures
prominently exposed to public view where appearance is of special
importance. This category includes superstructures of large power and
pumping plants; parapets, railings, and decorative features on dams and
bridges; and permanent buildings. To meet requirements for the F3 finish
it is necessary for forms to be built accurately to dimensions in a skillful,
workmanlike manner. Occasionally tongne-and-groove boards or plywood
sheets may be required for specific F3 surfaces. However, specifications
usually permit either tongue-and-grove boards or plywood at the
contractor's option. Steel sheathing or lining is not permitted. There should
be no visible offsets, bulges, or misalinement of concrete. At construction
joints forms should be tightly reset and securely anchored close to the
joint, as described in section 96.

(d) Finish F4.•This finish is required for formed concrete surfaces
where accurate alinement and evenness of surface are essential for
prevention of destructive effects of water action. Such surfaces include
portions of outlets, draft tubes, high-velocity flow surfaces of outlet works
downstream from gates, and spillway tunnels of dams. The forms must
be strong and held rigidly and accurately to the prescribed alinement.
Any form material or sheathing that will produce the required surface
(such as close-fitting shiplap, tongue-and-groove lumber, plywood, or steel)
may be used. For warped surfaces, the forms should be built of laminated
splines cut to make tight, smooth form surfaces after which the form
surfaces are dressed and sanded to the required curvature.

(e) Finish FS.•This finish is required for formed concrete surfaces
where plaster, stucco, or wainscoting is to be applied. As a coarse-textured
surface is needed for bond, the concrete should be cast against rough-faced
(S1S2E) form boards. Form oil should not be used. Steel lining or steel
sheathing is not permitted.

(f) Special Stoned Finishes.--A special finish may be required on
surfaces where offsets, bulges, and repair chimneys have been removed,
on areas in tunnels and conduits where an especially smooth and even
surface is necessary to prevent cavitation, and for stair risers in power
and pumping plants.

The procedure for all surfaces except stair risers is as follows: The
forms should be removed while the concrete is still green, but not sooner
than twelve hours nor later than 24 hours after placing the concrete.
Immediately after form removal, all patching and pointing, including filling
of holes left by removal of fasteners from tie rods and openings left by
removal of porous or fractured concrete, should be accomplished.
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The surface that is to receive the special finish should be thoroughly
cleaned with high-velocity water jets to remove loose particles and foreign
material and then brought to a surface-dry condition, as indicated by the
absence of glistening-free water, by clean air jet. A plastic mortar consisting
of 1 part of cement and 1 to 1V2 parts of sand, by weight, that will
pass a No. 16 screen should be rubbed over the surface and handstoned
with a No. 60 grit carborundum stone, using additional mortar until the
surface is evenly filled. Stoning should be continued until the new material
has become rather hard. After moist curing for 7 days, the surface should
be made smooth and even by use of a No. 50 or No. 60 grit carborundum
stone or grinding wheel. A flexible disc power sander may produce an
acceptable surface. After final stoning, curing is continued for the
remainder of the 14-day curing period. (See sec. 124.)

The procedure for stair risers is as follows: Forms are removed between
12 and 24 hours after the concrete is placed, and all required patching
and pointing are performed. Surfaces of the risers are wet thoroughly with
a brush and rubbed with a hardwood float dipped in water containing
2 pounds of portland cement per gallon. The rubbing is continued until
all form marks and projections have been removed. The grindings from
the rubbing operations are then uniformly spread over the riser surfaces
with a brush to fill all pits and small voids. The brushed surface is allowed
to harden and is then kept moist for at least 3 days, after which a final
finish is obtained by rubbing with a silicone-carbide abrasive rubbing brick
stone of approximately No. 50 grit until the entire surface has a smooth
texture and is uniform in color. The time at which the wood-float finish
is performed is critical. Wood-float rubbing should not be started so soon
that the aggregate grains are easily dislodged nor so late that the surface
is too hard to be readily dressed. Final rubbing with the abrasive rubbing
brick should be just sufficient to produce the surface condition required
without unnecessary cutting of the aggregate grains. After rubbing, curing
is then continued' for the remainder of the 14-day curing period. (See
sec. 124.)

One type of special stoned finish which may be used where such an
architectural finish is required is a stoned-sand finish. In texture and
appearance it is somewhat similar to cement plaster, but it is much less
cosily. It may be either painted or unpainted. The procedure combines
the prewetting and fine-sand mortar application of sack rubbing, a modified
stoning from the special finish, and painstaking fog-spray curing and
draft-free slow drying from the cement plaster procedure. The steps in
the procedure are as follows:

(1) Prewet the concrete surface for several hours or overnight before
treatment.
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(2) Close the area. of work to prevent drafts and reduce drying.
(3) Spread a thick, creamy sand mix, consistingof 1 part of

cement to 2 parts of sand, thinly over the surface with a wood or
rubber float or sacking. The sand should all pass a No. 12 mesh
screen. The cement should be a light-coloredbrand or a mixtureof
standard cement with white cement.

(4) Stone-inat once with a carborundumfloat, workingover the
entire area and leaving only a minimumamount of material on the
surface necessary to produce a sand texture, approximately 1/32
inch in thickness.

(5) Keep the surface continuallydamp with light fog spray for
7 days, then let dry siowly withoutair drafts.

(g) Sack-Rubbed Finish.--A sack-rubbed finish is sometimes neces-
sary when the appearance of formed concrete, particularly of F3 surfaces,
falls considerably below expectations. This treatment is performed after
all required patching and correction of major imperfections have been
completed.

The surfaces are thoroughly wetted and sack rubbing is commenced
while they are still damp. The mortar used consists of 1 part cement; 2
parts, by volume, of sand passing a No. 16 screen; and enough water so
that the consistency of the mortar will be that of thick cream. It may be
necessary to blend the cement with white cement to obtain a color that
will match that of the surrounding concrete surface. The mortar is rubbed
thoroughly over the area with clean burlap or a sponge rubber float so as
to fill all pits. While the mortar in the pits is still plastic, the surface
should be rubbed over with a dry mix of the above proportions and ma-
terial. This serves to remove the excess plastic material and place enough
dry material in the pits to stiffen and solidify the mortar so that the fill-
ings will be flush with the surface. No material should remain on the sur-
face except that within the pits. Curing of the surface is then continued.

(h) Sandblast Finish.---Water stains, grout accumulations, and seal-
ing compound can be effectively and economically removed from con-
crete surfaces by light sandblasting. Sand for this purpose should all pass
a No. 30 screen. The sandblast equipment should be capable of control-
ling air pressures ranging from 15 to 45 pounds per square inch. Hose
lengths should not exceed 200 feet. A 3/a-inch-diameternozzle will nor-
mally be large enough, although other sizes may be used. Sandblasting
should not be commenced sooner than 14 days after placement for con-
crete that has been water cured or 28 days after placement for concrete
that has been membrane cured. Also, it should not be commenced until
all concrete at higher elevations has been placed and cured. Walls should
be sandblasted starting at the top and working downward using a horizon-
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tally oscillating motion. After a section of wall has been sandblasted, it
should be washed with water to remove dust.

(i) Vacuum-Processed Finish.--The procedure for vacuum process-
ing is described in chapter VIII.

120. Removing Stains fromFormedSurfaces.--(a) GeneraL--Formed
surfaces sometimes become unsightly during constructionoperationsbe-
cause of accumulationsof foreign materials,paint and oil drippings,rust
stains, and drainagefrom concrete work at higher levels. These accumu-
lations are requiredto be removed from F3 surfaces. Washing of surfaces
below forms during and after concrete placing will reduce or eliminate
much of the streakingthat usually results from form leakage.

The first step in removal of stains, whether caused by construction
activities or throughexposure of the concrete duringservice, is to deter-
mine the source of the stain and then select the proper method for
removal.
Commonmechanicalmethods of removing some stains are sandblast-

ing, grinding, steam cleaning, brushing, and light blowtorch application.
Steel brushes, when used by themselves, wear at times in a mannerthat
leaves iron deposits which can eventually rust and may later stain the
concrete.
Chemical cleaning is more involved and requires application of spe-

cific chemicals. The action takes place by either dissolving the staining
substance, which can then be blotted or driven deeper into the concrete
surface, or by bleaching the discoloring agent chemically into a product
having a color that blends with that of concrete.
With eithermechanical or chemical methods, care should be taken to

protect surrounding areas of materialsother than concrete, such as glass
and wood, from the effects of any treatment.
Chemicals may be brushed on or applied as a poultice. A poultice is

a paste containing a solvent or reagent and a powdery inert absorbent
material.Cotton batting or layers of white cloth may be soaked in chem-
icals and applied to the stain. The inert materialmay be diatomaceous
earth, calcium chloride, lime, or talc. The selection of solvent depends
on the stain to be removed. Enough of the solvent is added to inertma-
terial to make a smooth paste which is spread about one-half of an inch
thick over the areawith a trowel or spatula. The stain migrateswith the
evaporating solvent to the poultice surface. When the poultice is com-
pletely dry, the stain is contained in the powder and can be brushed or
blown off. The poultice method also reduces the chances that the stain
will spread, and it has the advantage of penetrating and extracting the
stain from the concrete pores.
Many chemicals can be applied to concrete without appreciabledam-

age to the surface, but strong acids or chemicals having a highly active
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reaction should be avoided; even weak acids such as oxalic acid may
etch the surface if left for any length of time. It is advisable to saturate
the surface with water before application of an acid so that the acid will
not be absorbed too deeply into the concrete pores. A 10-percent solution
of muriatic acid is often used to remove traces of staining. However, it
may leave a yellow stain on white concrete. Any acid used should be
completely flushed from the surface with water.

Most chemicals are toxic and hazardous and require safety precautions
in their use. Skin contact or inhalation should be avoided. Rubber or
plastic gloves as well as safety goggles and protective clothing should be
worn. Adequate ventilation should be provided when the chemicals are
used indoors, and manufacturer's directions for proprietary materials
should be followed. Any unused portions of the acid or toxic materials
should be properly disposed.

Some stains can be removed by more than one method. No attempt
should be made until one is sure that the method or solvent selected will
do the job. Experimentation with different bleaches or solvents is helpful.
Such experimentation should be done in an inconspicuous small area
since some bleaches or solvents can spread or drive stains deeper into
the concrete. With careful experimentation the most effective method and
materials can be selected.

(b) Procedures for Stain RemovaL--Some of the more common
staining substances and their treatment': are as follows.

Copper, Bronze, and Aluminum Stains.--Stains caused by copper
and bronze are usually green; occasionally, the stains may be brown.
To remove them, dry mix one part of ammonium chloride (sal
ammoniac) or aluminum chloride with four parts of fine-powdered
inert material. Add ammonium hydroxide (household ammonia) to
make a smooth paste, apply over the stain, and allow to dry. Repeat
if necessary, and finally scrub with clean water.

Aluminum stains appear as a white deposit that can be treated
with dilute hydrochloric acid. Saturate the stained surface with
water and scrub with a solution of 10-percent hydrochloric acid.
Weaker solutions should be used on colored concrete. Rinse thor-
oughly with clear water to prevent etching of the surface and pene-
tration of the dissolved aluminum salts into the concrete. Should
this happen the salts may reappear as efflorescence.
Curing Compounds.--Generally, curing compounds will be worn

off in a relatively short time by abrasion during normal use or by
natural weathering. However, if an accelerated treatment is required

* Portland Cement Association InformationLetter No. IS-142.03T.
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or if the stained surface is not subject to abrasion, a removal treat-
ment can be used.

Curing compounds have different chemical formulations. They
may have a synthetic resin base, a wax base, a combination wax-
resin base, a sodium-silicate base, or a chlorinated-rubber base. The
base of the curing compound should be identified before an attempt
is made to remove it.

Sodium-silicate-based curing compounds can be removed by vig-
orous brushing with clear water and a scouring powder. Wax resin
or chlorinated-rubber curing compounds can be removed by apply-
ing a poultice impregnated with solvent of the chlorinated hydro-
carbon type, such as trichloroethylene, or a solvent of the' aromatic
hydrocarbon type, such as toluene. A mixture of 10 parts methyl
acetone, 25 parts benzene, 18 parts denatured alcohol, and 8 parts
ethylene dichloride can also be used. Allow the poultice to stand
for 30 to 50 minutes. Scrub the surface with clear water and a
detergent at the end of the treatment. Old stains can be best re-
moved by mechanical abrasive methods such as light grinding or
sandblasting.
Fire, Smoke, and Wood Tar Stains.--Apply a trichloroethylene

poultice. Scrape off when dry and repeat as necessary. Scrub thor-
oughly with clear water. As an alternative treatment for large areas,
scour the surface with powdered pumice or grit scrubbing powder
to remove surface deposit and wash with clear water. Follow this
with application of a poultice impregnated with commercial sodium
hypochlorite or potassium hypochlorite or any other effective bleach.
Grease Stains.--Scrape off all excess grease from the surface and

scrub with scouring powder, trisodium phosphate, or detergent. If
staining persists, methods involving solvents are required. Use ben-
zene, refined naphtha solvent, or a chlorinated hydrocarbon solvent
such as trichloroethylene to make a stiff poultice. Apply to stain;
do not remove until paste is thoroughly dry. Repeat if necessary;
this can be followed by scrubbing with strong soap and water, scour-
ing powder, trisodium phosphate, or proprietary detergents specially
formulated for use on concrete. Rinse with clear water.
Iron Rust Stains.--These are Common and easily recognizable by

their rust color or proximity to steel or iron in or out of concrete.
Sometimes large areas are stained from use of curing water that
contains iron. Rust stains resulting from water-curing "operations can
be minimized by using galvanized or aluminum pipe or soil soaker
canvas hose as shown in figure 172. The appearance can be im-
proved by mopping with a solution of 1 pound of oxalic acid powder
per gallon of water. The action can be accelerated by adding one-
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hallf p,Jund oI ammc,nJit•m b, Jlfluoride: to the:: sohJitJic, n, (Caution: Ant>
]nonlium [::,ilTuorJdle: n:-Jusl be lland]!ed 'with grc:ar, care as it is. 'very
lc, xic •o •]l•e skin, eyes., and mucous n:-•cmbranes.) After 2 c,r 3 hours,
rinse wJith clear watez and scrub "a.rii}-J s.tiCt br.ooms, o.r brulshes. Re-
maiimng spots may require a s.ccor, d appliica•.iion..

For deep s.•;-air•s, s;alurate a b, andage v•.'itB a solation of one part
sodiium citrate in six parts lukev,..arm ',v•rce:r and apply it: over the
stain for a haft h,our. The solution allso can be brusl'J•ed c,,n the s,•.ain
:l• 5- t,<•, IO-mh]u•e: hl:e>..'•eJs.. F'•,]llov•.ir•g •his treatmenL, where the:
stain Jis. c,,n a horizorll:a]l st:lrface:., sprinkle i•_ with a thin laye:r of so-
Clhm• ky.drosud•he crys.m•s, mc, isten WiLh a few drops c,f wate:r, and
cover w]:th a poultice made of p,c,,wdc•cd i:nc:N, material[ and water. On
a vertical: surface, place: l.]•Je pc,,t•]:tJice ,o.n a trowe::lt, s.prink]le on a layer
c,.f sc•,dlium t:•ydros•lfirLc: cr,,s;tals, moSsten ]iglq•t]ly:,. and apply {o the
s, tai•l in s.,•c:h n]arJn.cr •hat the crystals arc: in dire:ct contact with the:
,_;.u•irJed surface. Removc•: pc,,t]ll•ice :flier 1 hour. If' •he: stain has not
cc,,mptc.•e]!y disappeared., repeat I.•7,e operation with fres.h rnateriaIs.
Whctq• •he :stain disappears.= s;crub the:: s.•rface fl'•orc,,ug•Fy wi'•h water
and rlll;jkt.:: arJ, c,,[l*Jer' app, iic•niion •.•,f the sodium citrate: solution as, iin
the: F,,rcliiminary c, pe:ratiorJ.. Tl'•:e purpc,.sc of •t:,is llas•: t•r'e::atme:nt iis. to,
pr.evc:nt reappearance ,o.f the: S,{a, irJ.

O, ccas.iorJ, a]lly, brov•n iron slaiins, m•ly c:iq•ar•ge: to Mack: vv'h•e• they
are tr'e:ltc:d v,•iit:h s.,odium ludrosuKi{e. "INs may :llsc,, happen, if the
pc,.u]ticc: is. left on longer th•Ln ]! hour. tf {h{is; c,.ccnrs, the black s•ain
should be t•c::ated with h, ydrc,,gcn peroxiidc: unti]l oxidized t:c,, the brown
c,::•lor. The: sodium hy•21r,a•,s.L•l.fite tlL:;ll.mc::nt should the:n be resume:d..
,l:TC:um•8:,:•,•:: k!r, le>; adle:q•l•ale vc:n•i]ati,:>n {is; provided, this. me::'•hc, d:
sl',e,.•]Zd not be: L•sed ]ndoc,r,_. as a con•iidcrablle :•mc,•nt of tc,.xiic s.uKur

i •1,',
'r•l•" -"•.-•1''• ": _ "¸ • |-.•li!,

Figure 172,,--Wal::e,r C:ulriin,g wiiith soil.soaker hose. This prevents rulst:: stainsw'hic::h
may occur if iron p,iipe is;, us;edl,, PX-D--34.Ei,09.
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dioxide gas will be emitted when the sodium hydrosulfite comes in
contact with moisture.)

Iron stains can be effectively removed by mechanical means such
as stiff brushing or sandblasting if the stain is not too deep. Sand-
blasting is the more effective method. Water jet and soap powder
brushing may be more applicable than chemical methods for remov-
ing light iron stains. The disadvantage of mechanical methods is that
both result in the roughening of the surface.

In some instances, unsightly rust stains are potentially too exten-
sive to be removed. These can be camouflaged by use of colored pig-
ment in the concrete subject to staining. The treatment is used where
a rapidly oxidizing and eventually stabilizing steel is used for main-
tenance reduction and achieving architectural effects in buildings and
bridges. Initially, as oxidation occurs, copious amounts of iron rust
form, which are washed from the surface and deposited as stain on
the concrete. The oxidation rate, which depends largely on the pres-
ence of moisture, gradually decreases and finally stops altogether,
leaving a pleasing, maintenance-free color on the steel and camou-
flaged stain on the concrete. In the relatively dry Western States
of the United States the rate is slow, and considerable time, perhaps
years, may be required to reach a stabilized condition.
Lubricating Oil or Petroleum.---Excess fresh oil should be re-

moved immediately with paper towels or cloth. Avoid wiping. Cover
the spot with a dry, powdered, absorbent, inert material (the same
used in the poultice) or portland cement, and leave it for 1 day.
Repeat until no more oil is absorbed by the powder. If stain per-
sists, or when oil has been allowed to remain for some time and
has penetrated the concrete, other methods will be required.

After all oil has been removed from the surface by scrubbing with
strong soap, trisodium phosphate, scouring powder, or detergents,
a solution of one part trisodium phosphate in six parts water can
be applied to the stain. The paste should remain 20 to 24 hours. Re-
move the paste and scrub surface with clear water. A poultice of
5-percent solution of sodium hydroxide applied for about 20 to 24
hours might be tried. After this period, remove and scrub surface
with clear water.

Make a poultice with benzene, apply to stain and allow to remain
for 1 hour after the solvent has evaporated. Repeat as necessary,
then scrub with clear water, cover stain with V4-inch-thick layer of
asbestos fibers, and saturate with amyl acetate. Apply heat to the
slab to draw out dissolved oil.
Paint Stains.--Wet and dried paint films each require different

treatment. Wet paint should be carefully soaked up with an ab-
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sorbent material. Avoid wiping. Immediately scrub the stained area
with scouring powder and water. Scrubbing and washing should be
continued until no additional improvement is noted. Paint removers
or solvents should not be used on wet paint or films less than 3 days
old.

Dried paint should be scraped off as much as possible. Then apply
a poultice impregnated with a commercial paint remover. Allow to
stand for 20 to 30 minutes. Scrub stain gently to loosen the paint
film, wash off with water, and any remaining can be scrubbed off
with scouring powder. Color that has penetrated can be washed out
with dilute hydrochloric or phosphoric acid. This treatment can be
applied to dried enamel, lacquer, or oil-based varnish.

Other efficient paint removers are: (1) A mixture of 10 parts
methyl acetone, 25 parts benzene, 18 parts denatured alcohol, and
8 parts ethylene dichloride; (2) a solution of 21A pounds of sodium
hydroxide in 1 gallon of hot water; the sodium hydroxide solution
can be applied with a poultice or can be brushed onto the surface.

Sandblasting or burning with a blowtorch can be used to remove
dried paint films.
Wood Stains.--A wood stain is readily distinguishable by its dark

color. The best treatment is that recommended for fire stains.
Miscellaneous Stains.--Stains varying in light intensity from yel-

low to brown occasionally occur on interior concrete and terrazzo
floors. These may have been caused by original finishing and clean-
ing operations. It is possible to bring the surface back to its original
appearance by applying poultices impregnated with an aqueous solu-
tion of sodium hypochlorite (NaOCI) or by scrubbing the surface
with the same solution.

121. Finishing Unformed Surfaces.----Concretehaving unformed, ex-
posed surfaces should contain just sufficient mortar to avoid excessive
floating. If the mix is wet and oversanded, an excess of water and fine
material will be brought to the surface, resulting in a layer of inferior
mortar having high water-cement ratio and a tendency to dust, craze,
crack, and possibly separate from the mass beneath. Working of the
surface in various finishing operations should be the minimum necessary
to produce the desired finish. Use of any finishing tool in areas where
water has accumulated should be prohibited. Operations on such areas
should be delayed until the water has been absorbed, has evaporated, or
has been removed by draining, mopping, dragging off with a loop of hose,
or other means.

Bureau specifications require unformed surfaces that will be exposed
to the weather and that would normally be horizontal to be sloped for
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drainage. Narrow surfaces such as tops of walls and curbs are usually sloped
three-eighths of an inch per foot of width; broader surfaces such as walks,
roadways, platforms, and decks are sloped approximately one-quarter of
an inch per foot. The classes of finish specified for unformed concrete
surfaces are designated as U1, U2, U3, and U4. Surface irregularities
allowed in each are shown in table 24. A 10-foot straightedge or template
is used for detecting irregularities.

(a) Finish UI .--This is a screeded finish used on surfaces that will
be covered by fill material or concrete and on surfaces of operating
platforms on canal structures. It is also the first stage for finishes U2
and U3. The finishing operations consist of leveling and screeding the
concrete to produce an even uniform surface. Surplus concrete should
be removed immediately after consolidation by striking it off with a sawing
motion of the straightedge or template across wood or metal strips that
have been set as guides. Where the surface is curved, as in the invert
lining of tunnels, a special screed is used. For long, narrow stretches of
invert paving or of fiat paving, use of a heavy slip form or of a paving
and finishing machine is desirable. The slip form is best for sharply curved
inverts; the paving and finishing machine is prefe/'able for flat or
long-radius cross sections.

(b) Finish U2.•This is a floated finish used on all outdoor unformed
surfaces unless other finish is specified. It is used on such surfaces as
inverts of siphons and flumes; floors of canal structures, spillways, outlet
works, and stilling basins; outside decks of power and pumping plants;
floors of service tunnels, galleries, sumps, culverts, and temporary diversion
conduits; tops of transmission line and bridge piers and of walls, except
tops of parapet walls prominently exposed to view; and surfaces of gutters,
sidewalks, and outside entrance slabs. It is also applied to bridge floors
and to slabs that will be covered with built-up roofing or membrane
waterproofing. Floating may be done by hand or power-driven equipment.
It should not be started until some stiffening has taken place and the
moisture film or shine has disappeared. The floating should work the
concrete no more than necessary to produce a surface that is uniform
in texture and free of screed marks. If finish U3 is to be applied, the
floating should leave a small amount of mortar without excess water at
the surface to permit effective troweling. Any necessary cutting or filling
should be done during the floating operations. Joints and edges should
be finished with edging tools. Tooled edges are often preferable to formed
chamfers.

(c) Finish U3.---This is a troweled finish used on inside floor
slabs of buildings (except those to receive a bonded concrete or
terrazzo finish), on tops of parapet walls prominently exposed to view,
on concrete surfaces subject to high-velocity flows, and on interior
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stair treads and thresholds. Steel troweling should not be started until
after the moisture film and shine have disappeared from the floated sur-
face and after the concrete has hardened enough to prevent an excess of
fine material and water from being worked to the surface. Excessive
troweling tends to produce crazing and lack of durability. Too long a
delay in troweling results in a surface too hard for proper finishing. Steel
troweling should be performed with a firm pressure that will smooth the
sandy surface left by the floating. Troweling should produce a dense, uni-
form surface free of blemishes, ripples, and trowel marks. Light trowel-
ing and slight trowel marks are usually permitted on surfaces to be cov-
ered with built-up roofing and membrane waterproofing.

A fine-textured surface that is not slick can be obtained by applying a
sweat or light scroll finish immediately after the first regular troweling.
This consists of troweling lightly over the surface with a circular motion,
keeping the trowel fiat on the surface.

Where a "hard, steel-troweled finish" is required as a special finish that
will afford added resistance to wear, the regular U3 finish is again
troweled after the surface has nearly hardened, using firm pressure and
troweling until the surface is hard and has a somewhat glossy appearance.

(d) Finish U4.--This finish is specified for canal and lateral linings.
The finished surface should be equivalent in evenness, smoothness, and
freedom from rock pockets and surface voids to that obtainable by effec-
tive use of a long-handled steel trowel. Light surface pitting and light
trowel marks are not objectionable. Where the surface produced by a lin-
ing machine meets the specified requirements, no further finishing is nec-
essary. If a few rough spots are left by the lining machine, there is no
objection to the immediate use of a little mortar to reduce the labor of
producing an acceptable finish.

(e) Preventing Hair Cracks.--Hair cracks are usually the result of a
concentration of water and fines at the surface caused by overmanipula-
tion during finishing operations. Such cracking is aggravated by untimely
finishing and by too rapid drying or cooling. When the humidity is so low
as to cause checking of the finished surface before it can be covered
without damage, the surface should be moistened and kept moist tem-
porarily with a very fine spray of water applied so as not to wash the
surface nor form pools on it. As chilling of the green concrete increases
its tendency to crack, it is desirable that water used for the preliminary
moistening be no colder (preferably warmer) than the concrete. Check-
ing that develops prior to troweling can usually be closed by pounding
the concrete with a hand float.

122. Special Requirements lor Concrete Surfaces Subject to High-
Velocity Flow.---Special requirements for finishing concrete surfaces sub-
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jected to high-velocity flow are needed to prevent severe cavitation and
destructive erosion. Also, materials and methods that tend to increase
the strength of concrete at the surface, or throughout the mass, increase
erosion resistance. Bureau laboratory and field tests on small, abrupt,
sharp-cornered offsets into and perpendicular to high-velocity waterflow
show that, under atmospheric conditions, cavitation and destructive
erosion begin downstream from relatively small offsets when water veloc-
ities reach about 40 feet per second. When velocities exceed this value,
special limitations on offsets are necessary, and special treatment should
be accomplished. More stringent requirements than those normally ap-
plied for surfaces subjected to low-velocity flow are also needed for other
abrupt-type offsets in high-velocity flow.

The severe limitations and treatment required for surfaces subjected
to high-velocity flow may be relaxed to some degree when facilities
such as aeration devices, designed and constructed in the flow surfaces
to introduce and entrain air in the flowing water, damp or cushion dam-
aging forces. In high-velocity-flow tunnel spillways with vertical curves,
aeration devices may be designed into the structure to reduce cavitation
potential in critical flow areas. An aeration slot was designed and con-
structed immediately above the point of curvature of the vertical curve of
Yellowtail Dam spillway tunnel. Final design, location, and suitability of
this slot were determined from hydraulic laboratory model studies. The
efficacy of the slot was verified on the project during a 4-day spill at
15,000 cubic feet per second.

Surfaces immediately downstream from gates in outlet works may be
aerated by properly designed and located recesses or offsets away from
the flow to alleviate damaging cavitation. The use of such recesses or
offsets may permit a relaxation of stringent finishing criteria and restric-
tions on allowable surface irregularities.

The special finishing and treatment requirements for surfaces subjected
to high-velocity flow, as discussed in subsections (a), (b), (c), and (d),
are applicable to flow surfaces in which designed aeration slots or recesses
have not been included.

(a) Sur[aces o] Outlet Works Conduits and Tunnels.--Problems of
cavitation resulting from abrupt-type offsets that are into or facing the
flow can be especially serious when they occur in the areas immediately
downstream from control gates. Also, abrupt-type offsets that are away
from the flow may cause cavitation or erosion problems. High-velocity
flow passing through a gate opening causes the boundary layer of the
flow to be disrupted and a certain length of continuous surface contact,
depending upon the velocity, is required for it to be reestablished. Bureau
specifications provide for complete elimination of abrupt-type offsets
from flow surfaces of outlet works conduits and tunnels for specific
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distances downstream from the ends of gate frames, by grinding to
specified levels as given in table 25.

Precautionarymeasures are also taken to reduce abrupt offsets into
the flow on those surfaces of outlet works conduitsand tunnels beyond
the areas immediately downstream from gate frames that will be sub-
jected to high-velocityflow. Usually, the precautionary measures are
terminated at the first upstream transverse constructionjoint of the
Stilling basin. Abrupt offsets into the flow on surfaces upstream from
this point should not exceed one-eighth of an inch; if they exceed this
limit, they should be completely eliminated by grinding to bevels ac-
cordingto flow velocityas set forth in table 25.

Abrupt-typeoffsets perpendicularto and away from high-velocityflow
and those parallel to such flow that are beyond the critical areas im-
mediately downstream from the control gates are only required to be
within the usual allowable irregularitiesfor the specified finish as pro-
vided in table 24.

(b) Sur]aces o[ Tunnel Spillways.--Surfacesof tunnel spillways sub-
ject to flow velocitiesof 40 feet per second or more are also criticalwith
respect to the need for eliminationor reduction of abruptoffsets. Surfaces
of spillway tunnelelbowsbelow the centerline'or spring line receivingthe
special stoned finish as provided in section l19(f) must be free of
abrupt-typeoffsets on completion of the stoned finish. Applicationof
the special stoned finish is considereddesirable when surfaces of tunnel
elbows are to tarry water having flow velocitiesof 75 feet per second or
more. Downstreamfrom the elbow at the lower end of a spillway tunnel,
abrupt offsets in the surface should be eliminated for a distance of at
least five tunnel diameters to prevent cavitation. Grinding to bevels is
set forth in table 25.

For surfaces of the spillway tunnel shaft down to the start of the tunnel
elbow and surfaces of the spillway tunnel downstream of the 5-diameter
section, special precautions should be taken to prevent abrupt offsets not
parallel to the flow; if such offsets occur on these surfaces, they should
be eliminated by grinding to bevels according to table 25. Abrupt offsets
parallel to the direction of flow should not be greater than one-fourth of

Table 25.--Offset and grindingtolerances[or high-velocity flow

Distanceof treatment Grindingbevel,
ratio of heightVelocity range, downstream fromgate

feet per second frame, feet to length

40 tO 90 .................. 15 I tO 20
90 to 120 ................. 30 I tO 50
Over 120 ................. 50 1 to 100
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an inch; the excess should be eliminated by grinding to required bevels
according to table 25.

Gradual irregularities, as defined in section 119, on surfaces of spillway
tunnels that will be subject to high-velocity flow should not exceed one-
fourth of an inch.

(c) Surfaces ol Open-Flow Spillways.--Precautionary measures
should be taken to prevent cavitation or abrasion resulting from abrupt
offsets on those surfaces of open-flow spillways that will be subject to
high-velocity flow. Abrupt offsets on such surfaces that are not parallel
to the direction of flow and that a•e offset into the flow should not exceed
one-eighth of an inch. When this limit is exceeded, the offset should be
completely eliminated by grinding to required bevels according to table
25. When flow velocities will be in the 40- to 90-feet-per-second range
(or more), the excess should be completely eliminated by grinding to
the required bevels. Abrupt offsets away from the flow or parallel to
the flow should be required only to meet the maximum allowable limits
for the specified finish as provided in table 24.

(d) Other Treatments of High-Velocity Flow Sur/aces.--Depending
on the critical flow conditions that will be involved, grinding to eliminate
or reduce irregularities will provide acceptable flow surfaces. This con-
clusion assumes, of course, that a well-designed concrete mix is used, the
work is within permitted tolerances, and the forming and finishing are
expertly carried out. However, for extremely critical flow surfaces such
as in tunnel spillways, it may be desirable to limit the grinding depth,
particularly when flow velocities will exceed 90 feet per second. Grind-
ing irregularities on flow surfaces will reduce many of the aggregate
particles at or near the concrete surface and thereby influence mechanical
bond capability. Thus, negative pressures on the concrete surfaces can
pull out these reduced-size aggregate particles, leaving holes that may
cause cavitation.

For repair work below the centerline of Yellowtail Dam spillway
tunnel, including the vertical elbow where velocities were in excess of 90
feet per second, grinding irregularities to a depth greater than one-fourth
of an inch was prohibited. Instead, irregularities greater than one-fourth
of an inch were required to be excavated to a depth below the finished
grade and then repaired to that grade. When the maximum width of the
area of the irregularity to be eliminated was not more than 1 foot in
the minimum dimension, the irregularity was excavated 0nly enough to
permit an acceptable filling to finished grade with epoxy-bonded epoxy
mortar. When the width of the area of the irregularity was greater than
1 foot in the narrow dimension, the perimeter of the irregularity was
saw cut, then excavated to a minimum depth of l•/fi inches, and the



CHAPTER VI--HANDLING, PLACING, FINISHING, AND CURING 375

excavated area repaired to the finished surface with epoxy-bonded
concrete.

123. Painting and Dampproofmg of Concrete.--(a)Painting.--Paints
for concrete and their application are described and discussed in the
Bureau's Paint Manual.

(b) Dampprooling.--Treatment of concrete surfaces during construc-
tion with various bituminous and other waterproofing compounds has
been required to prevent permeation by moisture from backfill and other
ground sources. Experience has shown, however, that the principal pene-
tration of moisture is through cracks, construction joints, or areas of
unconsolidated concrete which no ordinary dampproofing treatment
could have prevented. The concrete itself, particularly that in heavy walls
and conduits, may be expected to be satisfactorily dry on the interior if
it is properly constructed in accordance with existing specifications and
instructions. For these reasons, there is a decreasing use of damp-
proofing treatments on Bureau work and more attention is directed to
obtaining better construction joints and contraction joints and to place-
ment of well-consolidated, impermeable concrete.

For maintenance and correction of conditions where there is objection-
able leakage through cracks, joints, or porous concrete, elastic mem-
branes of Waterproofing material are built up on fabrics or sheets. These
span the cracks and joints without danger of rupture when there is change
in crack width caused by variations in temperature and moisture. A
weatherproofing procedure for prolonging the serviceable life of critically
exposed portions of concrete structures is described in section 139. This
practice is essentially preventive, rather than a repair.

E. Curing

124. Moist Curlng.--Thewater content of fresh concrete is consider-
ably more than enough for hydration of the cement. However, an ap-
preciable loss of this water, by evaporation or otherwise, after initial set
has taken place will delay or prevent complete hydration. The object of
curing is to prevent or replenish the loss of necessary moisture during
the early, relatively rapid stage of hydration. The usual procedure for
accomplishing this is to keep the exposed surface continuously moist by
spraying or ponding, or by covering with earth, sand, or burlap main-
tained in a moist condition. Precast concrete and concrete placed in cold
weather are often kept moist by steam released within enclosures. These
procedures are known as moist curing. Early drying must be prevented or
the concrete will not reach full potential quality. In warm, dry, windy
weather corners, edges, and surfaces become dry more readily. If these
portions are prevented from drying and fully develop hardness and
quality, interior portions will have been adequately cured.
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Bureau specificationsusually require that concrete, which is to be water
cured, shall be kept moist at least 14 days. Concrete made with type
V cement has a rate of hardening somewhat slower than that of concrete
made with type I or II. For this reason, it is especially important that
thorough curing be provided when type V cement is used. Tests indicate
that a period of drying after completion of moist curing considerably
enhances the resistance of concrete to sulfate attack, probably as a result
of carbonation.

Moist curing in which the concrete is protected from the sun is less
likely to be interrupted by periods of drying and therefore is likely to
be more effective than spraying exposed concrete surfaces. Wet burlap
in contact with the concrete is excellent for this purpose; it not only
shades the concrete, but also holds the moisture needed for good moist
curing. Wood forms left in place provide good protection from the sun,
but will not keep the concrete sufficiently moist to be acceptable as a
method of moist curing for outdoor concrete. However, the surfaces of
ceilings and inside walls require no curing other than that resulting from
forms being left in place for at least 4 days. The unformed top surfaces
of formed concrete, such as tops of walls, piers, and beams, should be
moistened by wet burlap or other effective means as soon as the concrete
has hardened sufficiently to prevent damage. These surfaces and steeply
sloping or vertical formed surfaces should be kept continuously moist, prior
to and during form removal, by applying water and allowing it to run

• down between the forms and the concrete. Soil-soaker hose is particularly
suited to such work-(see fig. 172). There is no better curing and protection
than that provided by well-moistened backfill. Ponding on floors, pavement,
and other slabs is effective in reducing crazing, cracking, and wear.
Drainage of curing water from the upper surfaces of a structure such
as a power or pumping plant, sometimes augmented by drainage from
construction activities at higher levels, frequently results in unsightly
surfaces, the appearance of which can only be improved by costly cleanup
operations.

125. Curing With Sealing Membranes.---Sealing membranes can
often be employed to advantage in curing concrete surfaces. The
membrane may be an impermeable plastic sheet placed over the surface
or a film formed by application of liquid materials (curing compounds)
to the surfaces. Acceptable membranes retard evaporation of mixing water
so that, under most conditions, sufficient moisture is retained for proper
hydration of cement. Laboratory test and field observations indicate that
an effective membrane kept intact for 28 days provides the equivalent
of 14 days' continuous moist curing.
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Membrane curing, especially with curing compounds, is widely practiced
because it affords several advantages over water curing. It eliminates the
need for supplying water continuously for long periods with the

• /

ever-present possibility of interruption or incomplete coverage. The
presence of water often hampers other construction activities in the area.
Also, the water may stain or disfigure concrete surfaces and require
expensive cleaning. Curing compounds tend to prevent deep penetration
of stains and even retard somewhat the deposition of stains by rendering
the surface impermeable. A coated surface of resin-base compound is
paintable after only minor cleanup. On the other hand, wax and clear
resin-base compounds must be removed if concrete is to be bonded to
the surfaces (construction joints), and the wax-base compound must be
sandblasted from the surface if paints are to be applied.
The curing Compounds normally used in present Bureau practice include

the pigmented wax-base materials (white or gray) and the recently
developed essentially clear, resin-base material. These compounds consist
of finely ground pigments dispersed in a vehicle of resin, waxes, oils,
and/or plasticizers together with solvents. Specifications for these
compounds are: for the wax-base compound, "Specifications for Wax-Base
Curing Compound," dated May 1, 1973; and for the resin-base compound,
"Specifications for Clear Resin-Base Curing Compound, GRC-101," dated
May 1, 1973.
The white-pigmented, wax-based compound is generally used for curing

canal linings and related structures, interior surfaces such as tunnel and
siphon linings, and is sometimes permitted as an alternative to moist curing
on diversion dams and other structures, The white compound reflects a
considerable amount of sunlight. In hot weather, the decrease in concrete
temperature caused by the reflective white compound may be as much
as 40 ° F, and the lower, more uniform temperature minimizes surface
cracking caused by thermal expansion and contraction. Tests have shown
that use of white-pigmented compounds approximates the effect of shading
in maintaining lower concrete temperatures.

Since thewhite-pigmented compound usually developsa mottled appearance
from weathering, it is objectionable where appearance of the cured surface is
an important consideration. Therefore, either the gray compound or the clear
material is generally used to cure surfaces prominently exposed to public view.
The gray compound more nearly resemblesconcrete in color and, although still
imparting a coated or painted appearance on the surface, presents a more
pleasing appearance during latter stages of weathering than the white-
pigmented type. The clear compound, being essentially transparent, does not
conceal the concrete and thus preserves normal appearance. However, since the
resin-base compound is costlier than the wax-base materials, both from ma-
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terials and application standpoints, use is generally restricted to curing
exposed surfaces of such structures as power and pumping plants where
appearance is considered ex!remely important. The reflectance of surfaces
coated with either of these materials is considered acceptable.

The wax-base compounds can also be used to cure surfaces to which
bond of adjacent or subsequent concrete placements is not desired. The
paraffin vehicle effectively prevents bond; thus, these compounds are
used on contraction joint surfaces in structures of all kinds.

Curing compounds are furnished ready-mixed under Bureau specifica-
tions and normally require only thorough mixing prior to use or
sampling. (See designation 38 in the appendix.) Diluting by adding
thinner or otherwise altering the composition of the compound is not
allowed. In cold weather, heating the compound to a maximum tempera-
ture of 100 ° F is permissible to obtain a sprayable viscosity. Heating,
if required, should be by use of a hot water bath or heaters specifically
designed for this purpose and never over an open flame. The container
should be vented and only about three-fourths full to allow for expansion.

Curing compounds are normally applied by spraying. Equipment for
spraying wax-base compounds should be of the pressure-tank type with
provision for continuous agitation. This equipment may be highly mech-
anized as in the curing of canal linings where the size of the job justifies a
curing jumbo with multiple traveling spray fans synchronized with the
movement of the rig. The compounds are more viscous than water but
thinner than most paints. The equipment, whether mechanized or port-
able, must use sufficient pressure and correct nozzles to atomize the
material properly. Orchard-type sprayers usually do not meet these re-
quirements and are not adequate.

Standard paint spray equipment of either the conventional pressure-pot
or airless types can be used to apply wax-base curing compounds. These
types of equipment are considered essential for the clear resin-base com-
pound which is of thin paint consistency and must be applied as a film
having extremely uniform thickness. Such equipment includes an agitator,
pressure regulators and gages, an oil and water separator, and the
correct spray gun tips and nozzles for precise control of the application.

The spraying techniques employed should produce a uniformly thick
film. Such uniformity can be observed visually when pigmented com-
pounds are being applied and corrections made as needed. However, the
clear compound affords no such visual inspection and requires using the
paint technique of multipass application with cross spraying to achieve
uniformity. Multipass application consists of two or more spray passes
over each point on the surface. Cross spraying is accomplished by first
applying about one-half of the compound required for a specific area
with parallel passes. After a short interval, the remainder of the corn-
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pound is then applied at right angles to the first spraying. The clear resin-
base compound, being quite thin, will run on vertical surfaces or puddle
on horizontal surfaces if applied in one pass. However, it contains a
fast-dryingsolvent so that the cross-spray passes can normally be applied
without delay. The delay between passes, if any, should not exceed 30
minutes.

The coverage necessary to ensure effective curing varies considerably
with the compound and conditions. A smoothly troweled surface requires
less compound than a rough surface. A gallon of the resin compound
covers more surface than a gallon of wax-base material. Therefore, it is
impracticable to specify coverage rates to apply to all variations in surface
conditions. However, the Bureau has established as guides normal maxi-
mum coverage requirements of 150 square feet per gallon for the wax-
base materials and 200 square feet per gallon for the resin-base com-
pounds. These guides are applicable for reasonably smooth concrete
surfaces such as smooth-formed or troweled concrete; rougher surfaces,
edges, corners, and other irregularities will require additional compound
to obtain the necessary membrane continuity.

Inspection of curing compound applications should confirm that suf-
ficient material has been applied, acceptable uniformity has been at-
tained, and a continuous curing membrane has been formed. Applying
the pigmented wax-base materials to a concrete sample at exactly the
specified coverage will provide the inspector with a visual guide as to the
appearance of that particular compound at its minimum thickness (maxi-
mum coverage). This appearance may vary from brand to brand, and
even lot to lot within brands, as well as between colors. Coverage of
subsequent applications, making allowance for variations in surface
roughness, can be judged against this sample. Nonuniformity will be indi-
cated by blotchiness, and the spray technique should be refined until
uniformity is attained. The compound on each type of surface should be
examined closely to confirm that a continuous membrane has been ap-
plied and whether more compound should be added.

Inspection of resin-base compound application is much more difficult
since the nearly unpigmented material only darkens the surfa.ce slightly.
As the clear compound is normally used where appearance is important,
extreme care must be exercised in obtaining uniform thickness. Excessive
thickness is objectionable as it yields an undesirable gloss. Thus, an in-
spector should watch closely for correct execution of the multipass, cross
spraying technique. Correct coverage should be confirmed by noting the
quantity of material applied to a given area.

Proper care of a concrete surface prior to compound application is
highly important. Beginning promptly after form removal, formed surf-
aces should be saturated with a fine spray of water until they will absorb
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no more water. Thereafter, the surfaces should be moistened frequently
to maintain continuous curing through the interval after form loosening
and stripping and before the compound is applied. The compound is then
applied as soon as the free moisture on the surface has disappeared. On
unformed surfaces, the compound should be applied immediately after
the bleeding water or shine disappears, leaving a dull appearance. If
concrete is allowed to dry before compound application, not only is
water unavailable for curing, but the compound will "strike in," resulting
in a soft surface layer having poor abrasion resistance. Normally, only
small imperfections (those which can be repaired without delaying appli-
cation of the compound) are repaired prior to compound application.
Defective concrete and gross surface imperfections are not repaired until
after the compound has been applied.

Under rare circumstances, it may be necessary to augment compound
curing with preliminary moist curing. For instance, on one canal lining
project, 24 hours of moist curing prior to application of the compound
largely eliminated the checking on side slopes experienced previously. If
the adequacy of the curing membrane appears to be questionable, pre-
liminary moist curing can be employed as a precautionary measure.

The construction of aesthetically pleasing structures dictates that most
exposed concrete surfaces be reasonably free of rust stains, mortar drips,
water-deposited scales, and other disfiguring marks. This requires exer-
cising increasing care to prevent traffic, concrete placement, and other
construction activities from damaging the appearance. Prevention likely
will prove more economical than the cleaning required to restore appear-
ance to an acceptable state.

The continuity of curing membranes must be maintained at least 28
days to be effective. Whenever the film will be subject to damage by
traffic or other causes, it should be protected by a layer of sand or earth
not less than 1 inch thick placed after the compound has dried 24 hours
or by other suitable and effective means. Any damage to the coating
occurring during the 28-day curing period should be repaired promptly
by application of additional compound.

The Bureau has compiled a list of manufacturers who have demon-
strated that they consistently produce good-quality wax-base compounds
conforming to specifications. Compounds of manufacturers so listed do
not require sampling at the shipping point and may be used on receipt of
a compliance certification. However, if such compounds appear to be
unusually thin and hiding of surface is inadequate, a sample should be
sent to the Denver laboratories for testing. Compounds by manufacturers
not on the list should be sampled at the shipping point and tested prior
to use. As the clear compound is relatively new in Bureau construction,
sampling and testing are always required.
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Sheet plastic is particularly adapted to curing slabs and structural
shapes. As soon as the concrete has hardened sufficiently to prevent
damage, the surfaces are sprayed lightly with water and then completely
covered with a white, 4- to 6-mil, plastic sheet. The sheet should be
airtight, nonstaining, and vaporproof to effectively prevent loss of mois-
ture by evaporation. Care must be exercised in obtaining an airtight
membrane by lapping and sealing all edges of the sheets. Specifications
normally require that this type of membrane be maintained a minimum of
14 days.
126. Steam Curing.--Use of steam curing is particularly advantageous

undercertainconditions, chiefly because of the higher curing temperature
and the fact thatmoistureconditions are favorable.This type of curing is
permittedby the Bureau in the manufactureof precast pipe and other
precastunits. Benefits are also realized in the use of live steam for cold-
weatherprotectionof concrete. Steam-curedprecast units attain strength
so rapidlythatformsmay be removedand reusedvery soon afterconcrete

placing.
Data on early strength development of concrete cured with steam at

temperaturesbetween 100° and 200° F are presented in figure 173.
Greatest acceleration in strength gain and minimum loss in ultimate
strengthare obtained at temperaturesbetween 130° and 165 ° F. Higher
temperaturesproduce greater strengthsat very early ages, but there are
severe losses in strength at ages greater than 2 days. Precast concrete
pipe is usually cured at temperaturesranging from 100° to 150° F.
Under such conditions, the loss in ultimate strength is relatively small.
Use of steam curing in winter to maintain the required initial concrete
temperatureof 50 ° F rarelyinvolves an ambient temperaturearoundthe
concrete over 100° F.
A delay of 2 to 6 hours prior to steam curing will result in higher

strengthat 24 hours than would be obtained if steam curingwere com-
menced immediately after filling the forms, as was the case in the tests
fromwhich the dataplottedin figure 173 were derived. If the temperature
is between 100° and 165 ° F, a delay of 2 to 4 hours will give good
results; for higher temperatures,the delay should be greater.
It is desirable that the insides and outsides of pipe sections (and all

sides of other concrete sections) be simultaneouslyexposed to the steam
curing, especially in cold weather, to avoid stress-producingtemperature
differences.

The necessary duration of steam curing depends on the mix, the
temperature,and the desired results. Pipe is commonly stripped at 12
hours, tipped off the base rings at 36 hours, and considered fully cured
at 72 hours. Most pipe mixes are considerably stronger than the mix
fromwhich the data in figure 173 were obtained.
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Figure 173.--Effect of steam curing at temperatures below 200° F on the
compressive strength of concrete at early ages. 288-D--2659.

F. Concreting Under Severe Weather Conditions

127. Precautionsto be ObservedDuring Hot Weather.--Amongthe
various means discussed in section 92 for lowering the temperatureof
concrete as mixed, there are two which also help in holding the tempera-
ture within the specified limit after the concrete leaves the mixer; namely,
working at night and shading the operations. Long, exposed pipelines
for pumped concrete require special protection during hot weather by
preferably being covered with wet burlap or coated with white paint or
whitewash. Part of the objection to placing concrete in excessively hot
weather is the necessity for richer mixes occasioned by the wetter con-
sistencies required to offset excessive slump loss. The difficulty of secur-
ing continuous moist curing for the required period is also increased. In
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some Southwestern areas the climate is so hot and arid that some speci-
fications prohibit concreting during the summer months.

Although attention to curing requirements is important at all times, it
is especially so in hot, dry weather because of the greater danger of
crazing and cracking. Higher temperatures with low humidity cause
sprinkled surfaces to dry faster and to require more frequent sprinkling;
hence, the use of wet burlap and other means of retaining the moisture
for longer periods becomes increasingly desirable. Efficiency of curing
compounds is reduced in hot weather, and at such times it is particularly
important that precautions outlined in section 125 be carefully observed.

128. Precautions to be Observed During Cold Weather.--Figure10
shows how much more slowly concrete gains strength at low than at
average temperatures.For this reason, Bureau specifications requirethat
concrete be protectedagainst freezing temperaturesfor at least 48 hours
after being placed when the mean daily temperatureis 40° F or above.
They also provide thatwhen the mean daily temperatureis below 40° F
concrete should have a temperatureof not less than 50 ° F and should
be maintainedat not less than 50 ° F for at least 72 hours. Also, according
to the specifications, concrete placed in such weather should, to accelerate
the set, contain 1 percentcalcium chlorideby weight of the cement, unless
the concrete will be subject to sulfate attack or unless there are other
considerationswhich preclude its use as discussed in section 20(a); these
are if galvanized metalwork is embedded or if the concrete will be in
contact with prestressedsteel. If the concrete is subject to sulfate attack,
calcium chloride, because it reduces the resistance of concrete to sulfate
attack, should not be used but the maximumwater-cement ratio should
be reducedto 0.45 __- 0.02.

For concrete placed in moderateclimates where freezing and thawing
occur less frequentlyand low temperaturesare an exception, a maximum
water-cementratio of 0.60 is usually specified for structuresto be covered
with fill material, continually submerged, or otherwise protected. In
view of this, the maximumwater-cement ratio could be reduced to 0.53
instead of 0.45 to accelerate the strength development when calcium
chloride is not permitted.
One percent of calcium chloride is requiredin concrete placed when

the mean daily temperatureat the worksite is lower than 40° F. When
the concrete is cured by membrane curing, no additional protection
against freezing is required if the protection at 50° F for 72 hours is
obtained by means of adequate insulation in contact with forms or con-
crete surfaces. If membrane-curedconcrete is not protectedby insulation,
the concrete should be protected against freezing temperaturesfor an
additional 72 hours immediately following the 72 hours of protectionat
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50 ° F. Water-cured concrete must be protected against freezing tempera-
tures for 3 days immediately following the 72 hours protection at 50 ° F.
Bureau requirements permit a reduction of water curing to 6 days during
periods when the mean daily temperature at the worksite is less than 40°
F. However, when temperatures are such that concrete surfaces may
freeze, water curing should be temporarily discontinued.

These requirements safeguard the concrete against serious damage
from freezing during the early critical period and maintain conditions
of temperature and moisture under which hydration can proceed without
interruption and the strength can develop to a reasonably satisfactory
degree during the period of protection. It is well to be aware that moist
surfaces can freeze when the dry-bulb temperature is well above 32 ° F
if conditions are such that the wet-bulb temperature drops to 32 ° F. At
37 ° F strong winds at Davis Dam caused ice to form from curing-water
spray. The inspector should assure that adequate steps are taken to pro-
tect the concrete and that facilities for protection are available when
needed.

Before concreting is started, all ice, snow, and frost should be removed
from the interior of forms, reinforcement steel, and parts to be embedded.
This is best accomplished with steam under canvas covers. Concrete
should never be placed on a frozen subgrade. Concrete in contact with
frozen subgrade will freeze or its temperature will be considerably below
the specified 50° F for the first 72 hours; also, subsequent thawing may
cause settlement. Subgrade may be protected from freezing by covering
it with straw and tarpaulins or other insulating blankets. At some concrete
placements, a short period of covering with an insulating blanket has
permitted heat from the earth to eliminate the frost.

Thin reinforced concrete members require much more protection than
do massive structures such as piers, abutments, or dam sections. Corners
and edges are most vulnerable; methods that will protect these parts will
be adequate for other portions of the structure. The approaching need
for protection in the fall and the sufficiency of the facilities provided
should be determined by taking the temperature of concrete in exposed
corners and edges during the coldest periods. Where the surface area is
large in relation to the volume, it is important that the forms, reinforce-
ment steel, and embedded parts have a temperature above freezing;
otherwise the heat of the concrete may be absorbed by them and the mean
temperature fall below freezing. This is particularly true if the forms are
metal. Considerable heat may be radiated by reinforcement bars that
extend outside the concrete. In massive structures the initial heat within
the concrete is not so readily dissipated and is augmented by heat
generated by hydration of the cement. However, immediate surface pro-
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tection is as necessary for massive structures as for others. Less protec-
tion is required later.

If the surface is chilled rapidly when forms are removed or when
protection against low temperatures is discontinued, cracking and subse-
quent deterioration may result. For this reason, Bureau specifications
require that discontinuance of protection against freezing shall be such
that the drop in temperature of any portion of the concrete will be
gradual. The surface temperature of mass concrete should not drop faster
than 20 ° F each 24 hours because the probability of cracking from
sudden chilling at the surface is great because of the differential between
interior and exterior temperatures. Heat of hydration escapes from mass
concrete slowly and may raise the initial temperature by 30 ° F at the
surface and as much as 70 ° F in the interior. In thin sections, on the
other hand, surface temperatures may drop gradually as much as 40° F
in each 24 hours without damage because the heat of hydration is rapidly
dissipated and the probability of excessive differential between the interior
and exterior temperatures is not great.

Protection required in cold weather is only that necessary to keep the
temperature from falling below specified temperatures during certain
initial periods. The most common method of protection is to enclose the
structure with an atmosphere warm enough to maintain required tempera-
tures. Another method being used increasingly is insulation. It eliminates
the necessity of heating, with its attendant costs and fire hazards. When
effectively conserved by insulation, the heat of hydration of hardening
concrete is sufficient to maintain early temperatures in most concrete

work.
Use of insulation is not new for maintaining the required early tempera-

tures in cold weather. Paving and other nearly horizontal unformed con-
crete have often been adequately protected by layers of straw, shavings,
or dry earth. Wooden forms have afforded considerable protection in less
severe exposures. Forms built for repeated use can be insulated, with
overall economy, and protection becomes automatic (see fig. 174). As
corners and edges are most vulnerable to heat loss, considerable extra
insulation is required over them. A double thickness is usually enough.
At low temperatures, curing is less urgent. Sealing compound may be
applied after insulation or forms are removed.

Tables 26 and 27 show the amount of insulation necessary to maintain
various kinds of concrete work at specified temperatures during cold
weather Of various degrees of severity. The tables are calculated for the
stated thickness of blanket-type insulation with an assumed conductivity
of 0.25 Btu per hour per square foot for a thermal gradient of 1 ° F per
inch. The values given are for still air conditions and will not be realized
where air infiltration caused by wind occurs. Close-packed straw under
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Table 26.--Insulationrequirements for concrete walls

Concrete placed at 50 ° F

I [ l.,inches [

Minimum air temperature allowable for these thicknessesof
commercial blanketor bat insulation, degrees F

Wall thickness, feet

0.5 inch 1.0 inch 2.0 inches

Cement content--300 pounds per cubic yard

0.5 ...............

1.0 ...............
1.5 ...............
2.0 ................
3.0 ................
4.0 ...............
5.0 ...............

47
41
35
34
31
30
30

41
29
19
14

8
6
5

33
17
0

--9
--15
--18
--21

28
5

--17
--29
--35
--39
--43

Cement content--400 pounds

0.5 ...............

1.6 ...............
1.5 ...............
2.0 ...............
3.0 ...............
4.0 ...............
5.0 ...............

46
38
31
28
25
23
23

38
22

8
2

--6
--8
--10

•er cubic

28
6

--16
--26
--36
--41
--45

yard

21
--11
--39
--53

Cement content--500 pounds 9er cubic yard

0.5 ...............

1.0 ...............
1.5 ...............
2.0 ...............
3.0 ...............
4.0 ...............
5.0 ...............

45 35
35 15
27 --3
23 -- 10
18 --20
17 --23
16 --25

Cement content--600 pounds

0.5 ...............

1.0 ...............

1.5 ...............

2.0 ...............
3.0 ...............
4.0 ...............

5.0 ...............

44
32
21
18
12
I1
I0

32
8

--14
--22
--34
--38
--40

22 14
• ---5 ] 226

iii i i i i i ilil iii iliil i i ii
•er cubic yard

16 6
--16 --41
--50 --89

............ t- .............

............ i..............

............ t. .............

............ t. .............
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Table 27.-.Insulationrequirementsfor concrete slabs and canal linings
placed on the ground

Concrete at 50 ° F placed on ground at 35 ° F; no ground temperature
gradient assumed

Minimumair temperature allowable for these thicknessesof
commercialblanket or bat insulation,degrees F

Slab thickness, feet I
0.5 inch [ 1.0 inch I 1.5 inches 2.0 inches

Cement content--300 pounds per cubic yard

0.333 ..............
0.667 .............
l.O ...............
1.5 ...............
2.0 ...............
2.5 ...............
3.0 ...............

(')
(')
47
37
26
16

6

(1)
0)
42
19

--5
--27
--51

(') 0)
0) 0)
35 29

--I --21
--37 --70
--72 .............

............. i,," ............

Cement content----400 pounds

0.333 ..............
0.667 .............
1.0 ...............
1.5 ...............
2.0 .............. •
2.5 ...............
3.0 ...............

•er cubic yard

(')
50
42
29
16

0)
49
30

1
--28

0) 0)
47 46
17 5

--27 --56
--72 --117

............ i ..............

............ L ..............

3
--10

--58
--86

Cement content--500 pounds per cubic yard

0.333 ..............
0.667 .............
1.0 ...............
1.5 ...............
2.0 ...............
2.5 ...............
3.0 ...............

(')
47
37
21

5
--13

(1)
42
19

--16
--51

e) e)
35 30
0 --19

--54 --92

............ i ..............

--26

Cement content--600 pounds

0.333 ••
0.667
1.0 ...............
1.5 ...............
2.0 ...............
2.5 ...............
3.0 ...............

............. i............. i..............

(')
43
31
13

--5

3er cubic yard

(1)
24

--18
--80

0) 0)
34 14

7 --42
--33 --127
--74 .............

........................ i..............

............ i............. i ..............
--22
--42

• See footnote at end of table.
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Table 27.--Insulationrequirementsfor concrete slabs and canal linings
placed on the ground--Continued

Concrete at 50 ° F placed on ground at 40 ° F; no ground temperature

gradient assumed

Minimum air temperatureallowable for these thicknesses of
commercialblanket or bat insulation, degrees F

Slab thickness, feet
0.5 inch { 1.0 inch 1.5 inches I

i

2.0 inches
I I

Cement content--300 pounds •er cubic yard
0.333 .............
0.667 .............
1.0 .........• ......
1.5 ...............
2.0 ...............
2.5 ...............
3.0 ...............

(1)
49
43
33
24
14

5

(1)
47
33
12
--9

--31
--52

(1)
44
22

--10
--43
--76

(1)
42
12

--33
--77

........ ° ....

Cement content--400 pounds per cubic yard
0.333 ..............
0.667 .............
1.0 ...............
1.5 ...............
2.0 ................
2.5 ................
3.0 ................

(1) (1)
46 40
37 22
25 --5
13 --32
I --59

--11 ............
Cement content--500 pounds

32 26
5 --12

--37 --68
--78 .............

............ i ..............

•er cubic yard
0.333 ..............
0.667 .. ...........
1.0 ...............
1.5 ...............
2.0 ................
2.5 ...............
3.0 ...............

(1)
42
32
17

3
--12
--27

O e) 0
32 21 10
10 --13 --35

--23 --63 --103
--55 "°'° ........ Ioo.°° .........

............ I ............. I ......... ° ....

............ i ...................... °°

Cement content--600 pounds •er cubic yard
0.333 ..............
0.667
1.0 ...............
1.5 ...............
2.0 ...............
2.5 ...............
3.0 ...............

f)
39
27
10

--8
--25
--43

(1) 48
24 9

--1 --31
--40 --90
--78 ............

............. I.............

48
--5

--59
--139

....... ° ......

..... . ..... °°

.......... .°°

1 Owing to influence of cold subgrade on canal linings and other thin slabs insulation al n
will not maintain the temperatureof concrete at t•, .....;,•..4 •,,. • . . ., . _ • o •..... e.... ._ -- .A• •V•tjt•u Ju 1- minimum tot the nrst •2
hours alter placing in COlO weather. At such placements, additional heat is necessary to maintain
required temperatures in the concrete by using higher placing temperatures, by preheating the
ground, by placing electric resistance wire under the insulation, or by other means, depending on
the severity of the prevailing weather. Where it is impracticable to supply such additional heat,

insulation mats may prevent the concrete from freezing, hut as the concrete temperature will
probably fall below 50* F, the period of protection should be increased to obtain concrete
strengths at the end of the protection period equivalent to the strength of concrete protected at50*F for 72 hours.
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canvas may be considered a loose-fill type if wind is kept out of the
straw. The insulating value of a dead-air space greater than about one-
half inch thick does not change greatly with increasing thickness. Text-
books or manufacturers' test data should be consulted for more detailed
information on insulations. Insulation equivalents for commonly used
materials are as follows:

Insulatingmaterial

1 inch of commercial blanket or .bat insulation ..................:..
1 inch of loose fill insulation of ]ibrous type .......................
1 inch of insulating board ........................................................
1 inch of sawdust ......................................................................
1 inch (nominal) of lumber ...................................................
1 inch of dead-airspace (vertical) .........................................
1 inch of damp sand ...............................................................

Equivalent
thickness,

inch

1.000
1.000

.758

.610

.333

.234

.023

Heated enclosures should provide sufficient space for circulation of
warmed air. As corners and edges are vulnerable to low temperatures,
canvas covers or other enclosure material should not rest on them. En-
closures should be tight and windproof. Openings for access should be
few and preferably should be self-closing; at least they should be easily
closed. Heat may be supplied by live or piped steam, by salamanders or
stoves, or by airplane heaters outside the enclosure. Cooling pipe to be
embedded in mass concrete has been used temporarily to circulate steam.
Salamanders and stoves are easily handled and inexpensive and are con-
venient for small jobs, but they have the disadvantages of producing dry
heat, emitting fumes and smoke which often disfigure the work, and being
fire hazards. They often cause fire losses which would more than offset
the cost of live steam heating, even on relatively small jobs. On larger
centralized work such as a dam, powerhouse, or large canal structure,
steam should be no more expensive, considering its advantages, than com-
bustion heating within the enclosure.

Dry heat in cold weather tends to produce rapid drying because warm
air will hold much more moisture than cold air. To illustrate, air at 70°
F can hold about four times as much moisture as it can at 30° F. Con-
sequently, if air at 30 ° F, even though saturated, is warmed to 70° F,
it will quickly draw moisture from the concrete. It is important, therefore,
that the concrete be supplied with adequate moisture when dry heat
is used. Live steam is particularly advantageous because it provides
moisture as well as heat; however, installations that might rust or be
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hours from excessive carbon dioxide atmosphere by application of curing.,
compound. If the specifications do not provide for use of curing compound
on such surfaces, unvented heaters should not be allowed.

Calcium chloride, salt, or other chemicals in permissible amounts in
the mix will not lower the freezing point of concrete to any significant
degree. Calcium chloride or additional cement is added during cold weather
to assist in maintaining normal rate of hardening of the concrete (see
sec. 20(a)) and is not for the purpose of shortening the period or
simplifying the type of protection required in cold weather.



ChapterVII

REPAIR AND MAINTENANCE OF CONCRETE

A. Repair of Concrete

129. General Requirementsfor Quality Repair.--Approvedmethods
and proceduresfor repairingnew and old concrete are described in this
chapter.Maintenanceis also covered in some detail. The term repairing
refers to any replacing, rejuvenating,or renewingof concrete or concrete
surfaces after initial placement. The need for repairs can vary from such
minorimperfectionsas she-bolt holes or snap-tie holes to majordamages
resultingfromwater energy or structuralfailure. Althoughthe procedures
describedmay initially appearto be unnecessarilydetailed,experience has
repeatedlydemonstratedthatno step in a repairoperationcan be omitted
or carelessly performed without detriment to the serviceability of the
work. Inadequateworkmanship,procedures, or materials will result in
inferiorrepairswhich will ultimately fail.

(a) Workmanship.--It is the obligation of the constructorto repair
imperfections in his work so that repairs will be serviceable and of a
qualityanddurabilitycomparableto the adjacentportionsof the structure.
Maintenancepersonnelhave responsibilityfor makingrepairsthat are in-
conspicuous, durable, and well bonded to existing surfaces. Since most
repairprocedureslargely involve manualoperations,it is particularlyim-
portantthat both foremen and workmen be fully instructedconcerning
proceduraldetails of repairingconcrete and reasons for them.They should
also be apprisedof the more critical aspects of repairingconcrete. Con-
stant vigilance must be exercised by the contractor'sand Government's
forces to assuremaintenanceof the necessary standardsof workmanship.
Employment of dependable and capable workmen is essential. Well-
trained, competentworkmenare particularlyessential when epoxy mate-
rials are used in repairof concrete.

(b) Procedures.--Serviceable concrete repairs can result only from
correct choice of method and careful performanceof techniques. Wrong
or ineffective repairor constructionprocedurescoupled with poor work-

393
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manship lead to inferior quality repair work. Many proven procedures for
making high quality repairs are detailed in this chapter; however, not all
procedures in repair or maintenance are discussed. Therefore, it is
incumbent upon the craftsman doing the work to use procedures that
have been successful or that have a high reliability factor.

Repairs made on new or old concrete should be made as soon as
possible after such need is realized. On new work the repairs that will
develop the best bond and thus are the most likely to be as durable
and permanent as the original work are those that are made immediately
after early stripping of the forms while the concrete is quite green. For
this reason, repairs should be completed within 24 hours after the forms
have been removed. Before repairs are commenced, the method and
materials proposed for use should be approved by an authorized inspector.
Routine curing should be interrupted only in the area of repair operations.

Effective repair of deteriorated portions of structures cannot be assured
unless there is complete removal of all affected or possibly affected
concrete, careful replacement in strict accordance with an approved
procedure, and assurance of secure anchorage and effective drainage when
needed. Consequently, work of this type should not be undertaken unless
or until ample time and facilities are available. Only as much of this
work should be undertaken as can be completed correctly; otherwise the
work should be postponed but not so long as to allow further deterioration.
Repairs should be made at the earliestpossible date.

(c) Materials.mMaterials to be used in concrete repair must be high
quality, relatively fresh, and capable of meeting specifications requirements
for the particular application or intended use. Mill reports or testing
laboratory reports should be required of the supplier or manufacturer as
an indication of quality and suitability. Short of this requirement,
certifications stating that the materials meet certain specifications should
be required of the supplier. New or unknown materials should never be
used in concrete repairing until the inspector or other authorized persons
have complete assurance as to quality and suitability.

Materials selected for application must be used in accordance with
manufacturers' recommendations or other approved methods. Mixing,
proportioning, and handling must be in accordance with the highest
standards of workmanship.

130. Methods of Repair.mFiveproven methods of repairingconcrete
are discussed in this chapter. A sixth method, using chemical grout, is
discussed briefly in subsection 139(d).

(a) Do-Pack Mortar.--Drypack should be used for filling holes having
a depth equal to, or greater than, the least surface dimensionof the repair
area; for cone:bolt, she-bolt, and grout-insertholes; for holes
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left by the removal of form ties; and for narrow slots cut for repair of
cracks. Exceptions are use of epoxy-bonded concrete or epoxy-bonded
epoxy mortar, and prefabricated plugs for filling of cone-bolt holes or tie-
rod recesses. Dry pack should not be used for relatively shallow depres-
sions where lateral restraint cannot be obtained, for filling behind rein-
forcement, or for filling holes that extend completely through a concrete

section.
(b) Replacement Concrete.---Concrete repairs made by bonding con-

crete to repair areas without use of an epoxy bonding agent or mortar
grout applied on the prepared surface should be made when the depth of
the area exceeds 6 inches and the repair will be of appreciable continuous
area, as determined by the contracting officer. Concrete repairs should
also be used for holes extending entirely through concrete sections; for
holes in which no reinforcement is encountered and which are greater in
area than 1 square foot and deeper than 4 inches, except where epoxy-
bonded concrete repair is required or permitted as an alternative to con-
crete repair; and, in reinforced concrete, for holes greater than one-half
square foot and extending beyond reinforcement.

(c) Replacement Mortar.---Portland cement mortar may be used for
repairing defects on surfaces not prominently exposed where the defects
are too wide for dry pack filling, the defects are too shallow for concrete
filling, and where they are no deeper than the far side of the reinforce-
ment that is nearest the surface. Repairs may be made either by use of
shotcret¢ or by hand methods. For either, the treatment for protection
against weathering should be applied.

(d) Preplaced Aggregate Concrete.--This method is used advan-
tageously on larger repair jobs, particularly where underwater placement
is required or when conventional placing of concrete would be difficult.
Information on preplaced aggregate concrete is given in chapter VIII.

(e) Thermosetting Plastic (Epoxy).--Epoxies should be used to bond
new concrete or mortar to old concrete whenever the depth of repair is
between 11/2 and 6 inches. Epoxy-bonded epoxy mortar should be used
where the depth of repair is less than 11/2 inches to featheredges. Epoxies
are useful in special applications such as bonding steel anchor bars in old
concrete.

131. PrerepairRequirements.--Prerepairconsiderations are as im-
portant as the repairs. ProPermaterials selection and surface preparation
are essential to high quality, durable, functional repair.

(a) Problem Evaluation and Repair Method Selection.---The first step
in repairing damaged or deteriorated concrete is to ascertain the cause and
severity of failure and to determine what repair alternatives are available.
The extent of deterioration or damage usually involves more than the eye
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can detect. Also, the extent of failure generally varies with the cause of
the damage. For example, deterioration caused by alkali-aggregatereaction
could be considerably more severe than that causedby freezing and thawing
even though the two may appear to be somewhat comparable.

Causes of concrete failure can be classified into three general groups:
(l)age and natural attrition; (2) unforeseen conditions such as
earthquakes, floods, and slides; (3) service conditions such as chemical
attack, cavitation, abrasion, subsidence, or freezing and thawing.

Several techniques are available to evaluate the cause and extent of
damage or deterioration. In addition to visual examinations, nondestructive
testing methods commonly used include impact hammer surveys and sonic
velocity studies. Also, it is common practice to extract cores from
deteriorated areas to provide a more detailed analysis. These specimens
are generally sent to the Denver laboratories where they can be examined
visually and subjected to petrographic, chemical, and physical tests. When
feasible, it is desirable to conduct an extensive impact hammer and sonic
velocity survey and to extract a few select cores for testing. These tests
and evaluations provide an excellent analysis of the problem and aid
considerably in determining the correct repair method.

Once the extent and cause of the failure have been determined,
selection of the repair method can then be made. Other factors must
be considered, such as availability of repair materials, relative costs, water
seepage, temperatures, accessibility, and future use of the structure.

(b) Preparation of Concrete /or Repair.--O)General requirements.--
Some preparations of the old concrete are required irrespective of the
repair method used. Existing concrete surfaces to which new concrete
is to be bonded without use of an epoxy bonding agent must be clean,
rough, and dry. First, all damaged, loosened, or unbonded portions of
existingconcrete must be removed by chippinghammers or other approved
equipment, after which the surfaces must be prepared by wet sand-
blasting, waterblastingwith approved waterblastingequipment, bush-
hammering, or any other approved method and then cleaned and allowed
to dry thoroughly. During the process, care should be taken to prevent
undercutting aggregate in the existing concrete. Sometimes concrete in
old structures that appear to be sound will slake and soften after a few
days' expOsure. For this reason, replacement of deterioratedconcrete should
be delayed several days until reexamination of excavated surfaces confirms
the soundness of the remaining concrete. It is far better to remove too
much concrete than too little because affected concrete generally continues
to disintegrate and, while the work is being done, it costs little more
to excavate to ample depth. Cleaning should be done by air-water jets.
Surface drying must be complete and may be accomplished
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by air jet. Compressed air used in cleaning and drying must be free from
oil or other contaminating materials.

After surfaces have been prepared and thoroughly cleaned, they must
be kept in a clean, dry condition until the placing of concrete has been
completed, except for dry-pack repairs. Dry-pack repairs require the ap-
plication of a mortar bond coat prior to placement of the repair material.

The surface of existing concrete to which concrete and epoxy mortar
are to be epoxy bonded must be prepared and maintained in a clean condi-
tion in accordance with previous paragraphs, except that wet or dry sand-
blasting may be used and cleaning may be by water jet or by air jet when
approved by the contracting officer.

(2) Special requirernents.--For the dry-pack method of repair,
holes should be sharp and square at the surface edges, but corners within
the holes should be rounded, especially when watertightness is a requisite.
The interior surfaces of holes left by cone bolts and she bolts should be
roughened to develop an effective bond; this can be done with a rough
stub of 7/8-inch steel-wire rope, a notched tapered reamer, or a star drill.
Other holes should be undercut slightly in several places around the peri-
meter, as shown in figure 175. Holes for dry pack should have a minimum
depth of 1 inch.

To obtain satisfactory results with the replacement concrete method,
the conditions Should be as follows:

(a) Holes should have a minimum depth of 6 inches in old con-
crete and 4 inches in new, and the minimum area of the repair should

•/"• little wider than
\ at  urface by

•,•',J• .• • rocking bit to | -------._

epai r. • _

2W
 CT,0. OF

CRAI:KED WALL

• POWER-ORI YEN "•

SAW-TOOTH BIT IMPERFECTION MUST BE CAREFULLY
CUT OUT PRIOR TO REPAIR

Figure 175.--Saw-tooth bit used to cut a slot for dry packing. 288-D-1547.
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be one-half square foot in reinforced and 1 square foot in unrein-
forced concrete.

(b) Reinforcement bars should not be left partially embedded;
there should be a clearance of at least an inch around each exposed
bar.

(c) The top edge of the hole at the face should be cut to a fairly
horizontal line. If the shape of the defect makes it advisable, the top
of the cut may be stepped down and continued on a horizontal line.
The top of the hole should be cut on a 1 to 3 upward slope from the
back toward the face from which the concrete will be placed (see fig.
176). This is essential to permit vibration of the concrete wil•hout
leaving air pockets at the top of the repair. In some instances, where
a hole extends through a wall or beam, it may be necessary to fill the
hole from both sides; the slope of the top of the cut should be modi-
fied accordingly.

(d) The bottom and sides of the hole should be cut sharply and ap-
proximately square with the face of the wall. When the hole extends
through the concrete section, spalling and featheredges may be
avoided by having chippers work from both faces. All interior corners
should be rounded to a minimum radius of 1 inch.

(e) For repairs on surfaces subject to destructive water action
and for other repairs on exposed surfaces, the outlines of areas to
be repaired should be saw cut as directed to a depth of 1V2 inches

,o,"°°'ll" rise to every 3"
thickness of wall
or depth of cut.

RIGHT AND WRONG METHODS OF
PREPARING TOPS OF HOLES

Figure 176.DExcavationof irregulararea of defectiveconcretewheretop of hole
is cutat two levels.288-D-1548.
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before the defective concrete is excavated. The new concrete should
be secured by keying or other approved methods.

When a mortar gun is used for the replacement mortar method, com-
paratively shallow holes should be flared outwardly at about a 1 to 1
slope so that rebound will fall free. Corners within the holes should be

.rounded. Shallow imperfections in new concrete may be repaired by
mortar replacement if the work is done promptly after removal of the
forms and while the concrete is still green. For instance, when it is con-
sidered necessary to repair the peeled areas resulting from surface mate-
rial sticking to steel forms, the surface may be filled using the mortar
gun without further trimming or cutting. In the repair of old concrete, the
importance of removing all traces of disintegrated material cannot be
over-emphasized. All areas to be repaired should be chipped to a depth
of not less than an inch. Wherever hand-placed mortar replacement is
used, the edges of chipped-out areas should be squared with the surface,
leaving no featheredges.

Concrete to be repaired with epoxy materials should be heated in suf-
ficient depth, when necessary, so that the surface temperature (as meas-
ured by a surface temperature gage) shall not drop below 65 ° F during
the first 4 hours after placement of an epoxy bond coat. This may require
several hours of preheating with radiant heaters or other approved means
(see fig. 177). If existing conditions prohibit meeting these temperature
requirements, suitable modifications should be adopted upon the approval
of the inspector or other responsible official. The concrete temperature
during preheating should never exceed 200 ° F, and the final surface tem-
perature at time of placing epoxy materials should never be greater than
105 ° F.

132. Use of Dry-Pack Mortar.--(a) Preparation.--Applicationof dry-
pack mortar should be preceded by a careful inspection to see that the
hole is thoroughly cleaned, free from broken or cracked pieces of aggre-
gate mechanically held, and is dry. Occasionally, it may be advantageous
to presoak the surfaces prior to application of the dry pack. Care must
be taken when using this technique to ensure that no free water is on the
surface when the previously mixed mortar bond coat is applied. To apply
the bond coat the surface should be thoroughly brushed with a stiff mortar
or grout after which the dry-pack material should be immediately packed
into place before the bonding grout has dried. The mix for the bonding
grout is 1 to 1 cement and fine sand mixed with water to a fluid.paste con-
sistency. Under no circumstances should the bonding coat be so wet
or applied so heavily that the dry-pack material is more than slightly
rubbery.

Where it is not feasible to have the hole prepared as above, the area



400 C,CI, NC R:E:TE: •,/IAN'UAL

F•gure •.77"...--A. gas..firedl weed burner being used t:o warm and dlry a•n area• prilor
to. the placi•,g of ep,oxy.bondled¢:oncrete• iin the spiilllllwaytunnlel air Blue Wllesa
D,arnl• Co.lloradloRiver $t:orag:ep.roji•ect. P622A-427"l.5030.

may be lleft s•i•l•l•lly we• wi•h a small amo,un•. o,f f'ree: water' on; the sur-
faces,, Tl:le st:lrl'ac:c::s should •herJ, be dlusted ]li!ghtly and slowly vdth cement
using a smalll d D, •,,•s]t, ,:m•.il] alll surf:lc:es have been covered and the fr'ee
wa•.er al-,,>:•,;bcd. At,3.' city ce:merJ, t in the ]•o, le s.ho, ulld be re:mc, ved before
pac::khwg begins.. The: holcs •,;l'q•ould n•,t: b,e F,,am•.ed wi'd'• nea'• cement grout
bec:•tu•.;c Jill could make •he: dlry-pack material, to, c,, wet and because hiigh
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shrinkagewould prevent development of the bond that is essential to a
good repair.

Dry pack is usually a mix (by dry volume or weight) of l part cement
to 21/z parts of sand that will pass a No. 16 screen. A mortar patch is
usually darker than the surrounding concrete unless special precautions
are taken to match the colors. Where uniform color is important, white
cement may be used in sufficient amount (as determined by trial) to pro-
duce uniform appearance. For packing cone-bolt holes, a leaner mix of
1 to 3 or 1 to 3 ½ will be sufficiently strong and will blend better with the
color of the wall. Sufficient water should be used to produce a mortar that
will stick together while being molded into a ball with the hands and will
not exude water but will leave the hands damp. The proper amount of
water will produce a mix at the point of becoming rubbery when solidly
packed. Any less water will not make a sound, solid pack; any more
will result in excessive shrinkage and a loose repair. A typical dry-
pack mortar repair of cone-bolt holes is shown in figure 178.

(b) Application.--Dry-pack material should be placed and packed
in layers having a compacted thickness of about three-eighths of an inch.
Thicker layers will not be well compacted at the bottom. The surface of
each layer should be scratched to facilitate bonding with the next layer.
One layer maybe placed immediately after another unless an appreciable
rubbery quality develops; if this occurs, work on the repair should be de-
layed 30 to 40 minutes. Under no circumstances should alternate layers
of wet and dry materials be used.

Each layer should be solidly compacted over the entire surface by a
hardwood stick and a hammer. These sticks are usually 8 to 12 inches
long and not over 1 inch in diameter and are used on freshmortar like a
calking tool. Hardwood sticks are used in preference to metal bars because
the latter tend to polish the surface of each layer and thus make bond less
certain and filling less uniform. Much of the tamping should be directed
at a slight angle and toward the sides of the hole to assure maximum com-
paction in these areas. The holes should not be overfilled; finishing may
usually be completed at once by laying the flat side of a hardwood piece
against the fill and striking it several good blows. If necessary, a few later
light strokes with a rag may improve appearance. Steel finishing tools
should• not be used and water must not be used to facilitate finishing.
(c) Curing and Protection.mBecause of the relatively small volume of

most repairs and the tendency of old concrete to absorb moisture from
new material, water curing is a highly desirable procedure at least during
the first 24 hours. When forms are used for repair they can be removed
and then reset to hold a few layers of wet burlap in contact with new
concrete. In the absence of forms, a wet burlap pad can be supported as
shown in figure 179. One of the best methods of water curing is illustrated
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Figure 178:.--Repaii;riing co,ne.bo.lllt ho, ll'es iin al bench-fllumewalllll.. The hlole.s were
packed with wet burllap iin the aft:ernlO,O,nl and the holes f,i:llled wiith dry..pa,¢:k
mOl.•l:ar the nle.•:: mlalnll, iing. Thliis. iis a seco,ndl fiilliingof t:hese Ihlo,lles, ne¢:ess•lry' be-
ca,use iimproper' p.roce•dlulre calusedl unsalt:iisfal,Cto,r':• results iin the fiiirst
fi:lliinl•:.. P'X-.D-.33;056...

in figure I72, whiich shows a soJil-s.c,aker c:c,,t{on h•o, se laid along the top
of a s•.ruc:ture, W'hiiee c:uring: compound: may be: us.ed onlly wh:ere: Ji!ts c:o,][or
d:oes not crea•:e c:,b.iectJionable contras• 5n. appearanc:e (see: sec:. 12.5).
Whlen curing: c::ompour•dl is used, the bes• c•riing combination is; an i•ni{ial
water-curing period 04 7 days, folllowed, wlT•ile the surface is still damp, by'
a c:oa•: e,f' the com?ound. 1:{ i!s a, lways essential that repairs, e:ve:n• dry-
pac:ked cone:-bolt holes, receive some warce:• curing a•ld be: 'd•o, rc, aghIy
damp be:fore the curing: c:o, mpound! is;, appllied.. •lf nothiing be:tt.e:r' can Be::
d,e:vi!sed for the ini{ia]l water c:u•"irJg: c,,f the dry pack in co, n•e-bo, l:t hole:s
and similar repairs:, a reliaNe wc,,r'kmar• should be: detaiiled to make {:he::
rounds with water and a large brash or a sprayiing devk:e: to keep •:he: re-
paired! surfaces wet for 2:4 hlo, urs pHof to applicatiion c,,f a curing co,m-
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Figure 17g,,,--Mloist c:uriing 04: sulrfaces o,f: ca,,n,cret:e repaiirs by' slJipp, ort:iing wet

burllap mats aga:ins,t: t:hem,,, Wett:iiing thle, burla•p twiice a clay iis usuallllys•fficient
to, keep the s,urface ¢:ontinuous;llywet in t:his excelllllent rnethl,od of treatment,,
P'X-,D-3;305,9.

pound. Water c:ur]n,g arJdl ct,rin.g cc, n:lpc, undl,, arc treated in, greaLc:r de:'•ai]l
in s.ectio,n,•;. 1:24 and 1125.

13.3,. Use (,f Replacement Co.nc:rele.--(a) /:c,r,l'e',::.! (",:•..,'•,c.•el'•>--The
c:onsl:•uc::•iion and s;eltiing ,of llorrns. •r,.: importantlY, sl:cps in r&c pro,co,Jure: for
sa'ds, iactc,,•y concrete rep]lac:cmen•, where the c•,ncrcte llllllsl ]3c pla,ccd frc,,m
the: side of the s{ructure. Form det:aiils for' wal]l •,, are s.bK•,'<n in fig•:ur,e 180.
To obtain a I:LghL and acc:cpL•l-,,]e reF,,aiI th, c f,l•]l:lc,•.*,J.ng rc:qL•i>cmcnt.,; rnus,•:
be: observed ::

(1) Front: f,:)rms for v, al]. JleF,.airs m,;•rc I:t',arJ ii •4 inches; hi:gtJ sihould
be:: c:onstructc:d i•n ho, riiz.ontzLl sections so,, the c•mcrctc c:•m, be con-
ve:niient:ly phl•ced h'• ]lifts. not more than 12 inches deep. T'h•e: back
form may be buJiIt irJ One picc:c, Se(::tbe, ns t,o bcse* as. c:.,:mcrethq•g
p>:•gres.ses should be fl{'•c:d before: p]lacemc:n• is; s.tarted.

(2} To, exert, pressure on •he ]largest area of form shcathiin, g, '•ie
bol•.s shou:k{ pass "•hrc, ugh ,a'ooden bllocks; 15•ted •,;][•.,atg:i2>' between "•])e

wale::rs, and the: she:a•hing:,

(3) For incgullarl.y •,;.haped ]t-•ok:s, c::h, iimne2,/•,q ma).,' be: required at
mor'€ •ha•l o•€ Icve:l'; •,•,•hen be;•m cc¢],•ecl:ions 3]•'c reqt]lir(>•,, a chir•]-
ney may be: necessary o,n b,o,•h sides ,o,f tk•c wa]lt or 'be:am. For such
cons, trucdon, the chimney shc,,uild extcnd zlh=e f'ull• width of tlle hole.
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Front form is made
in sections for
successive 12-inch
lifts•

I,iI/ll

I|

Back form may be
built in one piece.

"/ i

0 '.•. 'J

• './ '

By use of anchor bolts, these front forms may be used for
replacements in the surfaces of massive concrete structures•

Figure 180.DDetail of forms for concrete replacement in walls. 288-D-1549.

(4) Forms should be substantially constructed so that pressure
may be applied to the chimney cap at the proper time.

(5) Forms must be m0rtartight at all joints between adjacent
sections and between the forms and concrete and at tie-bolt holes
to prevent the loss of mortar when pressure is applied during the
final stages of placement. Twisted or stranded calking cotton, folded
canvas strips, or similar material should be used as the forms are
assembled.

Surfaces of old concrete to which new concrete is to be bonded must
be clean, rough, and surface dry (see sec. 131). Extraneous materials
on the joint resulting from form construction must be removed prior to
placement. Structural concrete placements should be started with an over-
sanded mix containing about a 3,4-inch-maximum size aggregate; a maxi-
mum water-cement ratio of 0.47, by weight; 6 percent air, by volume of
concrete; and a maximum slump of 4 inches. This special mix should be
placed several inches deep on the joint at the bottom of the placement. A
mortar layer should not be used on the construction joints.

Concrete for repair should have the same water-cement ratio as used
for similar new structures but should not exceed 0.47 by weight. As
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large a maximum size aggregate and as low a slump as are consistent
with proper placing and thorough vibration should be used to minimize
water content and consequent shrinkage. The concrete should contain 3
to 5 percent entrained air. Where surface color is important, the cement
should be carefully selected, or blended with white cement, to obtain the
desired results. To minimize shrinkage, the concrete should be as cool as
practicable when placed, preferably at about 70 ° F or lower. Materials
should, therefore, be kept in shaded areas during warm weather. Use of
ice in mixing water would be practicable on larger jobs. Batching of ma-
terials should preferably be by weight, but batch boxes, if of the exact
size needed, may be used. Since batches for this class of work will be
small, the uniformity of the materials is important and should receive
proper attention. When placing concrete in lifts, placement should not be
continuous; a minimum period of 30 minutes should elapse between lifts.
When chimneys are required at more than one level, the lower chimney
should be filled and allowed to remain for 30 minutes between lifts. When
chimneys are required on both faces of a wall or beam, concrete should
be placed in one chimney only until it flows to the other.
Best repairs are obtained when the lowest practicable slump is used.

This is about 3 inches for the first lift in an ordinary large form. Subse-
quent lifts can be drier, and the top few inches of concrete in the hole and
that in the chimney should be placed at almost zero slump. It is usually
best to mix enough concrete at the start for the entire hole. Thus, the
concrete will be up to 11A hours old when the successive lifts are placed.
Such premixed concrete, provided it can be vibrated satisfactorily, will
have less settlement, less shrinkage, and greater strength than freshly
mixed concrete.

The quality of a repair depends not only on use of low-slump concrete
but also on the thoroughness of the vibration, during and after depositing
the concrete. There is little danger of overvibration. Immersion-type vibra-
tors should be used if accessibility permits. If not, this type of vibrator
can be used very effectively on the forms from the outside. Form vibrators
can be used to good advantage on forms for large inaccessible repairs,
especially on a one-piece back form, or attached to large metal fittings
such as hinge-base castings. Immediately after the hole has been com-
pletely filled, pressure should be applied to the fill and the form vibrated.
This operation should be repeated at 30-minute intervals until the con-
crete hardens and no longer responds to vibration. Pressure is applied
by wedging or by tightening the bolts extending through the pressure cap
(fig. 180). In filling the top of the form, concrete to a depth of only 2
or 3 inches should be left in the chimney under the pressure cap. A greater
depth tends to dissipate the pressure. After the hole has been filled and
the pressure cap placed, the concrete should not be vibrated without a
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simultaneous application of pressure--to do so may produce a film of
water at the top of the repair that will prevent bonding.
Addition of aluminum powder to concrete causes the latter to expand

as described in section 182. Under favorable conditions, this procedure
has been successfully used to secure tight, well-bonded repairs in loca-
tions where the replacement material had to be introduced from the side.
Forms similar to those shown in figure 180 should be used. Time should
not be allowed for settlement between lifts.-When the top lift and the
chimney are filled, no pressure need be applied, but the pressure cap
should be secured in position so expanding concrete will be confined to
and completely fill the hole undergoing repair. There should be no subse-
quent revibration'.

Concrete replacement in open-top forms, as used for reconstruction of
the tops of walls, piers, parapets, and curbs, is a comparatively simple
operation. Only such materials as will make concrete of proved durability
should be used. The water-cement ratio should not exceed 0.47 by weight.
For the best durability, the maximum size of aggregate should be the
largest practicable and the percentage of sand the minimum practicable.
No special features are required in the forms, but they should be mortar-
tight when vibrated and should give the new concrete a finish similar to
the adjacent areas. The slump should be as low as practicable, and dosage
of air-entraining agent should be increased as necessary to secure the
maximum permissible percentage of entrained air, despite the low slump.
Top surfaces should be sloped so as to provide rapid drainage. Manipula-
tion in finishing should be held to a minimum, and a wood-float finish is
preferable to a steel-trowel finish. Edges and corners should be tooled or
chamfered. Use of water for finishing is prohibited.

Forms for concrete replacement repairs may usually be removed the
day after casting unless form removal would damage the green concrete,
in which event stripping should be postponed another day or two. The
projections left by the chimneys should normally be removed the second
day. If the trimming is done earlier, the concrete tends to break back into
the repair. These projections should always be removed by working up
from the bottom because working down from the top tends to break
concrete out of the repair. The rough area resulting from trimming should
be filled and stoned (see sec. 119) to produce a surface comparable to
that of surrounding areas. Plastering of these surfaces should never be
permitted.

(b) Unformed Concrete.--Replacement of damaged or deteriorated
paving or canal lining slabs, wherein the full depth of the slab is replaced,
involves no different procedures than those described for best results in
sections 104 and 108 (c). Contact edges at the perimeter should be clean
and square with the surface.
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Special repair techniques are required for restoration of damaged or
eroded surfaces of spillway tunnel inverts and spillway buckets. In addi-
tion to the usual forces of deterioration, such repairs often must with-
stand enormous dynamic and abrasive forces from fast-flowing water and
sometimes from suspended solids. Preparation for replacement should
follow the instructions in section 131. Depth of repairs should equal the
width but should not be less than 6 inches.

If holes are less than 6 inches square, they should be filled using the
dry-pack procedure described in section 132 or the epoxy-bonded epoxy
mortar method described in section 136. If they are larger, low slump
concrete should be Used. Slump of the concrete should not exceed 2
inches for slabs that are horizontal or nearly horizontal and 3 inches
for all other concrete. The net water-cement ratio (exclusive of water ab-
sorbed by the aggregates) should not exceed 0.47 by weight. An air-en-
training agent should be used and a water-reducing set-controlling ad-
mixture (WRA) may be used. Set-retarding agents should be used only
when the interval between mixing and placing is quite long. If practicable,
the replacement concrete should be preshrunk by letting it stand as long
as possible before it is tamped into the hole.

(c) Curing and .rrotection.--Procedures for curing and protection of
concrete are described in subsection 132(c).

134. Use of Replacement Mortar.--Best results with replacement
mortar are obtained when the material is pneumatically applied using
a small gun. Equipment commonly used for shotcreting is too large to be
satisfactory for the ordinarily small-sized repairs of new concrete. Neat
work is difficult in the usual small areas, and cleanup costs are high be-
cause cleanup is seldom done promptly. However, small-sized equipment
such as the air-suction gun shown in figure 124, fitted with a water ring
on the nozzle, has been satisfactory for small-scale repair work. After the
areas to be repaired have been cleaned, roughened (preferably by sand-
blasting), and surface dried, the mortar should be applied immediately.
No initial application of cement, cement grout, or wet mortar should be
made. Small size equipment similar to that shown in figure 124 without
the water ring, has been used successfully when the mortar was premixed,
including water, to a consistency of dry-pack material.

The dry-mortar mix recommended for the air-suction gun shown in
figures 124 and 181 is 1 part cement to 4 parts natural sand by dry
volume or weight. Rebound changes these proportions so that the material
in place is much richer. Best results are obtained with a well-graded sand
passing the No. 16 screen. Cement and sand should be mixed with water
to approximately the same consistency as for dry-pack repair. If insuf-
ficient water is used, rebound will be high and the applied mortar too rich,
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I!

Fiigure 181.•Ap, plqieatio,n, of repllacement mortar. The m,ort:ar s h(•,uldl be ap,plied
on c•r• c:ontact surf:aces t:lhlat: a.re as clean• as a ffe,sblly broken pie¢:e of concrete.
P'×:-D-33105,7.

but too m:uc:h wal:c:• will c::ms,e l:he gun, •o, ]•,•u• frequently, When the:

p>ope:•" con:•;is•enc:¢ iis, used:., l•he gun wil]l plug c, cc:as, iorJ•ally, but it may

r•:'adii][y be: c]l•mze:J: by holding thc ncG:zle a•aJns:'¢ '•t-Je: groun•d c,r the: wal!l,

•he:n t,_q::,piclo: lhc: gun anld sucltio]• hose u:r•:tiil the congesf:ed malce•ial is

b, lo•vn c,m of the s, uctio, n• hose,

•f repaiirs are more fl:,an ] inch deep the:: mortar s]qoulld be app,][iedl in
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layers not more than three-quartersof an inch thick to avoid sagging and
loss of bond. After completion of each layer there should be a lapse of
30 minutes or more before the next layer is placed. Scratching or other-
wise preparing the surface of a layer prior to addition of the next layer
is unnecessary, but the mortar must not be allowed to dry.

If a small gun is used in which the water is introduced at the nozzle, as
shown in figure 124, care must be exercised to apply mortar of the lowest
practicable water content to avoid sagging and later shrinkage cracking.
Although the gun should not be used extensively to place mortar around
reinforcement bars, good repairs can be made in shallow imperfections
where relatively little steel is exposed, if the angle of the gun is varied
frequentlyas this part of the hole is being filled.

In completing the repair, the hole should be filled slightly more than
level full. After the material has partially hardened but can still be trim-
med off with the edge of a steel trowel, excess material should be shaved
off, working from the center toward the edges. Extreme care must be used
to avoid impairment of bond. Neither the trowel nor water should be used
in finishing. A satisfactory finish may be obtained by lightly rubbing the
surface with a soft rag.

For minor restorations, satisfactory mortar replacement may be per-
formed by hand if the repairs are made strictly in accordance with the
procedure described in subsection 138(b), followed by the weather-
proofing treatment described in section 139. The success of this method
depends on complete removal of all defective and affected concrete, good
bonding of the mortar to old concrete, elimination of shrinkage of the
patch after placement, and thorough curing. (See subsection 132(c) for
discussion on curing.)

135. Use of Preplaced Aggregate Concrete.JThisconcrete placing
method, especially adaptable to underwaterconstruction, may be used
advantageouslyon large concrete and masonry repairjobs where place-
ment by conventional means is unusually difficult or where concrete of
low volume change is required. Preplaced aggregate concrete has been
used in the resurfacing of dams and the repairof tunnel linings, piers, and
spillways; it is often particularlywell adapted for these types of repair.
Preplacedaggregate concrete is discussed in chapterVIII.

136. Use of ThermosettingPlastic (Epoxy)

Note: m Safety precautionsdiscussed in subsection 136 (i) must be
observed.

(a) Materials.--Many proprietaryepoxy formulations prepared for
bonding old concrete to old concrete, new concrete to old concrete, and
epoxy mortarto old concrete are now available.Many of these materials
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are excellent high-quality products used with reasonable certainty as to
the results. However, some of the materials available are unsuitable for
most repair applications. Epoxy bonding agents that conform to Federal
Specification MMM-B-350B for Binder, Adhesive, Epoxy Resin, Flexible,
Type I or Type II are suitable for most concrete bonding applications.
Epoxy grout agents conforming to Federal Specification MMM-G-650B
for Grout, Adhesive, Epoxy Resin, Flexible, Filled, Type I or Type II
are also approved materials. There are many epoxy bonding compounds
formulated for specific uses such as floor toppings, patching, crack
injection, and underwater use. Type I epoxy should be used only when
the temperatures are above 68 °F but less than 104 °F. When concrete
temperatures are lower than 68 o F, but above 50 o F, type II should be
used. Type I epoxy materials should be stored at 70 °F minimum to
90 °F maximum, and type II epoxy materials should be stored at 65 °F
minimum to 80 °F maximum. Epoxies used with sand in concrete
repairing should be the two-component, 100-percent solids type, irrespective
of whether they meet the Federal specification. When the epoxy is
required to conform to Federal Specifications MMM-B-350B and
MMM-G-650B, it is common practice to approve use of the material
upon receipt of the manufacturer's certification of conformance to those
specifications. The certification should identify the specifications number
under which the agent is to be used and include the quantity represented,
the batch numbers of the resin and hardener, and the manufacturer's
results of tests performed on the particular combination of resin and
hardener.

In the repair of concrete, the epoxy is generally mixed with sand to
make an epoxy mortar. The sand to be used in epoxy mortar must be
clean, dry, well graded, and composed of sound particles. For most
applications, particularly where featheredging is required, sand passing a
No. 16 screen and conforming to the following limits should be used:

Screen No.

Indic'dualpercent,
by weight, retained

on $cFccn

30 .................................................................................. 26 to 36
50 .................................................................................. 18 to 28,

100 .................................................................................. 11 to 21
pan .................................................................................. 25 to 35 1

l Range shown is applicable when 60 to 100 percent of pan is retained on No.
200 screen. When 41 to 100 percent of pan passes the No. 200 screen, the percent
pan should be within the range of 10 to 20 percent and the individual percentages
retained on the Nos. 30, 50, and 100 screens should be adjusted accordingly.

Sand processed for use in concrete rarely contains the required quantity
of pan size sand. As a result, problems often arise in obtaining additional
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pan size material to supplement sand available on the jobsite. A source
of silica pan size material may be obtained by contacting the Division
of Research, Bureau of Reclamation, Engineering and Research Center,
Denver Federal Center, Denver, Colorado 80225. A sand graded as shown
above and properly mixed with an epoxy meeting Federal Specification
MMM-B-350B will provide a dense, high-strength workable epoxy mortar.
The sand should be maintained in a dry area at not less than 70 °F

for 24 hours immediately prior to the time of use. Filler materials other
than sand, such as portland cement, can be used. However, for general
applications a natural sand is recommended.

No discussion is contained herein relative to materials needed for
application where the epoxy is sprayed with a distributor and the aggregate
then cast onto it, such as in sealing highways with asphalt emulsions.
Such use of epoxies, although sometimes referred to as repairing, is not
within the scope of this discussion.

On repair jobs in areas of high-velocity flow or on repairs requiring
a considerable quantity of materials, the contractor is required to submit
samples of epoxy bonding agent and graded sand to the Denver laboratory
for use in mix design determinations. The samples should consist of 1
gallon total quantity of epoxy components and a minimum of 50 pounds
of graded sand. Samples should be submitted at least 30 days prior to
use in the work and be labeled or otherwise identified with the
specifications number under which the material is to be used.

(b) Preparation of Epoxy Bonding Agent.•The epoxy-resin bonding
agent is a two-componentmaterial which requires combination of
components and mixing prior to use. Once mixed, the material has a
limited pot life and must be used immediately. (Pot life refers to the
period of time elapsing between mixing of ingredientsand their stiffening
to the point where satisfactory placement cannot be achieved.) The
bonding agent should be prepared by adding the hardener component
to the resin component in proportionsrecommended by the manufacturer,
followed by thorough mixing. Since the working life of the mixture
depends on the temperature (longer at low temperature, much shorter
at high temperature), the quantity to be mixed at one time should be
applied and topped within approximately 30 minutes. The addition of
thinners or diluents to the resin mixture is not permitted since it weakens
the epoxy.

(c) Preparation o[ Epoxy Mortar.•The epoxy mortar is composed of
sand and epoxy bondingagent suitably blended to provide a stiff, workable
mix. Epoxy components should be mixed thoroughlyprior to addition of
sand. Mix proportions should be established, batched and reported on
a weight basis, although the dry sand and mixed epoxy may be batched
by volume using suitable measuring containers that have been calibrated
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ing of the material is permitted if an efficient airless spray is used and
when the concrete surfaces to receive the agent are at a temperature of
70 ° F or somewhat warmer. Spraying should be demonstrated as provid-
ing an adequate job with minimum overspray prior to approval for use.
If spray application is used, the operator must wear an operating com-
pressed air-fed hood and no other personnel should be closer than 100
feet if downwind of the operator. Appropriate solvents may be used to
clean tools and spray guns, but in no case should the solvents be incor-
porated in any bonding agent. All tools must be completely dried before

reuse.
During application of the epoxy bonding agent, care must be exercised

to confine the material to the area being bonded and to avoid contamina-
tion of adjacent surfaces. However, the epoxy bond coat should extend
slightly beyond the edges of the repair area.

Steel to be embedded in epoxy mortar should be prepared, cleaned, and
dried in the same manner as the concrete being repaired. The exposed
steel should be completely coated with epoxy bonding agent when the
agent is applied to the surfaces of the repair area.

Applied epoxy bonding agent film must be in a fluid condition when
the concrete or epoxy mortar is placed. Except when epoxy mortar is
placed on steep sloping or vertical surfaces, the agent may be allowed to
stiffen to a very tacky condition. Special care must then be taken to
thoroughly compact the epoxy mortar against the tacky bond coat. If an
applied film cures beyond a fluid condition (or the very tacky condition
permitted before epoxy mortar is placed), a second application of bond-
ing agent must be applied while the first coat is still tacky. Epoxy-bonded
concrete must be placed while the applied film is still fluid; if the film
cures beyond this state but is still tacky, a new bond coat should be ap-
plied over the first coat. If any bond coat has cured beyond the tacky
state, it must be completely removed by sandblasting, properly cleaned,
and a new bond coat applied.

(e) Application of Epoxy-bonded Concrete.---Use of epoxy-bonded
concrete in repairs requiring forming, such as on steeply sloped or vertical
surfaces, can be permitted only when sufficient time has been allowed to
place concrete against the bonding agent while it is still fluid. Immediately
after application of the epoxy-resin bonding agent while the epoxy is still
fluid, unformed epoxy-bonded concrete should be spread evenly to a
level slightly above grade and compacted thoroughly by vibrating or
tamping (see figure 183). Tampers should be sufficiently heavy for
thorough compaction. After being compacted and screeded, the concrete
should be given a wood-float or steel-trowel finish as required. Water,
cement, or a mixture of dry cement and sand should not be sprinkled on
the surface. Troweling, if required, should be performed at the proper
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tacky condition as discussed in subsection 136(d). The mortar should be
worked to grade and given a steel-trowel finish. Special care must be
taken at the edges of the area being repaired, particularly where there
are thin featheredges, to assure complete filling and leveling and to prevent
the mortar from being spread over surfaces not having the epoxy bond
coat application. Steel troweling should best suit prevailing conditions; in
general, it should be performed by applying slow, even strokes. Trowels
may be heated to facilitate the finishing, but the use of thinner, diluents,
water, or other lubricants on placing or finishing tools is not permitted.
After leveling of the epoxy mortar to the finished grade where precision
surfaces are required, the mortar should be covered with plywood panels
smoothly lined with polyethylene sheeting and weighted with sandbags
or otherwise braced by suitable means until the possibility of slumping
has passed. When polyethylene sheeting is used, no attempt should be
made to remove it from the epoxy mortar repair before final hardening.
All areas of repair requiring featheredging should be finished with epoxy
mortar.

Surfaces of all epoxy-bonded epoxy mortar repairs should be finished
to the plane of surfaces adjoining the repair areas. The final finished
surfaces should have the same smoothness and texture of surfaces adjoining
the repair areas. (See figures 184, 185, and 186).

(g) Application of Epoxy by Pressure Infection .--An effective method
for repairing cracks in structural members such as walls, piers, floors,
ceilings, and pipe is the epoxy pressure injection system. If the cracks
to be injected are clean and dry and the epoxy is properly mixed, placed,
and cured, the repaired member will be restored to original structural
integrity.Althoughdamp or wet cracks can be repaired using this method,
development of sufficient bond between epoxy and concrete cannot be
assured.

Small repair jobs employing this method can use any system that will
successfully deposit the epoxy into the required zones. Such systems could
use a prebatch arrangement in which the two components of the epoxy
are batched together prior to initiating the injection phase. The relatively
short pot life of the epoxy makes this technique rather critical as far
as timing is concerned.
Large epoxy injection jobs generally require a single-stage injection

technique in which the two epoxy components are pumped independently
of one another from the reservoir to the mixing nozzle. At the mixing
nozzle, located adjacent to the crack being repaired, the two epoxy
components are brought together for mixing and injecting. The epoxy
used in this injection technique must have a low initial viscosity and a
closely controlled set time. Cracks as small as 0.002 inch in width have
been successfully repaired with injected epoxy resin.
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(h) Curing and Protection.--As soon as the epoxy-bonded concrete
has hardened sufficiently to prevent damage, the surface should be
moistened by spraying lightly with water and then covering with sheet
polyethylene or by coating with an approved curing compound. Curing
compound will be used whenever there is any possibility that freezing
temperatures will prevail during the curing period. Sheet polyethylene
must be an airtight, nonstaining, waterproof covering that will effectively
prevent loss of moisture by evaporation. Edges of the polyethylene should
be lapped and sealed. The waterproof covering should be left in place for
at least 2 weeks. If a waterproof covering is used and the concrete is sub-
jected to any usage during the curing period that might rupture or other-
wise damage the covering, the covering must be protected by a suitable
layer of clean wet sand or other cushioning material that will not stain
concrete. Application of curing compound must be in accordance with the
procedures contained in sections 124 and 125. After curing, the covering,
except curing compound if used, and all foreign material should be re-
moved as directed.

Epoxy mortar repairs should be cured immediately after completion at
not less than 60 ° F until the mortar is hard. Postcuring should then be
initiated at elevated temperatures by heating in depth the epoxy mortar
and the concrete beneath the repair. Postcuring should continue for a
minimum of 4 hours at a surface temperature of not less than 90 ° F nor
more than 110 ° F. The heat could be supplied by use of portable pro-
pane-fired heaters, batteries of infrared lamp heaters, or other approved
sources positioned to attain the required surface temperatures.

In no case should epoxy-bonded epoxy mortar be subjected to moisture
until after the specified postcuring has been completed.

(i) Salety.--All personnel must be carefully instructed to take every
precaution in preventing epoxies and their components from contacting
the skin. Protective clothing must be worn, including gloves and goggles,
and protective creams for other exposed skin areas should be provided
when handling epoxies, as severe allergic reactions and possible perma-
nent health damage can result when these materials are allowed to con-
tact and remain upon the skin. Any deposits acquired through accidental
contact of these materials with unprotected skin must be removed im-
mediately by washing with soap and water, never with solvents. Solvents,
such as toluene and xylene, may be used only for cleaning epoxy from
tools and equipment. Care must also be exercised to avoid contact of
cleaning solvents with the skin and to provide adequate ventilation for
cleanup operations. All safety equipment used must conform to the re-
quirements of the Occupational Safety and Health Standards of the Occu-
pational Safety and Health Administration.
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137. Repairing Concrele Under Unusual Conditions.---(a) Seepage
Cohd#ions.--Repairs should not be attemptedwhere there is seeping or
runningwater. When the water cannot be diverted, it is often possible,
by plugging the outlet with quick-settingmortar,to stop the flow long
enough for the repairto be made and the mortarto harden. Mortarfor
pluggingsuch leaks should consist of 1 partcement and 1 to 2 partssand,
by volume. If mixing watercontains 30 to 50 percentof calcium chloride
or soda ash equal to about5 percentof the weight of the cement, the mor-
tar will set in a few minutes while being held tightly in position against
the leak. The time of set is determined by the strength of the mixing
water solution. Quick-setting proprietary compounds are also available
for use in plugging seeps. Plastic sheeting is often used to divert water
from areas to be repaired (fig. 188).

Two additional methods of stopping water seepage through cracks are
calking and chemical grouting. Sealing by calking requires that the crack
be chipped at the surface to form a vee-shaped opening. Lead wool is
tamped into this opening to form a dense, tight plug as shown in figure
188. The top surface of the lead wool should be left about one-fourth
of an inch below the concrete surface. The repair material can then be
placed over the top of the lead wool calking.

Chemical grouting as a means of stopping water seepage through cracks
in concrete has been used to a limited but successful extent. Low-viscosity
chemical grout (organic monomers are common types) is injected into
the seeping cracks through small holes drilled to intersect the crack at
some distance below the surface. Grout gel time and injection pressures
are controlled in accordance with the requirements of the specific appli-
cation. Repairing cracks by this method is described in subsection 139

(d).
There are some so-called underwater curing epoxies available on the

market. Research conducted by the Bureau indicates that the quality of
these epoxies varies widely, and therefore caution must be exercised in
selecting and using them. Also, application in wet environments requires
knowledge of their limitations.

(b) Extreme Temperatttre Conditions.--As epoxies are thermosetting
plastics, they are readily affected by temperature variations. For example,
most epoxies will not cure properly at temperatures below about 50° F,
but they will cure rapidly at a temperature of 100 ° F. On the other hand,
concrete cures at 50 ° F with better development of some properties than
if cured at higher temperatures. Therefore, extreme temperature condi-
tions should be avoided. If repairs must be made under such conditions,
special care should be taken to protect concrete and epoxy.

iEpoxies have coefficients of thermal expansion considerably greater
than those of concrete. Therefore, particular care must be exercised when
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using epoxy-bonded epoxy mortar in large sunlit areas subject to high
temperatures and extreme temperature differentials. For such applications
very dark epoxies and sands for mortar should not be used. Excessive
heat absorption by the dark materials could cause disbonding and failure
of the repair.

(c) Special Color Considerations.--A portland cement mortar patch
is usually darker than the surrounding concrete unless precautions are
taken to match colors. A leaner mix will usually produce a lighter color
patch. Also, white cement can be used to produce a patch that will blend
with the surrounding concrete. The quantity of white cement to use must
be determined by trial.

Epoxy mortars generally produce patches that are darker than the sur-
rounding concrete. Some epoxies available produce a gray-colored mortar
resembling concrete. However, these materials will rarely produce an
exact color match. Grinding hardened epoxy mortar may lighten its color
to about that of the surfaces adjoining the repair areas (fig. 186). Epoxy
mortars can be colored by the addition of such materials as iron oxide red,
chromium oxide green, lampblack and titanium dioxide white for gray,
and ochre yellow. The Bureau rarely uses any materials to color the epoxy
other than the sand for the mortar. Use of white silica sand in the mortar
will produce a white-looking patch; most natural riverborne sands will
produce darker colored mortars (fig. 184). Whenever concrete or epoxy
mortar repair materials must be colored to match adjacent concrete, labor-
atory mixes should be made to ascertain the proper quantities of coloring
constituents.

138. Special Cases of Concrete Repair.--(a)Cracks in Concrete Si-
phons.--Transverse cracks sometimes appear in concrete siphons, con-
duits, and pipelines as a result of shrinkage caused by either a drop in
water temperature or drying when the structure is not in service.. Because
cracks are caused by a strain or movement in concrete, any rigid repair
is destined to fail when some later condition causes further opening. For
this reason, rigid repairs made with lead wool or portland cement grout
or mortar have a poor record of performance and are not recommended.
Similarly, a flexible repair from the inside using certain mastic and
calking materials has a good record of success when properly installed.
The method and materials herein described are a nonproprietary modi-
fication of procedure which has been serving with excellent results since
1946 in concrete siphons of the Colorado River Aqueduct.

With reference to figure 189 the method of repair is as follows:
(1) Using a saw-tooth bit as shown in figure 175, cut a trim,

narrow, sharp-edged groove about ½-inch wide and 2V2-inches
deep on the crack and clean it thoroughly as described in section
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Figure 189.--4•alking method used for repair of transverse cracks in concrete
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131• The groove should be cleaned frequently during the cutting
to make sure the crack is being followed.

(2) After cleaning, the groove may be damp but not wet when
the filling treatment begins• If water seeps in from outside the
conduit, it may be stopped by lead wool calking before beginning
the elastic repair• It may be necessary to excavate outside the siphon
or lower the water by pumping until the repair is made.

(3) Tamp oakum tightly into the bottom one-fourth inch of the
slot.

(4) Tamp a ¾-inch-diameter rope of the mastic material over
the oakum• It should be driven into firm contact with the joint
surfaces to establish a satisfactory bond.

(5) Place a section of 5/•-inch, tightly twisted asbestos rope
wicking in the groove and calk tightly using hand or pneumatic
tools•
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(6) Fill the remainder of the groove solidly with a second 3/a-
inch-diameter rope of the mastic and smooth off at the concrete
surface.

The heavy-bodied asphalt mastic intended for use in this repair method
is the same as the one often used to seal bell-and-spigot concrete pipe.
Federal Specification SS-S-00210 describing this material is titled "Seal-
ing Compound, Preformed Plastic, for Expansion Joints and Pipe Joints."
Asbestos rope wicking may be procured under Federal Specification
HH-P-41, titled "Packing, Asbestos, Rope and Wick."

(b) lmper[ections in Precast Concrete Pipe.--( l ) General.--Allow-
able repairs of concrete pipe are made in accordance with Bureau "Stand-
ard Specifications for Repair of Concrete." If followed closely, the pro-
cedures specified will result in acceptable repairs, and pipe not repaired
in accordance with these procedures should be rejected.

Imperfections should be detected as early as possible during the manu-
facturing process, and the cause should be corrected. The occasional
impe}'fections that may still exist should be repaired immediately and
properly steam- or water-cured. Damage to precast concret• pipe that
may occur after manufacture can sometimes be repaired and the pipe
made acceptable.

Pipe that continually has imperfections or damage because of failure
to take corrective action in manufacture or handling should be rejected:

(2) Methods of repair.--Depending on the severity and location of
imperfections or damage, precast concrete pipe repairs may be made
with hand-placed mortar, shotcrete, or concrete. Epoxy bonding agents
may be used to bond concrete repairs or to make epoxy mortars for
repair of shallow imperfections. Epoxy-bonded repairs are sometimes
advantageous in that featheredge patches can be produced satisfactorily,
and extended curing is not necessary beyond that normally required for
adequate concrete strength. Before preparations are started for repair
of any pipe, except very minor repairs, the method of repair should be
approved by a Government inspector.

Hand-placed mortar should be used only for making superficial repairs
on the outside of pipe or for making minor repairs on the inside of pipe
that is too small to permit application of shozcrete (usually pipe smaller
than 36 inches in diameter). Shotcrete should be used for repair of all
other shallow surface imperfections, such as to cover exposed reinforce-
ment steel on the outside of any size pipe and on the interior of pipe
36 inches or more in diameter, and to build up spalled shoulders on
spigots for support of rubber gaskets. Shotcrete should not be used where
more than one-half square foot extends back of reinforcement steel.
Preshrunk concrete should be used for the repair of all other imperfec-
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tions including areas where more than one-half square foot extends back
of reinforcement steel.

(3) Preparation o[ imper]ections ]or repair.--All visibly imperfect
concrete should be removed before any type of replacement is made.
Where shotcrete is to be used for replacement, unsound materials should
be removed to any shape with beveled edges that will not entrap rebound.
Where hand-applied mortar is to be used for replacement, the area re-
quiring repair should be chipped to a depth of not less than three-fourths
inch; edges of the area should be sharp and squared with the surface,
leaving no featheredges. Where concrete is to be used for replacement,
the old concrete should be removed to a depth of at least 1 inch back
of the first layer of reinforcement steel, even though this involves removal
of good concrete. The edges should be sharp and squared with the
surface, leaving no featheredges. Keys are not necessary. Where concrete
is repaired using epoxy and epoxy mortar, the old concrete should be
prepared as described in section 131 (b).
As soon as chipping is completed and the area is acceptably shaped,

the surface of old concrete should be given a preliminary washing to
remove all loose materials and stone dust. Except when epoxy is to be
used, surfaces within the trimmed holes should be kept wet for several
hours, preferably overnight, before the repair replacement is made. This
is best done by packing the holes or covering the areas with several
layers of wet burlap as shown in figures 178 and 179. Immediately before
new material is applied, all surfaces of trimmed holes or areas to be
filled should be thoroughly cleaned with wet sandblasting, followed by
washing with an air-water jet to remove all foreignmaterial, dried grout,
and any material crushed and embedded in the surfaces by chisels or
other tools during trimming. Some equipment for placing shotcrete is
effective for wet sandblasting. Other devices such as the air-suction gun
shown in figure 124 may be used if they will produce acceptable results.
Surfaces to which the replacement concrete mortar is to bond should be
damp but not wet when new material is applied. Surfaces to receive epoxy
mortar must be dry and warm at the time of application. The prepared
surfaces should be inspected before the repair is made.

Individual air holes in gasket-bearing areas of precast concrete pipe
may be filled with a hand-placed, stiff, preshrunk 1:1 mortar of cement
and fine sand with no other preparation than thorough washing with
water. Such fillings should be kept moist under wet burlap for at least
48 hours.

(4) Hand-placed replacement mortar.--For application of hand-
placed mortar, the pipe should be turned so that new material will rest
by gravity on concrete of the pipe. The mortar used for replacement
should have the same proportions and air entrainment as mortar used in
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the mix of which the pipe was made. Repair mortar should be preshriink
by mixing it to a plastic consistency as long in advance of its use as
the cement will permit. Depending on mix, cement, and temperature,
the time for preshrinking should range from 1 to 2 hours. Trial mixes
should be made and aged to determine the longest period through which
the mortar, after reworking, will retain sufficient plasticity to permit
application. The mortar should be as stiff as possible and yet permit good
workmanship. It is not intended or expected that this relatively stiff,
preshrunk mortar should be applied as readily as plaster.

Immediately prior to application of mortar, the /tamp surface to which
the new mortar is to bond should be scrubbed thoroughly with a small
quantity of mortar, using a wire brush. Remain!ng loose sand particles
should be swept away immediately before application. The mortar should
be compacted into the surface, taking care to secure tight filling around
the edges, and shaped and finished to correspond with" the undamaged
surface of the pipe.

(5) Shotcrete replacement.--For shotcrete application, the pipe
should be turned so that the repair is in a near vertical position and
rebound will fall free and will not be included in the replacement. When
shotcrete is used to cover exposed steel on the outside surface of a pipe,
the coating should be at least three-fourths inch thick. A similar coating
on the inside surface should be between one-half and three-fourths inch
thick. The shotcrete coating should extend 1 foot in each direction beyond
the limits of the exposed steel.

Shotcrete on the outside surface of a pipe should not be finished other
than to sweep off any rebound that would interfere with a good membrane
coat of white-pigmented sealing compound. After repair of pipe interiors,
bells, and spigots by means of shotcrete, the surfaces should be trimmed
to correct shape, care being taken to avoid damaging the bond. Interior
surfaces should be finished only by rubbing lightly with a damp rag.
Bell-and-spigot surfaces should be tooled and finished to conform to
requirements for the joint.

Standard commercial equipment of a size commensurate with the small
areas to be treated is available from several manufacturers. Also, the
equipment shown in figure 124 is adaptable to such work.

(6) Concrete replacement.--F.or replacement repairs made with
concrete, the pipe should be turned so that the area where concrete is
to be placed will be on the top of the pipe for an outside repair or
on the bottom of the pipe for an inside repair. The pipe should be in
the latter position for repair of holes completely through the pipe shell,
with the pipe lying in a segment of an outside form. Concrete replacement
repairs to bells and spigots should be cast with the pipe in a vertical
position and the area to be repaired at the top.
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Proportions of concrete used for replacement should be the same as
used in the original concrete, including the size and amount of sand and
gravel and the amount of cement and air-entraining agent. The slump of
the concrete as mixed should be between 2 and 3 inches, but the concrete
should not be placed until the slump has dropped to zero. The delay for
preshrinking concrete should be as long as the concrete will still respond
to vibration and a running vibrator will sink into the concrete of its own
weight. Such preshrunk, stiff concrete can be molded by ample vibration
into an open, unformed horizontal area with little difficulty and will be
much less subject to shrinkage than ordinary concrete.

Immediately prior to placing preshrunk concrete, the prewetted, clean
surfaces of old concrete should be thoroughly surface dried and then
coated with a thin layer of plastic mortar similar in mix to that in the
concrete. The mortar should be worked thoroughly into the old concrete
surface by shooting with an air gun, by brushing, or by rubbing with the
hand in a rubber glove. Preshrunk repair concrete should then be
thoroughly compacted into the repair area while the bonding mortar is
still fresh and soft.

(7) Curing of repairs.--New concrete or portland cement mortar
repairs should be covered with four-ply wet burlap as soon as the burlap
can be applied without damage to the surface. The wet burlap should
be held in position with boards or forms as shown in figure 179.

Repairs of concrete pipe may be cured using the same procedure as
in manufacture of the pipe. When repairs are made early in the manu-
facture, steam curing is often an efficient and suitable method. When
repairs are delayed until they must be made away from steam curing
facilities, water curing is also acceptable.

Repairs where bond strength of the patch is critical should be wet
cured continually for 28 days with the wet burlap in close contact with
the repaired surface. Other repairs, where the serviceability does not
depend on bond strength of the patch, may be wet cured for 24 hours,
after which the surface may be coated with a membrane coating of an
approved white-pigmented curing compound. If the surface of the repair
is not moist when the burlap is removed, moist curing should be con-
tinued for an additional 24 hours before sealing compound is applied.

Where high bond strength is essential and 28 days' moist curing can-
not be assured, epoxy mortar or epoxy-bonded concrete repairs should
be used. This repair should be applied in the identical manner to that
recommended for epoxy repairs to structural concrete (see sec. 136).

(8) Testing repairedpipe.--Each pipe on which major repairs have
been made (such as repairs extending through the shell thickness or
large repairs to bells) should be tested at the service head to assure that
the repair is competent. Pipe having lesser repairs should be tested oc-
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casionally to assure the repairs are adequate. Representative units of
cracked but unshattered pipe should be tested, and if there is no leakage
at 50-foot head other than sweating, the pipe may be accepted for operat-
ing heads less than 50 feet. Repairs should be aged at least 1 month after
specified water curing, then inspected to determine adequacy of bond
before the pipe is tested.

(c) Concrete Cracking and Other Damage in Canal Linings.--(1)
Sealing joints and random cracks.--Since cracks in concrete lining are
generally caused by or associated with dimensional changes or move-
ment of the slab, it is essential to seal them with a material that will
remain flexible and bond to the concrete. This is mandatory if a canal
is to be essentially watertight. Also, a good seal will eliminate entrance
of sand and silt into the cracks, preventing excessive stress in the lining
when expansion occurs.

Invariably a crack will form between old and new concrete. In removal
of the old concrete, it is advisable to cut in straight lines, thus facilitating
the forming of the joint as illustrated in figure 190. This type of joint
also is suggested where it is known that contraction will occur and crack
control is needed.

It is usually good practice to remove the damaged section and replace
it with a new panel when linings heave from expansion caused by tempera-
ture change. In such linings an expansion joint should be included in the
repair so there will not be a recurrence of failure. The type of joint shown
in figure 190 can be used to maintain a water-tight lining.

If it is necessary to replace several adjoining panels, crack control
grooves, spaced as in the original lining, must also be provided. Figure
191 illustrates a typical groove. To weaken the slab sufficiently for crack
control, groove depths must be at least one-third of the lining thickness
and grooves should be wide enough so that the combination of extension
and compression on the sealant will not exceed 25 percent. To resist
hydrostatic pressure and compensate for deterioration, the sealer depth
should be at least one-half inch.

Random cracking also may occur in concrete canal linings. Figure 192
shows a random crack and a sealer application. Note that the sealer
must not be less than three-eighths inch thick for the repair to be success-
ful. Sandblast cleaning is the best and most economical method of secur-
ing a clean and suitable bonding surface.

(2) Use o/ polysullide sealer.--A coal-tar modified polysulfide
(two-component) sealer has superior weathering resistance. Adhesion
to clean, dry concrete is excellent but not to wet or damp concrete.
Specifications require it to resist extrusion through a one-eighth inch
crackunder 60 feet of head applied for 7 days; therefore, backup material
is not needed except in wider cracks. It can be used for sealing both ran-
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dom cracks and contraction grooves. Experience shows that surfaces
must be dry upon application, and air and concrete temperatures must not
be less than 50 ° F.

Economy dictates that a relatively shallow section of sealer be used
consistent with hydrostatic pressure but in any case not less than three-
eighths inch for cracks and one-half inch for joints• If installed properly,
polysulfide sealers should last longer and provide a better seal than
rubberized asphalt mastic• Polysulfide canal sealants are available in two
types. There is a quick-set material that must be machine applied using
a costly mixer-applicator requiring experienced personnel and a slow-set
type that can be mixed and applied by hand. The former is more eco-
nomical on large jobs, and the latter is more adaptable to smaller ones.
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(3) Use oJ preJormed reinJorced mastic tape.--Glass cloth rein-
forced rubberized asphalt mastic tape (fig. 193) has proven satisfactory at
several locations for sealing random cracks• The tape must be applied
carefully• Both tape and concrete must be warm and dry; also, the tape
must be well rolled to assure proper contact of mastic to concrete and
to feather the edges of the tape. The concrete surface must be clean
before the tape is applied; sandblasting is not always required but is the
preferred method of cleaning• Thickness and width of the tape should
be determined by judgment. This tape comes in different thicknesses,
widths, and lengths and can be purchased commercially.

(4) Use oJ other sealing compounds.--Asphalt mastic sealers have
been used by the Bureau for many years for sealing joints and cracks
in concrete canal linings. The type used for the past 10 years is low in
cost, can be applied as received, is more elastic than previous asphalt
mastics, is most durable where continuously submerged or otherwise
protected from direct weathering, and depending on service conditions,
provides a satisfactory seal for about 5 years• Experience has shown
that it will adhere satisfactorily under less than ideal conditions (e.g.,
damp concrete), less thorough surface preparation, or application over
other deteriorated asphalt sealers. It is less weather resistant, however,
than polysulfide sealers, and being essentially plastic in nature, it may
be extruded through cracks as narrow as one-sixteenth inch under
hydrostatic pressures greater than 6 feet of water.

Where the sealer is used in contraction joints under high pressures, a
backup material such as butyl sponge rod should be installed at the
bottom of the groove, leaving a channel above the backup at least three-
fourths inch deep to receive the mastic. It is not recommended for seal-
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ing cracks under high heads• Under low heads it is vital that the mastic
bead be applied over the crack to a depth of at least three-eighths inch to
prolong its life. Although this mastic has been used as both joint and
crack sealer, it is more satisfactory for sealing contraction joints than for
sealing random cracks because cracks tend to reflect through.

The three sealing materials described above can be obtained com-
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mercially. Specifications or further information can be obtainedfrom the
Division of General Research, Bureau of Reclamation, Engineering and
Research Center, Denver Federal Center, Denver, Colorado 80225.

(5) Damage [rom back pressure or subgrade conditions.--Where
damage has occurred in concrete canal linings from back pressure or
unstable subgrade conditions, several methods of repair and types of
joints may be necessary. Figure 194 illustrates the replacement of a
section of lining where back pressure has caused damage. Note the 5 to
1 protective slope above the lining and the sandy-clay material placed
near the top to prevent water from getting behind the lining from above.

A flap valve weep near the toe of the slope, shown in figure 194, is
essential to the elimination of hydrostatic back pressure against a con-
crete lining. Figures 195 and 196 show flap-valve weeps in detail.

B. Maintenance of Concrete

139. Protectionof Concrete Against Weathering.--(a)General.--As
mentioned in section 128, experience has shown that there are certain
portions of exposed concrete structures more vulnerable than others to
deterioration from weathering in freezing climates. These are exposed
surfaces of the top 2 feet of walls, piers, posts, handrails, and parapets;
all of curbs, sills, ledges, copings, cornices, and corners; and surfaces

4 v _ 0 w

Sandy-clay or
gravelly-claymaterial

" Well-graded sand and gravel with
'4100% passing I sieve and less

than 5% passing the #200 sieve.

Flap valve weep. Place weeps in
the center of each 15 v panel.

ravel envelope surrounding weep tubes.

Rgure194..---Canalliningrepair whom backpressureexists. 288-D-3259.
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Figme 195.--Fl•p.val•e weeps. PS0]-D--74764..

in contact with spray or water at frcquendy changing levds during
freezirJg v, eathcT. Tle JL]rability of these surfaces can be considerably
improved and serviceability greatly prolonged by prc•veniivc maintenance
such as wcatherFrc,:•firg treatment.

Scl[ecting the r•ost satisfacto W protective treatment depends •:o a con-
siderable exten• upon correctly asscssir, g the exposure en'•i•or•mem.
Coatings that provide good p•otectio•• from wea•Bering in an essenliaHy
d•y caviro••mcnt may pcffornJ poorly in the presence of an abundance
0£ watc• sech as o•l so•qe bridge curbs alqd rai]lings, s•illir, g basin walls,
and pie•s Laboratory freezing and •lhawing tests of coscre•.e specimens
protected by a variety of coatings including linseed oil t•]uosilicates,

epoxy and latex pai•7•s, chlorinated rubber, and waterproofing and pene-
tra•.ing sealers arc compar•'d in ligL•C 197 AS isdicatL*.d, epoxy formula-
tions clcarIy excel irJ rL'sisting deterioration caused by freezing and thaw-
ing in tBe presence e£ watcr.

l•n observat{ons of e£cets of ou•doo• wcatBedng, only font of the
•istcd coatings •vmained re{act o•q concrete during 6 years' exposure in
the reIa•ivcly dry Colorado climate. Some epoxies and neoprene •es•ed
wea•he>cd so as •o presc•q• ar u•qs•ghtly appearance. Exterior •atex arid
ch•oNnated •ubbe• coatings retained a pleasing whke appearance, but
the latter exhibited corJsidc•tabl¢ dus•i•qg a•d checking. Performance o•
linseed oi• alone and cIear penetrating sealers coned no• be eflecdvely
evaluated as these specinJens rescmNed good qna']ity untreated control
concrete after only 6 years of exterior e>:posure.
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If epoxy material is used, the project should contact the Denver office

for methods of mixing, application, curing, and precautions to be ex-

ercised during placement. Although initially more expensive, epoxy

probably will not require replacement as frequently as linseed oil-turpen-

tine paint applications.

Except for hand-placed mortar restorations of deteriorated concrete

(see sec. 134), weatherproofing treatment is ordinarily not applied on

new concrete construction. The treatment is most advantageously used on

older surfaces when the earliest visible evidence of weathering appears;

that is, the treatment is best used before deterioration advances to a

stage where it cannot be arrested. Such early evidence consists primarily

of fine surface cracking close and parallel to edges and corners. The need

for protection may be indicated by pattern cracking. By treatment o(
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these vulnerable surfaces in the early stage of weathering, later repairs
may be avoided or at least postponed for a long time.

Linseed oil turpentine paint applications have been widely and
successfully used by the Bureau to retard deterioration caused by
weathering. This treatment is described below:

(b) Preparation o/ Surfaces.--After completion of a curing period,
a repair should be allowed to dry 2 or 3 weeks before the waterproofing
is applied. New mortar and concrete patches, aged less than 1 year,
should be given a neutralizingwash to prevent saponificationof linseed
oil when used in the waterproofingtreatment. A 3-percent phosphoric
acid solution brushed over the surface and allowed to dry 48 hours
is effective. This application is not necessary on old concrete. Rinsing
or brushing after the neutralizingwash has dried is unnecessary. Before
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applying the waterproofing, the repair must be clean and dry. Dust and
loose material should be brushed off. Efflorescence may be removed by
scrubbing with a 10-percent solution of hydrochloric acid.

(c) Treatment of SurJaces.--After the surface is clean and dry, two
coats of linseed oil are applied. The first coat consists of a mixture of
50-percent raw linseed oil and 50-percent turpentine, heated to a temper-
ature of 175 ° F and applied with an ordinary paint brush. Better results
are obtained when the atmospheric temperature is above 65 ° F. After the
first coat has set 24 hours, spots will be evident where the concrete is
more porous than the remaining surface. Such areas should be spot
treated with the hot mixture and allowed to set 24 hours before the
second coat is applied. The second coat consists of undiluted raw linseed
oil heated to 175 ° F and applied in the same manner.

After the second waterproofing coat is thoroughly dry, the entire
treated surface should be given two coats of any standard outside white
lead and oil paint. The first paint coat should be thinned by the addition
of 2 quarts of turpentine and 2 quarts of boiled linseed oil to a gallon
of paint so that it will not produce a heavy pigment coat susceptible 'to
scaling but will be heavy enough to brush out uniformly and evenly. The
final paint coat should be applied at package consistency without thinning
or diluting. Without the protection of this pigmented paint, the oil treat-
ment is subject to rapid deterioration, and its potential value will be
seriously impaired. If desired, the top coat can be obtained in a color
resembling that of concrete. The paint should be formulated in conform-
ance with Federal Specification TT-P-102, "Paint, Oil Alkyd (Modified),
Exterior, Fume-resistant, Ready-mixed, White and Tints."

When there are open cracks in the surface being repaired, a more
effective waterproofing may be obtained by filling the cracks. This system
lacks flexibility to suitably cover working cracks subject to movement.

(d) Sealing Cracks in Concrete.--Small hairline cracks in concrete
can be sealed by using the previously described linseed oil treatment or
other materials such as modified epoxies. However, sealing of larger
cracks probably would require a different technique. Chemical grouting
is a method that has been used successfully. Small grout holes (_ one-
half inch in diameter) are drilled at points located away from the crack
to intersect the crack 10 to 15 inches below the concrete surface. A low
initial viscosity two-part grouting solution is injected through a mixing
head into the grout holes. Pressures required to inject the grout depend
upon several variables including grout hole diameter, width of the crack,
and grout viscosity. The grouting materials are formulated to set into a
rigid or semirigid mass at a predesignated time interval. As the rate of
grout setting is influenced by temperature, chemicals in mixing water,
and the media being grouted, it is recommended that preliminary field
tests of the material be made before repairs are begun.
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Many different chemical grouts are available commercially. Some set
to form a very hard material, and others set to form a semihard gelatinous
material. Materials of the latter type ordinarily have lower initial vis-
cosities and are pumped more readily into small cracks. When maintained
in a damp condition, most grouting materials are stable for indefinite
periods. Drying produces shrinkage and subsequent loss of repair effec-
tiveness. Specific information concerning chemical grouting may be
obtained from the Division of General Research, Bureau of Reclamation,
Engineering and Research Center, Denver Federal Center, Denver, Col-
orado 80225.

Repairing cracks in concrete by the epoxy pressure injection system
is described in subsection 136(g).



Chapter Vlll

SPECIAL TYPES OF CONCRETE AND MORTAR

A. Lightweight Concrete

140. Definition and Uses.--Lightweight concrete has been used in this
country for more than 50 years. Its strength is roughly proportional to
weight, and resistance to weathering is about the same as that of ordinary
concrete. As compared with the usual sand and gravel concrete, it has
certain advantages and disadvantages. Among the former are the savings
in structural steel supports and decreased foundation sizes because of
decreased loads, and better fire resistance and insulation against heat and
sound. Disadvantages include greater cost (30 to 50 percent), need for
more care in placing, greater porosity, and greater drying shrinkage.

The principal use of lightweight concrete in Bureau work is in con-
struction of underbeds for floors and roof slabs, where substantial savings
can be realized by decreasing dead load. It is also used in some insulated
sections of floors and walls.

Lightweight concrete may be obtained through use of lightweight aggre-
gates, as discussed in the following sections, or by special methods of pro-
duction. These methods include the use of foaming agents, such as
aluminum powder, that produce concrete of low unit weight through
generation of gas while the concrete is still plastic. Lightweight concrete
may weigh from 35 to 115 pounds per cubic foot, depending on the type of
lightweight aggregate used or the method of production. In Bureau con-
struction, lightweight concretes have been limited to those whose lightness
depends on inorganic aggregates.

141. Types of Lightweight Aggregate.---Lightweightaggregates are
produced by expanding clay, shale, slate, diatomaceous shale, perlite,
obsidian, and vermiculite through application of heat; by expanding blast-
furnace slag through special cooling processes; from natural deposits of
pumice, scoria, volcanic cinders, tuff, and diatomite; and from industrial
cinders. Lightweight aggregates are sold under various trade names.

439
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(a) Cinders.--Cinders are residues from high-temperature combustion
of coal or coke in industrial furnaces. Cinders from other sources are not
considered suitable. The Underwriters Laboratories limit the average com-
bustible content of mixed fine and coarse cinders for manufacturing pre-
cast blocks to not more than 35 percent by weight of the dry, mixed aggre-
gates. Sulfides in the cinders should be less than 0.45 percent and sulfate
should be less than 1 percent. Stockpiling of cinders to permit washing
away undesirable sulphur compounds is recommended. Cinder concrete
weighs about 85 pounds per cubic foot, but when natural sand is used to
increase workability in monolithic construction the weight increases to
110 to 115 pounds per cubic foot.

(b) Expanded Slag.--Expanded slag aggregates are produced by treat-
ing blast-furnace slag with water. The molten slag is run into pits con-
taining controlled quantities of water or is broken by mechanical devices
and subjected to sprays or streams of water. The products are fragments
that have been vesiculated by steam. The amount of water used has a
pronounced influence on the products, which may vary over wide ranges
in strength and weight. Concrete in which the aggregate is expanded slag
only has unit weights ranging from 75 to 110 pounds per cubic foot.

(c) Expanded Shale and Clay.--All expanded shale and clay aggre-
gates are made by heating prepared materials to the fusion point where
they become soft and expand because of entrapped expanding gases. With
the exception of one product made from shale, the raw material is proc-
essed to the desired size before it is heated. The particles may occasionally
be coated with a material of higher fusion point to prevent agglomeration
during heating.

In general, concrete made with expanded shale or clay aggregates ranges
in weight from 90 to 110 pounds per cubic foot.

(d) Natural Aggregate.--Pumice, scoria, volcanic cinders, tuff, and
diatomite are rocks that are light and strong enough to be used as light-
weight aggregate without processing other than crushing and screening to
size. Of these, diatomite is the only one not of volcanic origin.

Pumice is the most widely used of the natural lightweight aggregates. It
is a porous, froth-like volcanic glass usually white-gray to yellow in
color, but may be red, brown, or even black. It is found in large beds in
the Western United States and is produced as a lightweight aggregate in
several States, among which are California, Oregon, and New Mexico.
Concrete made with sound pumice aggregate weighs from 90 to 100
pounds per cubic foot. Structurally weak pumice having high absorption
characteristics may be improved in quality by calcining at temperatures
near the point of fusion.

Scoria is a vesicular glassy volcanic rock. Deposits are found in New
Mexico, Idaho, and other Western States. Scoria resembles industrial
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cinders and is usually red to black in color. Very satisfactory lightweight
concrete, weighing from 90 to 110 pounds per cubic foot, can be made
from scoria.

When obsidian is heated to the temperature of fusion, gases are released
which expand the material. The interiors of the expanded particles are
vesicular and the surfaces are smooth and quite impervious. Expanded
obsidian has been produced experimentally. The raw material was crushed
and screened to size and coated with a fine material of higher melting
point to prevent agglomeration.

The rock from which perlite lightweight aggregate is manufactured has
a structure resembling tiny pearls compacted and bound together. When
perlite is heated quickly, it expands with disruptive force and breaks into
small expanded particles. Usually, expanded perlite is produced only in
sand sizes. Concrete made with expanded perlite has a unit weight rang-
ing from 50 to 80 pounds per cubic foot. It is a very good insulating
material.

Vermiculite is an alteration product of biotite and other micas. It is
found in California, Colorado, Montana, and North and South Carolina.
The color is yellowish to brown. On calcination, vermiculite expands at
right angles to the cleavage and becomes a fluffy mass, the volume of which
is as much as 30 times that of the material before heating. It is a very
good insulating material and is used extensively for that purpose. Con-
crete made with expanded Vermiculite aggregate weighs from 35 to 75
pounds per cubic foot; strengths range from 50 to 600 pounds per square
inch.

142. Properties of Lightweight Aggregates.--Propertiesof various
lightweightaggregates,as reflectedby those of the resultingconcrete,vary
greatly. For example, the strength of concrete made with expanded shale
and clay is relatively high and compares favorablywith that of ordinary
concrete. Pumice, scoria, and some expanded slags produce a concrete
of intermediatestrength; perlite, vermiculite, and diatomite produce a
concrete of very low strength.
Insulationpropertiesof low-strengthconcretes, however, arebetter than

those of the heavier, stronger concretes. The insulation value of the
heaviest material (crushed shale and clay concrete) is about four times
that of ordinaryconcrete.

All lightweight aggregates,with the exception of expanded shales and
clays and scoria, produce concretes subject to high shrinkage. Most of
the lightweight concretes have better nailing and sawing propertiesthan
do the heavier and stronger conventionalconcretes. (For informationon
nailing concrete, see part C of this chapter.) However, nails, although
easily driven, fail to hold in some of these lighter concretes.
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143. Construction Control of Lightweight Concrete.---Commercially
available lightweight aggregate is usually supplied in three principal sizes
depending upon its application. These are fine, medium, and coarse and
range in size to ¾-inch maximum. Production of uniform concrete with
lightweight aggregate involves all the procedures and precautions that
have been discussed elsewhere in this manual in connection with ordinary
concrete. However, the problem is more difficult where lightweight aggre-
gates are used because of greater variations in absorption, specific gravity,
moisture content, and amount and grading of undersize. If unit weight
and slump tests are made frequently and the cement and water content of
the mix are adjusted as necessary to compensate for variations in the
aggregate properties and condition, reasonably uniform results can be
obtained.

Concretes made with many lightweight aggregates are difficult to place
and finish because of the porosity and angularity of the aggregates. In some
of these mixes the cement mortar may separate from the aggregate and
the aggregate float toward the surface. When this occurs, the condition
can generally be improved by adjusting aggregate grading. This can be
done by crushing the larger particles, adding natural sand, or adding filler
materials. The placeability can also be improved by adding an air-entrain-
ing agent. The amount of fines to be used is governed by the richness of
the mix; as sand content is increased, the optimum amount of fines is
reached when the concrete no longer appears harsh at the selected air
content. From 4- to 6-percent air is best for adequate workability, and
the slump should not exceed 6 inches. Pumping of lightweight aggregate
concrete is discussed in section 102.

To ensure material of uniform moisture content at the mixer, light-
weight aggregate should be saturated 24 hours before use. This wetting
will also reduce segregation during stockpiling and transportation. Dry
lightweight aggregate should not be fed into the mixer; although this will
produce a concrete which can be readily placed immediately after being
discharged, continuing absorption by the aggregate will cause the con-
crete to segregate and stiffen before placement is completed.

It is generally necessary to mix lightweight concrete for longer periods
than conventional concrete to assure proper mixing. Workability of light-
weight concrete with the same slump as conventional concrete may vary
more widely because of differences in type, porosity, and specific gravity
of the materials. For the same reason, the amount of air-entraining agent
required to produce a certain amount of air may also vary widely. Con-
tinuous water curing, by covering with damp sand or use of a soil-soaker
hose, is particularly advantageous where concrete is made with lightweight
aggregate.
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B. Heavyweight Concrete

• 144. Definition and Uses.•VCide use and application of heavy
concrete is relatively new in the construction industry, coming of age
eoineidentally with the development and practical application of atomic
energy. Heavy concrete may vary in unit weight between approximately
150 pounds per cubic foot for concrete using conventional aggregate and
290 pounds per cubic foot for concrete containing steel shot as fine
aggregate and steel punehings as coarse aggregate. It is used principally
to shield personnel and to provide protection from nuclear radiation. With
such a limited use, it has no application to date on Bureau projects.

145. Types of Heavy Aggregate.--Heavy aggregates, or materials
utilized as such, are both naturally occurring and manufactured. Heavier
aggregates are of the htter category and are in the form of smelted metal;
however, various quarry materials or ores, which of course are less
expensive, have been utilized for nuclear shielding with satisfactory results.

(a) Batite.--Barite is a quarry rock composed prinieipally of 90 to
95 percent of barium sulfate, BaSO4, and small percentages of iron oxide,
chalcedony, day, quartz, and zeolites and having an apparent specific
gravity ranging from 4.1 to 4.3. This rock is amenable to use in both
conventional and preplaeed aggregate concrete. These concretes develop
an optimum density of 232 pounds per cubic foot and optimum
compressive strength of about 6,000 and 5,000 pounds per square inch,
respectively. In general, the same gradings and mix proportions can be
used with barite that are employed with conventional concrete aggregate.

(b) Mineral Ores (Limonite, Maguetite).--Limonite and magnetite are
iron ores of high density, ranging in specific gravity between 3.6 and
4.7. These types are readily available at lower cost than barite, and are
amenable to processing and use as fine and coarse aggregate in preplaeed
aggregate and conventional concretes. Densities from 210 to 224 pounds
per cubic foot and compressive strengths of 3,200 to 5,700 pounds per
square inch can be obtained. The same gradings and mix proportions are
generally used with these materials as with barite and iron products.

(e) Iron Ptoduets.--Iron products in the form of ferrophosphorous,
steel punehings, and sheared bars for coarse aggregate and steel shot for
fine aggregate,having speeifi€ gravities between 6.2 and 7.7, produce the
heaviest concrete (250 to 290 pounds per cubic foot). This concrete
compares favorably with concrete containing conventional aggregates,with
strengths of about 5,600 pounds per square inch at 28 days being obtained.

None of the heavy aggregate concrete has proven to be suitable for
exposure to weathering or abrasion, but when protected from these forces



444 CONCRETE MANUAL

such concrete should provide good service. All procedures, methods of
handling materials, and precautions discussed elsewhere in connection
with production and control of conventional concrete should be followed
in producing heavy concrete of optimum quality. Because of limited ap-
plication of heavy concrete to Bureau construction, the elastic, physical,
and thermal behaviors are not discussed.

C. Nailing Concrete

146. Definition, Use, and Types.--Concrete into which nails can be
readily driven and which will hold the nails firmly is called nailing con-
crete. In Bureau work such concrete is used for constructing cants to
which roofing material and flashing can be nailed. Among the aggregates
that produce good nailing concrete are sawdust, expanded slag, natural
pumice, perlites, and volcanic scoria. Because of the widespread avail-
ability of modern mechanical fasteners suitable for attachment to con-
ventional concrete, the Bureau no longer specifies nailing concrete for
new construction.

147. Sawdust Conerete.--Goodnailing concrete can be made by mix-
ing equal parts, by volume, of portland cement, sand, and pine sawdust
with sufficient water to give a slump of 1 to 2 inches. Nailing is easier if
the sand passes a No. 16 or No. 8 screen. Rigid adherence to the stated
mix proportions is not essential. If the concrete is too hard, the amount
of sawdust may be increased as much as 100 percent while keeping the
quantities of cement and sand the same. Concrete proportioned on this
basis is very workable and bonds well with the base concrete. After saw-
dust concrete is 3 days old, nails can easily be driven into it and have ex-
cellent holding power.

The concrete should be mixed thoroughly, preferably in a mixing
machine unless the quantity is very small. It should be moist cured for 2
days and then allowed to dry for a day or more before any nailingis done.

148. Types and Gradingof Sawdust.--Sawdust should be clean, free
from chips and lumps that will not pass a ¼-inch screen and not so fine
that all will pass a No. 16 screen. Concrete made with coarse sawdust
requires about 24 hours to harden, whereas that made with fine sawdust
requires about 48 hours. An increase in the fineness of sawdust (greater
surface area of the wood particles) may result in extraction of a larger
percentage of organic acids and consequently in retarded set and reduced
strength.

The following tabulation gives results of tests of different types of saw-
dust. The tests show that some types are entirely unsuitable for use.
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Material Notes
Sugar pine .......................... Set hard at 1 day. Good nailability.
Pine .................................... Set hard at 2 days. Good nailabifity.
Pine and fir mixture .......... Set hard at 3 days. Good nailability.
Hickory,oak, or birch ........No set at 3 days, some at 14 days. Never

satisfactory.
Oregon fir .......................... The sawdust is very fine. Partial set at

28 days.
Cedar .................................. No set at any time.

Analyses of pine and cedar sawdust for tannin (tannic acid) showed the
cedar to contain 2-percent tannin and the pine to contain none. Appre-
ciable amounts of bark in the sawdust retarded setting and weakened the
concrete. "

In view of the variable behavior of different kinds of sawdust, it is ad-
visable to try a sample of the material before procuring the quantity
required.

D. Porous Concrete

149. Definition and Use.---Porous concrete is a special type that is
commonly used either where free drainage is required or where lighter
weight and low conductivity are to be provided without the use of light-
weight aggregates. (Sometimes the use of lightweight aggregates is not
practicable or desirable.) Porous concrete is ordinarily produced by gap
grading or single-size aggregate grading. In special draintile, a No. 4 to
z/s-inch or z/s- to l/•-inch aggregate is frequentlyused alone; a low water-
cement ratio and the minimum amount of cement are required to merely
cover and cement the aggregate particles together into a mass much re-
sembling that obtained in a popcorn ball. Occasionally, inserts of porous
concrete may be installed as weep holes or drains in hydraulic structures
such as canal linings to prevent back pressure or uplift from breaking the
lining upon dewatering. Such concrete may require type V cement, es-
pecially for drainage structures or special draintile where soluble sulfate
conditions exist.

Occasionally, porous concrete is placed upon rock foundations under
split sewer pipes to drain ground water. Specifications call for 7-day
strengths, as determined by 6- by 12-inch cylinders, of not less than 1,000
pounds per square inch and porosity such that water will pass through a
slab 12 inches thick at the rate of not less than 10 gallons per minute per
square foot of slab with a constant 4-inch depth of water on the slab.
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E. Preplaced Aggregate Concrete

150. Definition and Use.--Preplaced aggregate concrete, sometimes
referred to as prepacked concrete, is made by forcing grout into the voids
of a compacted mass of clean, graded coarse aggregate. The preplaced ag-
gregate is washed and screened to remove fines immediately before plac-
ing in the form. As the grout is pumped into the forms it displaces any
water and fills the voids, thus creating a dense concrete having a high
content of aggregate. The advantage is the ease with which preplaced
aggregate concrete can be placed in certain locations where placement of
conventional concrete would be extremely difficult. Preplaced aggregate
concrete is.especially adaptable to underwater construction, to concrete
and masonry repairs, and, in general, to certain types of new structures.
It has been used in construction of bridge piers, atomic reactor shielding,
plugs for outlet works in dams and tunnels, in mine workings, and for
embedment of penstocks and turbine scrollcases, as well as a great variety
of repair work. Recently, it has been used for architectural treatment ap-
plications. Since preplaced aggregate concrete is most adaptable to special
types of construction, it is essential that the work be undertaken by well-
qualified personnel experienced in this method of concrete construction.

151. Properties of Preplaced Aggregate Concrete.--Althoughpre-
placed aggregate concrete develops strength somewhat more slowly than
regular concrete, the strengths of both concretes containing 1½-inch-
maximumsize aggregate are about equal after 90 days. Under ordinary
drying conditions, following proper curing, the drying shrinkageof pre-
placed aggregateconcretecontaining 1 ½-inch-maximum size aggregateis
within the rangeof 200 to 400 millionths;the dryingshrinkageof ordinary
concrete containingthe same maximumsize aggregate is from 400 to 600
millionths. Preplaced aggregate concrete has shown excellent bond to
many old concrete structureswhere it has been used for repairand has
superior resistance to alternatecycles of freezing and thawing with the
properamountof entrained air.

152. GroutMaterials and Consistency.--Groutfor preplaced aggre-
gate concrete may consist of sand of specified gradation for concrete,
cement, and water mixed at high speeds to a creamy consistency. Alter-
natively, it may contain fine sand, portlandcement, pozzolanic filler, and
an agent designed to increase the penetration and pumpabilityof the
mortar.In the first method a minimum size aggregate of 11/2 inches is
used. The second method uses a l/•-inch-minimum size aggregate. The
maximumsizes for either method may be as large as are available, pro-
vided the aggregatecan be readilyhandled and placed.
In general, the gradation of fine sand described in the latter method
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should be such that all the sand will pass a No. 8 screen and at least 95
percent will pass a No. 16 screen. The fineness modulus will usually range
between 1.2 and 2 for best pumping characteristics. Quality of sand should
be equal to that of good concrete sand. Natural sand is preferable because
of its particle shape.

The pozzolanic filler reacts with lime liberated during hydration of
cement to form insoluble strength-producing compounds. This finely
divided material also increases the flowability of the grout and tends to
decrease bleeding and separation.
A water-reducing, set-controlling agent is added to inhibit early stiffen-

ing of the grout; also, it enhances the fluidity and holds the solid con-
stituents in suspension. It contains a small amount of aluminum powder
which causes the grout to expand slightly before initial set, thus reducing
settlement shrinkage.

The consistency of grout for preplaced aggregate concrete should be
uniform from batch to batch and should be such that it may readily be
pumped, under reasonably low pressure, into the voids of the preplaced
mass of aggregate. Consistency is affected by water content, sand grading,
type of cement, and type and amount of agent. For each mix there are
optimum amounts of filler and agent which produce best pumpability or
consistency, and tests are necessary for each job. Consistency of grout
may be determined by any one of several methods. One method is based
on the time required for a cone filled with the grout to be emptied by
gravity. Another method is by use of a torsion pendulum consistency

meter.
153. Coarse Aggregate.---The coarse aggregate should meet all re-

quirements applying to coarse aggregate for ordinary concrete. It is im-
portant that the aggregate be clean. It should be well graded from 1/2- or
¾-inch-minimum size to the largest maximum size practicable and, after
compaction in the forms, should have a void content of from 35 to 40
percent. For preplaced aggregate concrete, in which a sand of conven-
tional grading is used, the minimum nominal size of coarse aggregate
should be not less than 1 l/z inches.

154. Construclion Procedures.--Forms for preplaced aggregate con-
crete may be of wood, steel, or other materials suitable for conventional
concrete. The form workmanship should be of better quality than is
normally suitable for conventional concrete. This is important to minimize
grout leakage. Also, since the grout is fluid longer than concrete is in a
plastic condition, forms must be constructed to resist more lateral pres,-
sure than occurs with conventional concrete placed at normal rates. Bolts
should be tightly fit through the sheathing. Possible points of grout leak-
age should be calked. This usually can be done from the outside during



448 CONCRETE MANUAL

grout injection. Leaking forms, besides affecting appearance, can be a
source of trouble and should be avoided wherever possible by careful
form construction.

The grout pipe system is used to deliver and inject grout into the pre-
placed aggregate, to provide means for determining grout elevations within
the aggregate mass, and to provide vents in enclosed forms for water and
air escape. Proper design and arrangement of the pipe system is essential
for a successful placement. The simplest and most reliable system consists
of a single pipeline connected to insert pipes positioned during placing
of the aggregate. The pumping system should have a bypass for returning
grout to an agitating tank.

The length of delivery line should be kept to a practicable minimum.
Pipe sizes should be such that during operation under normal conditions
the grout velocity ranges between 2 to 4 feet per second, or at a pumping
rate of about 1 cubic foot of grout per minute through a 1-inch-diameter
pipe. Higher velocities require excessive pumping pressure. The recom-
mended velocity range is for delivery pipes up to 300 feet long. From 300
to a maximum of 1,000 feet, the diameter will need to be increased about
one pipe size to avoid excessive pumping pressure.

Grout insert pipes for intruding grout into an aggregate mass are nor-
mally ¾ to 1 inch in diameter and may be placed vertically or at various
angles to inject grout at the proper point. The pipes should be in sections
about 5½ feet long for easy withdrawal. For depths below 15 feet they
should be flush coupled. For shallower depths standard pipe couplings
may be used.

Connections between the grout delivery line and insert pipes should be
quick-opening fittings. Quick-disconnect pneumatic fittings are not suitable
because of the reduction in cross section of the flow area. Valves should be
quick-opening, plug type which can readily be cleaned.

Spacing of insert pipes depends on aggregate gradation, void content,
depth, and area of work and location of embedded items. Spacing of
insert pipes may range from 4 to 12 feet; 5 or 6 feet spacing is commonly
used. For the purpose of insert pipe layout it is assumed that the grout
surface will be on about a 1 to 4 slope in a dry placement and 1 to 6
underwater, although actual grout surfaces may be considerably flatter.
It is helpful to color code or number and record location of each insert
pipe so there is no question where the outlet end is reaching.

Through sounding wells, usually slotted pipes, the level of the grout
can be determined with reasonable accuracy. The ratio of sounding wells
to insert pipes ranges from 1:4 to about 1:10. These sounding wells,
through which a sounding line (equipped with a 1-inch-diameter float
weighted so that it will sink in water and float on grout) may be lowered,
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are usually 2 inches in diameter. There should be no burrs or obtrusions
inside the sounding well on which the float will catch.

The pump should be of a positive displacement type, such as a piston
pump or a progressive cavity type. Although a well-proportioned grout
mix will retain solids in suspension within a piping system, pumps shut
down for prolonged periods will permit the sand to settle within the pump
and lines with attendant difficulties. As pumps normally require a period
of maintenance on each shift, one or more standby pumps should be
provided for quick changeover to maintain continuous operations. The
pump should have a pressure gage on the outlet line to indicate any
incipient line blockage.

Fundamentally, grout injection should start at the lowest point within
the form and be continued until the placement is completed. Usually a
sufficient quantity of grout is pumped through the insert pipe to raise
the grout level from 6 to 12 inches. The insert pipe outlet is set initially
6 inches from the bottom and progressively raised as grouting proceeds.
The lower end should remain embedded 12 inches below the grout
surface. The grout surface should be kept relatively level, although often
a gentle slope is maintained. Care should be exercised not to permit
grout to cascade on a steep slope through the aggregate, causing separa-
tion of sand from grout. Adequate venting should be provided to ensure
complete filling and prevent entrapment of air or water in enclosed

spaces.
Internal vibration cannot be employed with this method of placing, but

external vibration of the forms can be and is beneficial in improving
surface appearance. If it is not done, a spotty appearance will develop
where coarse aggregate particles have been in contact with the form.

Quality control of the preplaced aggregate concrete is maintained by
controlling consistency or thickness of the grout. For this purpose a flow
cone as shown in figure 198 is used. The cone is filled to the level
indicated by the pointer with the outlet end closed by thumb pressure.
The etilux is timed by a stopwatch. The consistency or efflux for fine
sand grout with a fluidifier and fly ash should range between 18 to 22

seconds.

F. Prestressed Concrete

155. Definition and Use.--Prestressed concrete is based upon the
principle of using high tensile steel alloys to produce a permanent pre-
compression in areas of a concrete structure that would normally be
subjected to tension, for which concrete has very little strength. By intro-
ducing compression into such members before normal loading is applied,
a portion of potential tensile stress can be counteracted, thereby reducing
the total cross-sectional area of steel reinforcement required.
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There are two modern methods of prestressing concrete. One method,
known as pretensioning, consists of placing concrete around reinforcement
tendons that have been properly placed in the form and stressed under
tension to the desired degree. Concrete is carefully placed, consolidated,
and cured to assure adequate bond. After the concrete has developed
the necessary minimum strength, the tensile anchorage of reinforcement
is released; and through bond between the steel and concrete, the initial
tension in the steel produces the required compression in the concrete.

The other method, called posttensioning, involves preforming voids
or ducts throughout the length of the concrete structural member or in-
corporating tubes or sheathing in the member and placing the reinforce-
ment tendons within the channels or tubes in such a manner that they



CHAPTER VIII--SPECIAL TYPES OF CONCRETE AND MORTAR 451

will be free to move throughouttheir entire length after the concrete has
hardened. After adequate curing of the concrete, the reinforcement
tendons are stretched to the required tension and anchored to the con-
crete at the ends to retain tension in the steel and compression in the
concrete. If the steel tendons are in open channels or conduits, these
spaces are then usually pumped full of grout to bond the steel tightly to
the concrete throughout the length of the tendon, thus aiding the uniform
transfer of stresses during live loading and protecting the stressed steel
tendons from possible corrosion by moisture, gases, or other corrosive
materials. Occasionally, the stressed tendons of single span and con-
tinuous unbo0ded posttensioned beams are not grouted, and the beams
are designed for inclusion of additional unprestressed tendons. The
tendons to be prestressed are coated with a corrosion-preventive lubricant
and covered with a moisture-resistant jacket. The tendons are held by
endplates and grippers sealed with a suitable drypack or mortar. Such
beams will act together as a flexural member after cracking occurs and
not as a shallow tied arch.

Prestressed concrete design is currently being applied to many types
of concrete construction. It is especially applicable to structural members
such as beams, girders, or bridge-deck panels which can be precast in
a central casting yard and incorporated in a continuous structure. It has
also been highly successful in the construction of roof tees and slabs and
in circular concrete tanks and pipe where cracking must be eliminated.

Advantages of prestressed concrete construction include the following:
(1) There is a high degree of crack reduction. The areas where

cracking normally occurs because of tensile stresses are placed
under compressive load to largely offset this tendency. Cracking
caused by drying shrinkage can also be largely eliminated by proper
prestress design.

(2) The freezing and thawing durability of prestressed concrete
is slightly higher than that of similar unstressed concrete. This is
partially because of the reduction in cracking and the fact that
compressive stresses keep shrinkage cracks tightly closed.

(3) Precasting of structural units provides distinct advantages in
many building projects. High quality of the finished product, made
possible by excellent concrete control in a permanently established
plant having controlled curing, provides superior structures. Precast
parts may be delivered to a construction site of limited area and
rapidly erected without extensive formwork and shoring. Modem
methods enable the expeditious bonding and incorporation of these
units into continuous structures with a minimum of skilled help and
construction equipment. The precise, many-use forms employed in
precasting provide a greater degree of uniformity and better surface
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appearance than is usually possible for concrete produced on the
job.

(4) Efficient utilization of weight in fabrication of prestressed
concrete members is also an advantage. The high precision of place-
ment and high tensile strength of steels normally used in prestress-
ing, along with use of concrete under compressive stress to carry
tensile loads, give maximum efficiency in size and weight of
structural members, thus providing space economy and transporta-
tion economy in building modern structures.

(5) Applications of various prestressed techniques enable quick
assembly of standard units such as repetitive bridge members, build-
ing frames, and roof and bridge decks to provide important con-
struction time economies. It is possible that the structure can even
be largely fabricated elsewhere while the site is being prepared.

Conditions in the use of prestressed concrete are:
(1) Good quality materials should be used and quality control

maintained. For most construction uses, types I, II, or III cements
will be suitable. However, if the prestressed members are to be in
contact with sulfate-bearing soils or water, use of a moderate sulfate-
resisting cement (type II) or sulfate-resisting cement (type V), de-
pending on the sulfate conditions, would be necessary. When known
or suspected reacti.ve aggregates are to be used in concrete, the
cement, regardless of type used, should also have a low-alkali con-
tent to provide positive protection against potential disruptive ex-
pansion caused by alkali-aggregate reaction.

(2) Use of a water-reducing admixture (WRA) will improve
strength and reduce the amount of water required for the same
slump. Some WRA's also entrain air; if the desired air content is
obtained with the WRA, use of an air-entraining agent (AEA) as
well would not be necessary. In some construction, however, the use
of an AEA might be desirable.

(3) Calcium chloride or admixtures containing calcium chloride
should not be used in concrete for prestressing, as the stressed condi-
tion of the steel reinforcement makes it more subject to corrosion
in the presence of chlorides.

(4) Mixes for prestressed concrete must necessarily be highly
workable and produce high strength concrete, usually 4,000 or
more pounds per square inch at 28 days. Workability is essential,
as placement must be accurate and thorough in relatively close
clearance areas, and high bond must be produced. High strength
is necessary in effective use of prestressed concrete; consequently,
relatively rich, low water-cement ratio mixes, usually with ¾- or
1½-inch-maximum size aggregate, are customarily used. Fre-
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quently, high-early-strength cement is employed, and curing, at least
during the early ages, is by low-pressure steam so that valuable
forms and casting space may be reused at the earliest possible
moment. High-early-strength cement also accelerates the necessary
development of minimum strength for application of the compres-
sive load. Steam or warm-moist curing is preferable. Such curing
should be continuous until the concrete has attained a high percent-
age of the required strength. Usually the concrete is cured until
companion test cylinders, made and cured with prestressed mem-
bers, have attained compressive strengths meeting the required
strength for stress release of the tendons. When the concrete is
heat cured, the detensioning should be accomplished while the con-
crete is warm and moist to prevent cracking or undesirable stresses
caused by dimensional changes that may occur.

(5) The concrete should be so designed that the shrinkage and
creep in prestressed applications are minimized so that the steel
may retain as much initial tension and produce the maximum
feasible compression possible.

(6) The proper eccentricity for tensile steel in prestressed con-
crete is an important design consideration to be carefully main-
tained so that the structure will perform efficiently. This eccentricity
is an important part of the efficient application of steel and concrete
for minimum weight and for maximum space saving. Careful work-
manship to accurately maintain this important design relationship
and to provide adequate bond of concrete to steel is of utmost
importance.

G. Vacuum-Processed Concrete

156. Definition, Characteristics,and Uses.--Vacuum-processedcon-
crete is produced by applying a vacuum to formedor unformed surfaces
of ordinary concrete immediately or very soon after the concrete is
placed. This patented treatment removes water from concrete adjacent to
the surface and removes air bubbles which would otherwise appear as
holes in the surface. (See fig. 199.) Air bubbles, being noncontinuous, are
removed from the surface but not from the interior. The depth of water
extraction and the amount of water removed depend on coarseness of
the mix, mix proportions, and the number of surfaces to which vacuum
is applied. Water content can be reduced to a depth of 6 to 12 inches,
and in amounts up to one-third of the mixing water a few inches from
the surface. Removal of an average of 20 percent of the water from a
6-inch surface layer is common. Experience has demonstrated that best
results are obtained from vacuum treatment when (1) the mix contains
the practicable minimum of fines, (2) newly placed concrete fully covers
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Figure 199,.--S.,,rfa,ces o,f concrete formed o,n an 0.8 t:o 1 slope a,t $;.ha•s•tal Daln%
Centrall V a•lley project:, Caflliifo, rnia,. Upper amdl IIIower p, ii¢:tulre,s show surfa,ces

prodlulcedl by wood forms a;nd va, c:uulm• forms, respecfive]'y. PX-D-3306(•I,.

{]h•c: vacuum panel •;o lh, al •he vacuum can be appdied promptly whiiIe
•h,c concrete Jis st:illl p]:as,dc, and (•i,',1, concrete near the panel iis; vibrated
during r.he: firs1: few mirm•t•::s o,lf' [he: vacuun'• •r'eatment..

The: mar'ke:d re:duc:fio,n iin ',a.•tc::= cc,,n•c.nt wh:h 'vacuum treatment res.ul!ts
iin big:her sI:re.ngth and gr'c:ar.er durabillity. Vacuum trear.rnen•: incre:ase:d the
Ji.-da).. strcr•gzh of orJc corlcrc.t.c: frc, l:-n• ;glt(.I, tc•, l..g()O F,C•,unds pe• square Jinc:h
q-'hc:: carlJier streng.i:fll Jis of <g::rL::&Yc ad:•.,ar•r.ag;e: !in, I:,rec:ast co.nc:r'e:te work: be-
c:au>•,e ii{ p,c:rn,ir.s immc:dli:•,•.c: rernoval of fo.rms and: early re:lease:: of base:
p]atc•:; and thus ap.preci•bl:•, lcsscn.s, tl:l:e in'•'est:ment: in such e:quiprnent:.
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Elm-Jlhmfic,n of s,;LMac:c p,i•s on prcc:as, t concrete piipc•: is especially de:-

s,i rable.

\/•]c:[;lu]ql• •rL';L'LI33U.:rFJlL f(:"[ it:It sc,.le pur']13,:',se c:,:E iimprc,ving appearar•ce •s
not justifi•lb,]e: [qKfither can iil. ordlinarilly c:c,,mpet.e with, ¢hc: much less

expc:•nl@•C aiir cntra!inmcr•t as a mc.ar•s fc,,r crJiharJcmg durab, iliib'. Vacuum
tre.atrTlcint, ]ikc I!hc use c,f ab•;c,•tntivc lorm lining, has bc:en spc::cific:d, to,
F'"od u co: :L su rlac:,c I: h•L1 v,, o u]ld }]la&'¢C: iirl,Cre•:l•.;ed ?e:s;isl•a$3c:e •[•<1, 1 hie ac[ioB Of

walcr f]lO.'J•,'illJ•: :LI: hii•lh xek•ciit)'. ]h •ppc:n,:<,.. h.owcvcr., th•3t a c:los.e aF, p•ro•31cl3
t.o pcrl[c:,•:• •lliim_:n:lcld: ,::w.F fllc,•.-liinc surf•lcc•;, is much n'lc,[€: important: in thiis.
res.pcc[ lh•.ll:l jinc:rc•.•s, cd >.irc::ngth c,r c:]imir,:•tion .o.f •:.Llrf;?lce I:,it•iing.

15:7.,. Yac:unm F'e, rms and P'anells;.--\..•'ac:uum is aFi,?,][ic:d, to c:.onc:rc:t,e
surfaces lt3I,O]L]£:]h V•|CllLIIII] tl,E)SC' •.I[{J.C]ilCL] I(21, st:,,eciia]l '•.'acumn ma•.s or form
p:mc:]•<. (S.ue f:i• 2t:I{:• •md! 2:¢:11: I The hints, fc, r' unformed surfaces ',;•re
gerlcr•l]ls.' rciinl',:•rcc:d F3.l'>v, o,;K!1%lcect x•. i•th two k31?,cr•, of screen wi•re covered
b]}, t3•us.lJ[nl. For umlformcd cur,,cd •:;urf;3cc:s. such a:•s. the buc:kcts, of dams,,
flc::xib]c: e;.•cc]l wh!ich wil]l •claF, t to C-•c curved surface is t•s.c:d !in, s.•ead e,f
•);ly'•'•(),Llld. Si•mill•: '•ktcuum liFI.CT• &•re c'hlllTJtq, cd [ ')l tl[)e: ][]l>i]dC face icif forms.

i• •i;bc:•'glass c,I :lfll ]:ld:'., bciI..[:l LJ]•IC•C• '&i'[tll';]ILl'[ SCrC:(![]l hackling fo.r the:: ',:I&C:L1UI1'I
liinJitnlg Oil •;tc:c]l ll.:ll[,'l:lsi fl•r c:c,,tc:•.L:t• piipc. ']-h,,L! pc::rJmc:tc:r' of eac:h xrliat o,]r
•1 r ClI•[ { •t IZ':ZH'[:I] SC n" I• C: 'c• b}i LI[ ',"a•CL[]L],I]I] •?t:lt'lc}l: iiS scallc:d agaiins.t •CI'S;S elf '•laC:'L]'a[n

12'1'2r' L[ ]1"• •], ]; • II:.)l'• ,•I strip ,4 catkiing CII;}•:]lpOUgll':] i•'l• •]•Jl'•,• EICrCC•il v,.Iire. THE:: sc::al C•l•

Ihc vac:uam3 m•lts 1[{:lIf ILJll]lfI,}Ir]l]l(:•!l surfac:cs iiSl leLIrI'[]['le:]F cnsu.rcd b'iy a I-i•nc:b

Figu, re 20,0.•iplal¢:iinlg concrete iin spil=llway bucket at Sh•llStSi Dale'nil,, VsiiciJilaml
p, ro,c:essing meits are sll,own a•t the ris:ht:. P'X-,,D-3;30611,.
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Figure 20'l..--Vahcuium pa.ne.lls; being co,nst:r'ulct:edl at Ango,stura, Ba,m, iin South

Dakot:& View' shows ru, b, ber strips and ha, rdlware clloth hefo, r'e co,veriing witth

musliin. F"X-.D--.3;3;514..

flap of •LlN:•eri:z:ed c]l,e, fl, at•achc:,d I:o •l-],e perimeter of tl-.,c ma• and! prc:ss.,e:cl
:lighe]!y o,]:lm, tlJc: c,::mcrer.c Areas of n',,ats a>c: usual]ly abou*: 12 S.qlL]arc feel
arJd! a 'va•iie/3, c,f a.:hap,c:s carJ bc •lsc:.d A 3- b'}.' 4-f.o, ot mat is acc, n•z•:<m
:•.:izc. lhc: i],sd!ividua]! VaCL•Lm, arc':,s, c,n •he •:.,:•.•'ms arc: t•:sua]ly se:veiaI f'e:et
Ic, ng :hc,riT:,o.nla]ll!:!r :Jta, d ]2: tc, l bi inches high, s:,. I.ha•. ca,c:]'Jl area ma'i.' bc
q[,:ick]y cov.c.red wilh c,:mcrc•c mq, d thc vacuum appliicd v,,'hiilc tlq, e concrete
is quite frcs.tn. Tt:,c ]n,L•eslii:'J can bc lrcalcdl 'wiizh a liiqMiid p.rod:t],c:t >.:) p, ermiit
it to be s•riippcd c:]caEa,•:>, from •hc: co.nc:rc:l:e aT. 2tn•y, c:c,,nvc:niiem drn, e.

158. Pmces:sin, g Procedure.--lnJpro, vcmcrj:s ir• p>•)c,e:ssing prc, cc&•res
arc: made t'rc, m time •o •.iimc., and •_he la{.c:s{ iiMorma•iio, n shou,]d be secured
be:fore:: usiing vaL::uu•m {re:•m, erJt c,n •lnJ p>•)iiecL

,Os• ,cmc .jic, k, a sCatJc,.nar2• vac•at:ln-• pt.m•p '•i[ • 1:1 a capac:Jity o,f 80()c:u:bJic
f'c:ct pe•" mlirlt.,tc:: •Ln, d k•c•:•c::d a r,•ax:iimum o,:• JI:.2;.CI, II:]I feet from thc: forms
ma:in,•ai•:,cd ',m a'VC•;Lg:C:. •.'acuum of 2(I, inc::hcs ,:•f mc::rcury on ]12(1 s;q•aE•
llC:L• of s•.tIrfac,.•...*\ ptil•T],p Ih•Jv:in, g a c:apac:i• 3, of I .. l,l::},,l:} cubic: f:cet per mi]l•ute:
m•tiint.air•cd an avcr:tg:c ve•cuum ,,:)f 15; inc::h•c:s. ,:,• 400 square i'.ce:t, o.f ul•-
formed suffacc For sn•a]llL::r .jot:,,>a special: Va!CL.I:•LJIn:I purn, ps arc •-]o.t •'e:quiired
S.Jil']•CC l]'•C I'*CC:.C:SS:II•3.' V&CLI/J:I:II C:al:• •::•C ob•liF•€:c[ b'j col•lnL::cl.il•lg: {][1c: intake of
aI] :.lit co•l:lp,t2ssoF 1.o {hc 'VaCLlU•lql •:;Jlnk and cx:haus•in, g thc: c::c,,n'Jpr'essor
d i.,:.c hargc.

\..eibra•iio:[• c•.•: fl:::)rmc:d c:,c•.•c:rc::•c:: dlm"in, g Ihc: fi•st few m!im]tc:s the vac:utlm
is;. :•p.p][i:c:d is most i]•]p.o•l:a•'H i•l sc'cL:,rimg •,c::s.• qm-•I{ity and wa•,•:r•igh{ness.
By use of such viib,a{:icm, thc: smafll opet•i•:g:s and channcIs c:c:ated as; "•he
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vacuum draws out the water are taken up and closed as rapidly as they
are formed. For best consolidation a proper balance must be secured
between the duration and intensity of the vibration and the vacuum treat-
ment. Too weak or too short a period of vibration may not fully close
all the new voids (left by extraction of water) in concrete which is rapidly
stiffening under the vacuum. Too strong a vacuum, especially at the
start, may stiffen the concrete too rapidly for effective vibration.

Sticky mixes with an excess of fines do not respond well to vacuum
treatment. The treatment is more effective at lower temperatures and
with coarser sands, minimum practicable percentages of sand, and lower
cement contents.

H. Concrete Floor Finish

159. Requirements for a Satisfactory Finish.--A good concrete or
mortarfloor should have a surface that is durable, nonabsorptive, of
suitable texture, and free from cracks, crazing, or other defects. The
floor should satisfactorily withstand wear from traffic, the purpose for
which it is intended; it should be sufficiently imperviousto prevent stain-
ing or readypassage of water, oils, or other liquids; and it should possess
a texture in keeping with requirements for appearance, easy cleaning,
and safety against slipping. It should be structurally sound and, for
separately placed floor topping, it should be well bonded to the subfloor.

160. Concrete Floors Placed as a Monolith.--Froman economic
standpoint,the top surface of a structure or portionof a structure placed
as a monolith often can be finished to serve as a floor surface. Although
not as durableas the surface of bonded floors, which are usually placed
with a net water-cement ratio of not greaterthan 0.36, this type of floor
surfacewill serve adequatelyfor many purposes. Some improvementcan
be obtained by using a lower slump concrete and by increasingthe rich-
ness of the mix used. Also, a slight reductionin entrained air content may
facilitate finishing the surface. Care should be taken, however, that the
mix proportionsof the course to be finished are not enough different
from the structuralconcrete to cause crackingfrom differentialshrinkage
or other differentialproperties of the two mixes. For this type of floor
surface, the use of good qualitymaterialand the same good workmanship
as for finishing surfaces of bonded floors are required.

161. Bonded Concrete and MortarFloors.--Since an accuratelypro-
portionedconcrete topping is much superior to a mortartopping, there
is no reason for constructionof poor concrete floor surfaces, provided
an aggregate of suitable quality is available, proper procedures arc
followed, and the work is done by experienced workmen. Some inherent
weaknesses of mortartopping are: (1) The large percentageof fine sand
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brought to the surface by floating and troweling forms a skin that wears
poorly, dusts, sometimes scales, and has a strong tendency to craze (if
these fines are completely removed from the sand, the mortar may bleed
and be too harsh to permit satisfactory finishing); (2) the topping has
high porosity, a well-known characteristic of mortars; (3) there is a
deficiency of wear-resistant aggregate particles at the surface, as illus-
trated by figure 202 which shows sections through wearing courses of
1:2 mortar and of 1:1:2 concrete, bonded to concrete bases; and (4)
exceptional care is required to obtain a good bond.

162. Aggregate.--A desirable grading of sand for floor topping is one
that conforms with Bureau specifications for regular concrete sand,
except with respect to content of fines. Best results are obtained if the
percentage passing a No. 50 screen does not exceed 10 percent and the
percentage passing a No. 100 screen does not exceed 5 percent. However,
use of regular concrete sand is permitted if material that meets the fore-
going requirements is not available. It is usually required that the gravel
shall pass a ½-inch screen with not more than 10 percent passing a •6-
inch screen. If the concrete floor is to be highly resistant to wear, the
aggregate must be tough, hard, and dense. Relatively small changes in
grading are not important except as they affect consistency.

163. Proportioningand Mixing.--Mix proportions for concrete floor
topping are usually 1 part cement, 1 part sand, and from 1¾ to 2¼
parts gravel, by weight, based on dry materials. At the Tracy Pumping
Plant it was found that with 2 percent of entrained air, the topping mix
worked and finished better at zero slump than non-air-entrained concrete
at 1-inch slump. Use of this limited amount of entrained air is, therefore,
advisable. When the floor is to be hand finished, it is generally required
that the concrete be the driest consistency that can be worked with a
sawing motion of the strike-off board and that the net water-cement
ratio be not greater than 0.40.

For a power-floated finish involving no time interval between placing
and finishing, it is necessary that the mix be considerably stiffer than for
hand finishing; otherwise the machine will gouge the surface and satis-
factory results will be difficult to obtain. The mix should be stiff enough
to prevent excess mortar from working to the surface when the material
is tamped and trimmed to grade prior to power floating. Such concrete,
with the water-cement ratio frequently limited to a maximum of 0.36
by weight, will usually have no slump and can be efficiently mixed in a
paddle-type mixer. The mix should respond to the power float suf-
ficiently to fill and seal irregularities of the surface and yet be stiff enough
to permit power floating immediately after trimming. Concrete that will
stick together on being molded into a ball by a slight pressure of the
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F'iiigulre2.O2!...•-C:ompl.a,r'iiso,nl o,f c:onc:ret:e and mortar ll:Uloo, r' te.pp,'Jings. Concre'ceto,pp,iing
(Ulpper p,ho,to,) is; superiiort:o, mlorl::alr t:op,pi,ng (liower' pho,to,) bl,eca,use it: ¢::ontaliins
le• water and fewer 11:iine•;, is les.s por'otal,$, and has mere wear-resista,nt:
alggregate a,t: t:he SUlri:ace.. PX-D-33515..
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hands and will not exude free water when so pressed but will leave the
hands damp should meet these requirements.

For best results with either hand-finished or power-floated topping,
the consistency of the concrete must be uniform. For this reason the
aggregate should be reasonably uniform in grading and in moisture con-
tent, and the facilities for adding mixing water and controlling consistency
should be the best. Small changes in water content produce marked
differences in workability of the topping, and a surprisingly small increase
in water will make the topping too wet for power floating.
Because of the dry mix used, precautions should be taken to prevent

cement from accumulating on the mixer blades and shell. Mixing time
for topping should not be less than 2 minutes regardless of the method
of finishing.

164. Preparation of /he Base.--Concrete floor toppings used on
Bureau projects are usually bonded to a hardened concrete base which
must be cleaned so that a surface free of all laitance and foreign material
will be exposed at the time the topping is applied. Any oil, grease, or
other contaminants on the surface should first be removed. If wet sand-
blasting or vacuum blasting for preparation is permitted, such blasting
may eliminate the contaminants from the surface. However, if the surface
is to be acid etched (or if sandblasting is not effective in removing con-
taminants) it will be necessary to remove oil and grease by solvent wash-
ing and other contaminants by use of strong detergents, with final surface
cleanup by a trisodium phosphate wash followed by a water rinse. (See
section 120 for methods for removal of stains and other foreignmaterials
from concrete surfaces.)

One of the better treatments for thoroughly removing laitance and
providing a suitable bonding capability to subgrade surfaces utilizes acid
etching with muriatic acid (commercial or technical grade HCl--ap-
proximately 30 percent FIC1), accompanied by vigorous scrubbing with
a stiff wire or fiber-bristled brush or broom and followed by complete
and thorough scrubbing with clean water to remove all traces of acid
and reaction products.

When acid cleanup is not feasible or safe, wet sandblasting shortly
before the topping is placed or the use of any type of equipment which
will effectively remove all laitance and foreign matter from the surface
of the base concrete, followed by washing with water under pressure,
gives good assurance of adequate bond between ttie topping and the
base. However, this method of cleanup is objectionable around operating
machinery as the air will become laden with moisture and particles of
floor cuttings which will be deposited on the machinery.

When topping is placed after installation of equipment, the base con-
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crete surfaces may be cleaned and roughenedby mechanical routers or
with blasting equipment provided with a vacuum system for collecting
the cuttingmedium and refuse from the surfaces. If the vacuum system
is properly operated and is provided with adequate dust collectors, very
little dust will escape into the atmosphere. The cutting medium for this
equipment must be steel grit or shot, aluminum oxide, silicon carbide,
or other effective abrasives. Washing with water under pressure is not
required with this equipment.

Bond between topping and base course is improved by thoroughly
water curing the base course for the prescribed period or preferably until
the surface is cleaned in preparation for placement of topping. All
cleaned surfaces to be topped should be completely dry, and care should
be exercised to prevent recontamination from any source. No traffic
should be allowed upon the prepared surfaces prior to concrete place-
ment, and the necessary steps should be taken to provide that the temper-
ature of the base course approximates that of the topping mix. The
topping should be bonded by (1) an epoxy bonding agent applied to the
surface of the base course or (2) by scrubbing a mortar thoroughly into
the surface of the base course.

Epoxy resin bonding agents of the thermosetting plastic type and
conforming to Federal Specifications MMM-B-350 are required for
Bureau work when epoxy-bonded concrete floor finish is specified. Use
of type I or type II epoxy conforming to this specification depends on
the temperature of the concrete to receive the epoxy, as discussed in
section 136. Preparation and application of the epoxy resin bonding
agent to prepared, dry surfaces of the base course are discussed in para-
graphs (b) and (d) of section 136. The epoxy bonding agent should be
applied to the base course immediately prior to placing of the topping
and only over a small area at a time to assure that the applied film is
fluid when the topping is placed.

When mortar is to be used as the bonding media, a 1:1 mortar•sand
mix should be scrubbed into the surface just prior to placing of the
topping. This mortar should be composed of cement and fine well-washed
sand (preferably passing a No. 16 screen), should have a medium con-
sistency, and should not exceed one-sixteenth inch in average thickness.
Such mortar is more satisfactory for this purpose than neat cement grout
as its properties more closely conform with those of the base and topping

courses.

165. Sereeds.--Screeds are set as guides for a straightedge to bring
the surface Of floor concrete to the required elevation. They must be
sufficiently rigid to resist distortion during spreading and leveling of the
floor topping. Metal strips or pipe spaced not more than 10 feet apart
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(preferably 4 to 6 feet) make effective screeds. At Canyon Ferry Power-
plant, screeds were made of 3,4-inch-diameter pipe spaced 4 to 5 feet
apart and supported at intervals of 3 to 4 feet. Supports consisted of a
1 ½- by 4- by 3/8-inch steel plate tapped and threaded near each end and
welded at the center to the steel pipe. The screeds were leveled to grade
by bolts through threaded holes in the supports, the ends of the bolts
resting on the concrete base. Locknuts held the bolts in place. The
screeds, after being leveled, were held in position by wire ties attached
to rivets shot into the concrete base using a tool powered by an explosive
charge. After the topping had been leveled, wire ties were cut, screeds
and supports removed, and recesses filled with topping material.

Wooden blocks approximately 2 inches square and of suitable thick-
ness have been used as screeds, but most installations now make use of
screed strips. When blocks are used, they are usually spaced 10 feet apart
in each direction. Each block is supported by and slightly embedded ifi
a small amount of mortar, with the top level and accurately set to finish
grade. After the blocks are in position, dry cement dusted over the
mortar will cause it to harden rapidly and hold the blocks in place. After
the floor topping has been compacted and leveled, the screed blocks are
removed and recesses filled with topping material.

166. Depositing, Compacting, and Sereeding.--When all preparations
for placing have been completed as described in section 164, the epoxy
resin bonding agent is applied or the thin coat of mortar described in
section 164 is brushed thoroughly into the surface of the base for a
short distance ahead of the topping. The topping should be applied im-
mediately while the epoxy bonding agent is still fluid or before the mortar
coat has stiffened.

The finish course should be spread evenly with rakes to a level slightly
above grade and compacted thoroughly by tamping. Tamping should be
sufficiently heavy for thorough compaction. After being compacted the
topping is trimmed to grade with a steel-faced straightedge or scraper.
The screeding is followed by power or hand floating, as discussed in the
following section. Power floating results in a sounder, more durable top-
ping--sounder because a stiffer mix having less tendency toward volume
change can be used, and more durable because the power float will
compact a mix containing a high percentage of coarser aggregate, thus
increasing resistance to surface wear.

167. Finishing.----Floor finishing should never be performed by inex-
perienced operators. It is a critical task that, for satisfactory results,
requires the best efforts of skilled workmen. Two operations are usually
required in producing a finished floor surface: First, a compaction and
truing (to a rather rough texture) of the trimmed or screeded surface by
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use of power-driven floats or by hand floating with wood floats; and
second, a final compaction and smoothing (to a much finer texture) by
steel troweling. If, for economy or appearance, a coarse texture is desired,
the troweling operation may be omitted. A fine, even-grained, or scroll
finish can be attained by light troweling; a very smooth finish can be
attained by hard troweling.

(a) Floating.--Preliminary finishing, or floating, should be performed
with power-driven revolving disks equipped with vibrating devices. Power
floating is begun as soon as the screeded topping has hardened sufficiently
to bear the weight of a man without leaving an indentation--usually
within 30 minutes after scraping--and is continued until the hollows and
humps are removed or, if the surface is to be troweled, until a small
amount of mortar is brought to the surface. The floated surface should
be checked with a straightedge to see that it is accurately on grade.

Hand floating is used when the floor area is too small to justify power
floating. The screeded surface is compacted and smoothed with a wood
float and tested with a straightedge to make sure that high spots and
depressions are eliminated. Floating should be continued just long
enough to produce a true and smooth surface, and if a trowel finish is
required, to bring up a small amount of mortar. Excessive floating may
produce a floor that will dust or craze.

(b) Troweling.--Finishing with steel trowels may be commenced as
soon as the floated topping has hardened enough to prevent excess fine
material from working to the surface. This operation, which should be
performed with heavy pressure, should produce a dense, smooth, water-
tight surface free from blemishes. Sprinkling cement or a mixture of sand
and cement on the surface to absorb excess moisture or to facilitate
troweling should be prohibited. Troweling too soon, or excessive trowel-
ing in one operation, produces an unsound, nondurable finish. If an extra
hard, durable finish is desired, a second troweling should be done after
the floor has nearly hardened.

Power-driven troweling machines are suitable for use on large floor
areas.

If a ground finish is required, the surface is lightly troweled, no at-
tempt being made to remove all trowel marks.

(c) Grinding.---When properly constructed of materials of good
quality, ground floors are dustless, dense, easily cleaned, and attractive
in appearance. When grinding is specified, it should be started after the
surface has hardened sufficiently to prevent dislodgment of aggregate
particles and should be continued until the coarse aggregate is exposed.
The machines used should be an approved type with stones that cut
freely and rapidly. The floor is kept wet during the grinding process, and
the cuttings are removed with a squeegee and then flushed with water.
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After the surface is ground, airholes, pits, and other blemishes are filled
with a thin grout composed of I part No. 80-grain carborundum grit and
1 part portland cement. This grout is spread over the floor and worked
into the pits with a straightedge, after which it is rubbed into the floor
with the grinding machine. When the fillings have hardened for 7 days,
the floor receives a final grinding to remove the film and to give the finish
a polish. All surplus material is then removed by washing thoroughly.

168. Protection and Curing.--The finished floor surface should be
adequately protected from damage that might be caused by building
operations, weather conditions, or other causes. For curing, it is usually
required that ihe floor be completely covered with airtight, nonstaining,
vaporproof, plastic waterproof membrane covering which will effectively
prevent loss of moisture from the concrete by evaporation. The covering
should be applied as soon as can be without damaging the surface. The
edges of the covering should be lapped and sealed and the covering left
in place for not less than 14 days. A light fog spray applied just before
the waterproof covering is laid will improve the curing action.

Coverings of nonstaining sand or cotton or burlap mats are also
effective if kept continuously and completely moist. Other means some-
times used for curing floor surfaces are not as satisfactory as the plastic
waterproof membrane or moist coverings.

When the floor is to be subjected during the curing period to any usage
that might rupture the covering or damage the finish, it should be pro-
tected by a suitable layer of cushioning material.

Protection of concrete floor finishes during cold weather is of particular
importance as the sections involved are usually thin and the effects of
low temperature are correspondingly intensified. The space both below
and above the floor should be enclosed and maintained at an appropriate
temperature throughout the curing period. Heaters should be insulated
from the floor by a heavy layer of sand to prevent excessive drying in
their immediate vicinity.

169. Liquid HardenerTreatments.--A well-constructed concrete floor
surface in which first-class materials have been used will give satisfactory
service under most conditions without special treatment. Any concrete
surface will dust to some extent and may be be benefited to a degree by
proper treatment with solutions of certain chemicals. Included in these
chemicals are ftuosilicates of magnesium and zinc, sodium silicate, gums
and waxes. When the compounds penetrate the pores in the topping,
they form crystalline or gummy deposits and thus tend to make the floor
less pervious and reduce dusting either by acting as plastic binders or by
making the surface harder.
Application of such chemicals will have little effect on improving
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wearing or abrasion qualities of a high quality concrete surface. Surface
hardener treatments will temporarily improve the wearing or abrasion
resistance of poorer quality floors, but to remain effective they must be
reapplied periodically.

The Bureau requires that concrete floor hardeners consist of mag-
nesium or zinc fluosilicate crystals, or a combination of both, dissolved
in water. Two coats of hardener are normally applied after the floors
have been cured thoroughly and the concrete is at least 28 days old. At
time of application the surfaces should be thoroughly clean of all dirt,
grease, laitance, and other foreign matter and should be dry. The first
coat of hardener should consist of one-half pound of crystals per gallon
of water; for the second coat, 2 pounds of crystals per gallon of water

_should be used. The solution should be applied liberally b3/ floor mops,
spreading each coat uniformly over. the entire surface, avoiding pools of
the hardener solution. The first coat should be allowed to dry thoroughly
before the second coat is applied. The coverage rate for each coat should
not be more than 100 square feet per gallon. After the second coat has
dried the floor surfaces should be brushed and washed with water to
remove any crystals which may have formed on the surface.

170. Nonslip Finish.--Surfaces of ramps and other surfaces required
to retain a highly nonslip texture under traffic are sometimes treated with
an abrasive grit incorporated in the surface during the floating operation.
The grit is sprinkled uniformly over the surface at the rate of one-fourth
to one-half pound per square foot.

For the Grand Coulee Third Powerplant an epoxy-bonded, carborun-
dum-grit, nonslip finish was required for stair treads and landings. After
curing, surfaces of the treads and landings were lightly sandblasted,
cleaned, and brought to a completely dry condition. Epoxy-resin-base
grout conforming to Federal Specification MMM-G-650A, properly
mixed, was applied to surfaces at a coverage rate of approximately 60 to
80 square feet per gallon. While the applied epoxy was still fluid, No. 50
carborundum-grit was sprinkled over the epoxy coat to obtain an excess
of grit over the surface. After the grit had been rolled sufficiently into
the epoxy and after the epoxy had hardened, the excess grit was brushed
from the surface.

171. Colored Finish.--Theprincipal materials used for coloring con-
crete floors are (1) pigment admixtures, (2) chemical stains, and (3)
paints. Pigment admixtures may either be added integrally to the topping
mix by blending with dry cement or by dusting onto the topping im-
mediately after it has been screeded.

Where resistance to wear is of prime importance and for floors sub-
jected to outdoor exposure, the use of pigment admixtures added inte-
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grally to the topping mix is much better than surface treatments. Of the
pigment admixtures, the synthetic mineral pigments are preferable to
relatively impure materials. Because of their color intensity, the amount
needed is smaller and the quality of the concrete is enhanced by avoiding
excessive inert fines. For indoor floors subjected to only light traffic, the
depth of colored concrete obtained from integral mixing is not needed and
dust-on coloring may be used. With careful application, this type of color-
ing material provides a colored layer one-thirty-second to one-sixteenth
inch thick.

Regardless of the type of material selected, the quantity of pigment to
be used will depend not only on the depth of colored layer desired but
also on the color itself. The correct quantity should be determined from
test panels made with the materials to be used in the work. The pigment
procured for the job should be thoroughly blended to assure a constant
color and shade. Where a pigment is to be mixed integrally with topping
mix, it should be accurately weighed for each batch and thoroughly
bJended with cement in a separate mixing device before it enters the con-
crete mixer. It is essential that each pigmented batch be thoroughly mixed.
If successive batches are not similar in all respects, a uniform color will
not be produced. It is also essential that the finishing and curing proce-
dures be the same over all portions of the floor area.

Colored surfaces may be cleaned and brightened and thin films of ef-
florescence obscured by rubbing with a mixture of equal parts of paraffin
oil and benzine or naphtha. Waxing colored floors adds an attractive
luster, gives them a more uniform appearance, and reduces marring from
scratches and stains.

Recommended pigments are as follows:

Reds and pinks ............ Red oxide of iron.
Yellows and buffs ........ Yellow oxide of iron.
Brown .......................... Brown oxide of iron.
Blacks and grays .......... Black oxide of iron.
Greens .......................... Chromium oxide, 98 percent pure.
Blues ............................ Cobalt blue, 98 percent pure and free from

sulfates. (Ultramarine may not be de-
pendable.)

Chemical stains are primarily applicable to inside floors where some
variation in tone is preferred to the flat colors produced by pigmented ad-
mixtures or painting and where the surfaces may be kept varnished and
waxed to prevent wear. Proprietary compounds should be used in strict
accordance with the manufacturer's directions.

Painting is the least desirable of the three decorative floor treatments,
as rapid and uneven wear from traffic necessitates frequent repainting.
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When concrete floors are to be painted, the Bureau's Paint Manual should
be consulted for information with respect to preparation of surfaces and
selection of type of paint and its application.

172. TerrazzoFinish.--Terrazzofloor finish is occasionally used on
floors of Bureau buildings. Portions of the floors in several powerplants
were finished in terrazzo.
This type of constructionis highly specialized and should be performed

by experienced workmen. Complete details concerning the materialsand
proceduresinvolved are containedin the constructionspecifications.

I. Shotcrete

173. Definition and Use.--Shotcrete is mortar or concrete shot into
place by means of compressedair. Thereare two processes for producing
shotcrete. In the dry-mix process, the drymaterialsare thoroughly mixed
with enough moisture to prevent dusting. This dry mixture is forced
throughthe delivery hose by compressed air and water is added at the
nozzle. In tile wet-mix process, all materialsand water are mixed to pro-
duce mortaror concrete. The productis then forced throughthe delivery
hose to the nozzle where air is injected to increase velocity.

In past yearsmanufacturersof equipmentfor shotcreteapplicationused
several names to promote their products, although basically they were
the same. The word "shotcrete" is a nonproprietaryterm adopted by
technical societies to describe pneumaticallyplaced mortar or concrete
which by high-velocity applicationadheres to the •urface on which it is
projected.When coarse aggregateis used in the dryprocess, a set accelera-
tor can be used which aids in holding the coarse aggregate within the
mass. The acceleratoralso produces high early strengthnecessary in tun-
nel support.Until recently, the use of an acceleratorhas been limited to
the dry-mixprocess, but the wet-mix process has reportedlybeen modi-
fied to allow use of accelerators.Because the Bureauhas made little use
of the wet-mix process, the informationthatfollows is directedtowardthe
dry-mixprocess.
Shotcrete containing 3A-inch aggregate is increasingly gaining accept-

ance for use in lieu of steel sets for tunnelsupport,where adaptable.With
the acceleratorit will adhereto wet surfaces and in most instancesseal off
water seepage sometimes encountered in tunnel excavation. Either sand
or coarse aggregateshotcretecan be applied readilyon surfacesof various
materials,regardlessof shape or inclination. Shotcrete is used extensively
for repairing and strengthening buildings; for protective coatings for
structuralsteel, masonry, and rocks; and for various kinds of relatively
thin linings. Shotcrete has also been used for special ground support in
tunnel construction,coating steel pipe, canal lining, and certain types of
repairs.
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Failures of shotcrete applied to the surface of concrete are often attri-
butable to defects of the base on which coatings were applied rather than
to weakness of the coatings. A heavy base that is subject to structural'
cracking would not be restrained from further cracking by a thin layer of
shotcrete, regardless of its quality; and it cannot be expected that such a
coating will not break its bond with underlying concrete when the two
are subjected to different volume changes occasionedby variations in tem-
perature and moisture.

174. Preparation of Surfaces to be Treated.--Surfacesto be covered
with shotcrete should be cleaned thoroughly of all loose material and all
dirt, grease, oil, scale, and other
to be covered, it should be held
anchored firmly. When shotcrete

contaminations. When reinforcement is
in place by expansion bolts or dowels
is used for tunnel support, it should be

applied as soon as possible after the round is shot and close to the face.
With a mole-driven tunnel, shotcrete should be applied as soon as possi-
ble behind the cutterhead. In a successful operation, space for positioning
the nozzleman was designed between the cutterhead and the machine. It
is believed that the immediate application prevents the losing of fines from•
the rock joints, thus maintaining a keyed rock support about the opening.

175. Sand.--Sand for shotcrete should be uniformly graded. Hard
particles are desirable because soft grains crumble as they pass through
the discharge hose and form fine powder which may reduce the bonding
value of cement. Such pulverization increases with increase in the hose
length. Specifications require that the sand grading conform with require-
ments for concrete sand. For coarse aggregate shotcrete the quantity of
sand passing the No. 100 screen may be substantially increased if needed
for added plasticity and adhering qualities, provided that quality and
strength are not detrimentally affected.

For shotcrete containing no coarse aggregate, rebound, as defined in
section 176, will be less, and a smoother surface texture will be obtained
when the sand contains an excess of fines (material retained on the No.
50 and No. 100 screens) and less coarse material (retained on the No. 8
and No. 16 screens). However, shotcrete made with finer sand will have
a higher water requirement and a correspondingly increased drying shrink-
age; it will also have greater tendency to slug in the machine. If a sand is
deficient in fines, the addition of diatomaceous earth (not more than 3
percent of the cement, by weight) will improve plasticity of the mixand
decrease the amount of rebound.

Sand should contain 3- to 6-percent moisture for efficient oPeration of
equipment for application of both sand and coarse aggregate shotcrete. If
the sand is too dry, there is difficulty in maintaining uniform feeding and
also increased rebound because of a greater tendency for aggregate and
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cement to separate. If the aggregate is too wet, there will be frequent
plugging of the equipment. Use of moist sand avoids discomfort to the
operator from discharge of static electricity.

176. Rebound.--Because of the velocity at impact, a portion of the
mixture bounces from the surface on which it is being applied. This ma-
terial is known as rebound. When applying dry-mix shotcrete to over-
hanging surfaces or squaring off corners, the rebound averages about 30
percent; for vertical surfaces about 25 percent; and on nearly level sur-
faces, it is close to 20 percent. The amount of rebound tends to increase
with increased nozzle velocity. Within the range of ordinary consistencies,
when other factors remain the same, the amount of rebound for sand shot-
crete varies inversely with the water-cement ratio. As the percentage of
water is increased, the mortar becomes more plastic and sticky and has
greater tendency to adhere to the surface.

Unless the accelerator in coarse aggregate shotcrete causes the cement
to set instantaneously, very little coarse aggregate will be incorporated in
place. If the accelerator is working properly, the quantity of rebound
should not exceed that of the sand-type shotcrete. The amount of coarse
aggregate rebound is believed to be related to particle shape to some de-
gree with more angular particles rebounding to a lesser degree.

177. The Optimum Mix.--Rebound has a greater percentage of coarse
sand particles and a much smaller cement content than the shotcrete as it
leaves the nozzle. The cement content of materials as mixed should,
therefore, be less than that desired for shotcrete in place.

Although increasing the water content decreases the amount of rebound,
water content must be limited as overwetness of the shotcrete causes it
to slough from its initial position on the structure. The optimum mix con-
tains a little less water than that which will cause sloughing and just
enough cement for the desired water-cement ratio. On one large job the
optimum mix for sand shotcrete (as discharged at the nozzle) was 1 part
cement to 4.5 parts sand and coarse aggregate by weight; this gave pro-
portions in place of 1:3.2 to 1:3.8. The water-cement ratio of the fresh
shotcrete in place was about 0.57 for sloping and 0.54 for overhanging
surfaces; these were approximately the maximum ratios that could be
used without causing sloughing. Diatomaceous earth equal to 3 percent
of the weight of cement was added to make the mix more plastic.

The optimum mix proportions for coarse aggregate shotcrete are estab-
listed through test panels for each job. Although the ratio of 1:4.5 is
commonly used as a trial mix, this ratio is sometimes modified to meet
strength criteria. A minimum cement content per cubic yard as discharged
from the nozzle is usually specified; the proportion of fine to coarse aggre-
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gate ranges between 0.55 and 0.60 percent. The proportions are adjusted
during early tests to provide minimum rebound.

178. Mixing.--Thorough mixing of all ingredients, especially any
coarse aggregate or accelerator if used, is essential to good quality shotcrete.
The materials tend to cake on mixer blades and inner surface of the
shell, and the mixer requires frequent cleaning to maintain mixing
efficiency. The mixing period should be not less than 1 ½ minutes. Unused
cement and aggregate mixed material that stands longer than 1 hour should
be wasted. If an accelerator is used, it should be Well dispersed into the
shotcrete mix immediately before entering the shooting equipment.

179. Equipment.--One type of machine for placement of dry-mix
shotcrete consists of two compression chambers, one above the other. The
sand-cement mixture is introduced into the upper chamber, which is
alternately under pressure and free from pressure. When the upper
chamber is closed and the pressure becomes equal to that in the lower
chamber, a valve separating the two opens. The material drops into the
lower chamber in which a constant pressure is maintained. In the bottom
of the lower chamber a feed wheel, driven by an air motor, takes the
material to the outlet where air, introduced through a gooseneck, forces
it through the outlet valve and hose to the nozzle. Water under pressure
is conducted by a separate hose to the nozzle where it enters the water
ring and is sprayed radially into the stream of mixed sand and cement.

Several makes of gunning equipment are available for placing dry-process
shotcrete containing sA-inch aggregate. Each machine has a basically
horizontal chamber into which the material falls and which then is rotated
through an airlock to drop the mixed material into the airstream. The
material is then conveyed by air to the nozzle where water is injected
into the material stream. The wet process gun has two chambers. One
is used for mixing while the mixture from the other is being placed.
Thus continuous placing is achieved.

Another type of machine feeds the mixture of sand and cement to
the material hose by screws. The dry mixture is forced by air through
the hose to the nozzle where water is added as described in the preceding
paragraphs.

Use of elevators or conveyors and gravity feed greatly increases output
of most units and adds materially to the quality of the product through
increased efficiency of equipment. The mobile unit shown in figure 203
is an example of such an assembly.

180. Placing and Curing.DFor proper application, the nozzle should
be held normal to and about 3 feet from the surface to be coated, as
shown in figure 204. The most favorable velocity for material leaving the
nozzle depends on size of nozzle. For a 1¼-inch nozzle, the velocity
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should average about 475 feet per second. In finishing off corners, or in
confined spaces, lower velocities (hence lower pressures) are more
satisfactory.

Average compressor capacities for various nozzle sizes and required air
pressures are shown in the following tabulation:

Compressor Hose Maximum size Operating air
capacity, diameter, o/nozzle tip, pressure available,
]tS/m in in lblinj
250 1 ¥4 40
315 11/'4 1 45
365 1½ 11,/4 55
500 lS/a 1½ 65
600 1¾ lS• 75
750 2 1¾ 85

In the dry process it is essential that water pressure be greater than air
pressure to ensure complete wetting of the materials at the nozzle-and to
give the nozzleman a quicker, more positive control. Maximum, minimum,
and average air pressures, water pressures, and hose lengths are given in
the following tabulation:

Maximum Minimum Average
Air pressure, pounds per square inch.......... 70 35 50
Water pressure, pounds per square inch ........ 130 50 70
Hose length, linear feet ................................ 350 50 200

When coatings 1 inch thick or more are to be applied to vertical or
overhanging surfaces, shotcrete without coarse aggregate should be applied
in several layers to prevent sloughing of freshly placed material. For level
or slightly sloping surfaces the thickness of a single layer may vary up to
a maximum of 31/2 inches. When more than one layer is applied, a delay
of 30 minutes to 1 hour between applications is usually sufficient to pre-
vent sloughing. For shotcrete containing coarse aggregate and an accelera-
tor, no delay is necessary since initial set takes place almost immediately
and it gains strength rapidly. Layers should be applied before the pre-
viously placed shotcrete has set completely, otherwise a glaze coatingwill
form on the surface of the previous layer. There is no apparent difference
between finished placements started at the top and those placed from the
bottom upward. It is essential that the surface to be coated be free of
rebound.

-Shotcrete is ordinarily placed by a crew of three: a nozzleman, a ma-
chine operator; and a person to clear the rebound. Only experienced per-
sons should be employed as the quality of coating depends in large part
on the skill of those who place it. The nozzleman places the shotcrete to
line and grade, adds the correct amount of water at the nozzle, applies
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the shotcrete systematically so that rebound can be kept cleared away
from the work, and minimizes rebound by holding the nozzle in proper
position. The machine operator regulates the air and water pressures and
the rate of feed to produce a uniform flow of the proper velocity at the
nozzle. This enables the nozzleman to place a coating of good quality.
The third person clears away rebound so that it will not become incor-
porated in the shotcrete and also helps the nozzleman move the hose
when changing positions.

Operations should be suspended when wind blows spray from the
nozzle and prevents proper control of consistency.

Contrary to some belief, shotcrete has no special virtue because of the
method of application. Density and other properties are not materially
different from or superior to those of other mortars or concrete of similar
mix and water-cement ratio. It can be screeded and troweled the same as
other mortar or concrete without impairment of properties. However,
where the security of bond with underlying materials is important, as in
repair of structural work, shotcrete should be screeded and troweled with
extreme caution. This special care in finishing is not necessary where the
shotcrete is used for canal or reservoir lining on an earthen subgrade.

To gain sufficient strength shotcrete must receive proper curing. When
shotcrete is used as protective coating, curing can be minimal; but when
it is to be used as part of a structure or as permanent structural tunnel
support, some curing is usually necessary. If the ambient relative humidity
is above 85 percent or the shotcrete is applied to wet rock, sufficient cur-
ing water should be present. In dry tunnels with low humidity, bulkheads
and an atomized moisture environment of at least 85-percent relative
humidity should be maintained. If the shotcrete is used as tunnel support
and later covered with concrete, the shotcrete needs only to achieve a
specified strength. Depending on moisture conditions in the tunnel, it may
or may not need additional curing.

If shotcrete is placed above ground, it should be water cured and pro-
tected from direct rays of the sun for 3 days, unless it will be flooded as
in canals. Much of the completed area of shotcrete becomes coated with
rebound. In some applications, such as in canal lining where sand shot-
crete is placed, it may be advantageous to allow the coating of rebound
to remain in place because of its ability to retain water and thus enhance
the effectiveness of water curing. For some canals, shotcrete canal lining
has been treated by curing compound, and in these instances the coverage
rate should be more than the usual 1 gallon per 150 square feet. Where
membrane curing is used and rebound has not been removed, an exces-
sive amount of curing compound is needed for effective sealing of the
rough, porous surface. Pneumatically applied canal lining should be swept
or the rebound troweled to a surface that can be effectively covered with
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curing compound. Rebound on shotcrete coatings applied to steel pipe
should be swept off where membrane curing is used. This should be done
as the work progresses and before rebound becomes too hard.

Because of the thinness of shotcrete coatings on steel pipe, good curing
of these coatings is of special importance. Recommended procedures are
discussed in sections 184 through 187 and in section 125.

Test cylinders (6- by 12-inch) for shotcrete containing sand can be
made by shooting the mortar vertically into cylindrical cages of 1/•-inch
mesh hardware cloth mounted on a board. The mortar outside the mold
should be removed immediately after shooting the specimen so that the
wire mesh can be detached before testing. Because the above method may
not give good representative samples, it is now common practice to cut
cubes or core cylinders from panels made of shotcrete for compression
strength tests. If cubes are made, a correction factor should be applied to
relate the cubes to cylinders having a height-to-diameter (H/D) ratio of
two. Cubes of comparable concrete average about 15 percent higher in
compressive strength than do cylinders with a height-to-diameter (H/D)
ratio of two. Cores can also be drilled from in-place shotcrete at various
ages to evaluate compressive strength where the shotcrete is of sufficient
thickness.

J. GroutingMortar

181. Uses and Essential Properties.--Theterm "grouting mortar" as
used in the following discussion has particular reference to special sand-
cement mortarsfor sealing joints of precast pipe, seating machineryand
structural steel memberson foundations, and filling reglets for roof flash-
ing. Neat cement grout for pressure grouting of contraction joints and
rock foundationsand sand-cement grout for pressure filling of cavities be-
hind tunnel linings are not within the scope of this discussion.

Grouting mortar must readily and completely fill the space to be
grouted and, insofar as practicable, must permanently retain original
volume. Ordinaryplastic and fluid mortarsare unsatisfactoryin these re-
spects because of the inherenttendency of solid constituentsto settle and
leave a layer of water at the top surface. A second but less objectionable
characteristicis shrinkage that occurs when such hardened mortardries.
Settlement can be practically eliminated by using special ingredients or
treatments,but drying shrinkage can be reduced for a given mix only
by use of stiffer mortar.Fortunately, drying shrinkage of the grout sec-
tions usually is so small that it may be disregarded.
Factors influencing the amount of settlement for a given mix are (a)

consistency of mix, which, in turn, depends on unit water content, (b)
grading of sand, (c) fineness of cement, (d) time that elapses between
placement and initial set, and (e) length of time interval before placing
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during which the mortar is maintained in a plastic condition by continuous
or intermittent mixing. In the following section mortars are described
which are so fluid that they readily flow into and thoroughly fill small
spaces but have negligible settlement.

182. Types of Nonsettling Mortars.--In general, nonsettling mortar
is prepared by a prolonged or delayed mixing of ordinary mortar, by adding.
a special ingredient to ordinary mortar, or by using a special cement.
In all preparations the sand should preferably contain approximately 25
percent of material that will pass a No. 50 screen. The mortar should
be no wetter than necessary for satisfactory placement.

(a) Prolonged or Delayed Mixing.--Reduction of the interval between
time of placement and initial set, by extending the mixing period or by
delaying final mixing, results in material reduction of settlement. A mix
of 1 part cement to 2.5 parts sand with a water-cement ratio of 0.50
and a 6-inch slump after about 10 minutes of mixing in a mixer and
1 hour of mixing in a mortar box with a hoe has been used by the
Bureau for grouting reinforcement bars in holes drilled in rock. This
method, termed premixing, has also been successfully used for several years
in minor repairs of disintegrated concrete by the Oregon State Highway
Department. The reduction in settlement that may be expected from
prolonged mixing is indicated in table 28.

(b) Addition o/Aluminum Povcder.•Aluminum powder added to
concrete reacts chemically with alkaline constituents of the cement and
generates hydrogen gas. Expansion of the mortar, which results from
generation of the gas, causes the mortar to fit snugly in the space which
confines it. Such mortar is, therefore, useful where tight grout fillings
are required. The ground aluminum powder should contain no polishing
agents such as stearates, palmitates, and fatty acids and may be o• any
variety that produces the desired expansion.

Some brands of aluminum powder do not react as expected; consequently,
tests should be performed with the materials prior to their being used
in construction work to establish the required amount and effectiveness
of the variety. Extremely small amounts are required. Laboratory

Table 28.--Effect of prolonged mixing of grouting mortars

Unit 24- Mixing Slump. Unit 24-
Mix, W/C Mixing Slump, hour settle- time, hour settle.

cement by time, inches inches
to sand weight minutes ment minutes ment

1:1 ........... 0.40 15 10•A 0.0011 105 9t• 0•0005
1:2 ........... 0.50 15 10 0.0037 135 9t• 0.0005
i:3 ............ 0.65 15 9sA 0.0073 150 9t• 0.0005

Type I portland cement and concrete sand within Bureau specificationswere used. The F.M.
of the sand was 2.67. Each value of settlement represents the average of three specimens stored
in laboratoryair for 24 hour's. After 4 hours of mixing., the I:1 mix had a I-inch slump.
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tests have demonstrated that a mortar suitable for use under machine
bases may be produced by adding to a 1 : 1.5 mortar mix having a water-
cement ratio of 0.50, a quantity of aluminum powder equal to 50 to 60
millionths of the weight of cement used (about a teaspoonful per bag of
cement). With well-graded sand such a mix will have a slump of about
11 inches. A 1:2 mix with a slump of 1 inch and containing the same
proportion of aluminum tO cement is satisfactory as a filling for roof
flashing reglets.

It is important that the dosage for each batch be very carefully pre-
pared and weighed. The aluminum powder should first be blended in
proportions of 1 part powder to 50 parts cement or pozzolan by weight.
The blend is then added by sprinkling over the batch. Dosage of the
blended material will be governed by the amount and chemical composi-
tion of the cement used, placing temperatures, and whether the aluminum
admixture is used in a grout, sand-cement mortar, or concrete. The
amount to be used should be adjusted as necessary to obtain effective ex-
pansion. To assist in establishing proper amounts of blended material for
the particular work involved, the following dosages are suggested for
preliminary trial mixes:

Blended aluminum powder,
ounces per bag of cement

Concrete or grout
70* F placing
temperature

Concrete .............................................. 6.5
Sand-cement grout .............................. 5.5
Neat-cement grout .............................. 4.5

40* F placing
temperature

to 10.0
tO 8.5
to 7.0

It is advisable to mix the aluminum thoroughly with the cement and sand
before water is added because aluminum powder has a tendency to float
on water. Batches should be small enough to allow placement of freshly
prepared mortar as the action of the aluminum becomes very weak about
45 minutes after mixing. After all ingredients are added, the batch should
be mixed for 3 minutes.

(c) Use o[ Special Expansive Cements and Mortars.---These are pro-
prietary products designed to expand sufficiently during initial hardening
and curing processes to offset subsequent shrinkage and assure complet•
filling of the grouted space. Confinement of the grout is essential to pro-
duce the small compressive stresses necessary.

Expansive cements are essentially portland cement with small amounts
of expansive components introduced during manufacture or subsequently
interground with cement clinker. The expansion is caused by formationof
a solid compound rather than gas.
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Mortars are prepared mixtures of cement and fine aggregate. Some-
times an expansive cement provides expansion, and in other cases, a com-
ponent acting on portland cement forms gas bubbles similar to the action
of aluminum powder.

Since many of these products are relatively new, assurance of suitability
should be ascertained by performance records or preliminary tests.

183. Machine Base Grouting Proeedure.--The effectiveness of a
hardened cement mortar in firmly securing a machine to a base depends to
a great extent on the procedure used in placing the material. In practical
terms, grout or mortar is a plastic material introduced between a piece of
machinery and the foundation. The method of introducing the mortar
may vary, but certain fundamentalsteps are required for assurance that
the space is completely filled and that the mortar will remain in intimate
contact with base and machinery.

The preparation of the foundationshould be accomplished before the
machinery is set. It is important that the concrete base be thoroughly
Cleaned and wet before grouting begins. The surface may be prepared
through use of either a pneumatic or electrically driven chipping hammer
equipped with a bull point or spade point chisel or with a hand bush
hammer where air or electric tools are not available. Oil or grease should
be removed as described in section 120 and thoroughly flushed or re-
moved by chipping to a sufficient depth.

The machine base or soleplate should be cleaned of rust, mill scale,
paint, oil, or grease before it is set into place. When a soleplate is used
and it is necessary to lubricate between the soleplate and machine base
in the final alinement, either a light coating of paraffin or flake graphite
or other special lubricant should be used. The metal surfaces should be
wet before grouting to facilitate the flow of grout around and under foun-
dation bolts and machine parts.

The forms around bases should be built of lumber not less than 1 V2
inches thick and should be braced securely to minimize bending and slip-
ping during grouting operations. To assure that the space to be grouted
remains full during grouting, the grouting should be done under pressure.
This may be accomplished (1) by using an expanding agent such as
aluminum powder as discussed in section 182(b), or (2) by providing a
static head pressure by extending a part of the form at least 6 inches
above the machine base or soleplate. Where bond between metal parts
and grout is not desired, flake graphite or paraffin should be applied to the
metal parts.

In proportioning the grout mixture, use of too much water should be
avoided. A low water-cement ratio will aid in reducing shrinkage and also
in developing strength. The water-cement ratio should never be greater
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than 0.50. A mix proportion of 1 part cement and 2 parts sand with a
slump of approximately 4 or 5 inches should be used for machinery set
with light loading. For heavy loading, the mix should be 1 part cement to
1½ parts sand with a slump of not more than 3 inches. When greater
flowability of grout is needed, the water content may be increased pro-
vided the water-cement ratio is 0.50 or less. When the vertical grout space
exceeds 3 inches, additions of 31/fi parts of clean coarse aggregate up to
l/fi-inch size can be included.

After the grouting mortar has been allowed to settle in place for 30
minutes, surplus air and water can be eliminated by rodding. This can
be facilitated by having previously laid a length of chain or hoop steel
under the machine and extending it from the forms so that it can be
grasped and drawn back and forth as additions of grout are made.

K. Mortar Lining and Coating of Steel Pipe

184. Definition and Uses.--Cement-mortar as used for the protection
of steel pipe against corrosion is basically a mixture of portland cement,
sand, and water. Generally, mortar for these applications contain, in addi-
tion, pozzolan or natural cement. Normally the mortar is applied at a
thickness of five-sixteenths to one-half inch for interior linings and one-
half to three-fourths inch for exterior coatings in Bureau construction.
Other uses may require different thicknesses. The coating owes its ability
to mitigate corrosion largely to the fact that as portland cement hydrates,
calcium hydroxide is liberated and, being a strongly basic compound,
stifles rusting. Thus, it makes little difference whether the coating becomes
saturated, and hairline cracking can be tolerated.

Cement-mortar coatings may be applied by pneumatic placement, ex-
trusion, brush coating, or any other method that will give equivalent re-
suits. Mortar linings are commonly placed by the centrifugal method. In
rehabilitation work they have also been applied in place on waterlines
over 4 inches in diameter by means of special pipe-cleaning and mortar-
application machines. Cement-mortar linings are best adapted to pipe
continuously filled with water; they may not serve well where the lining
will dry, as in exposed steel siphons. Pneumatically placed, steel-reinforced
mortar has been used by the Bureau for some time as an exterior coating
for buried steel pipe. More recently cement mortar has come into wide use
on interior surfaces of steel pipe.

185. Inplace MortarLinings.--Field application of mortar linings is
very often employed in rehabilitatingold, scaled, or tuberculatedwater-
carryingsteel pipelines to stop internal corrosion and increase carrying
capacity. The thick, rigid lining seals small undetectedholes in the steel,
and the alkaline environment it creates next to the metal effectively stifles
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further corrosion which, with a pipe in near failing condition, might soon
lead to extensive leakage. Steel pipelines installed unprotected or with
temporary protective coatings, and which consequently tuberculated se-
verely, have been restored to nearly full capacity by application of a
smooth, continuous mortar lining. Inplace mortar linings may also be
used with new piping, especially large-size piping which cannot be shop
lined because of size or need for pressure testing prior to the lining

application.
An important advantage of a mortar application is that an elaborate

metal cleaning process, such as sandblasting, is not required. All loose
rust, scale, and deteriorated paint coatings should be removed; various
machines have been developed for this purpose. Usually, these consist
of scraping tools drawn by winches or driven by hydraulic pressure through
the piping. The materials so loosened are then pulled from the pipe with
rubber swabs. Pools of water must also be removed; however, a thoroughly
dry metal surface is not required.

Two types of special inplace lining equipment are suitable for small-
diameter piping, that is, piping with a diameter of 4 to 16 inches. In one
process, cement mortar previously fed into the pipe is distributed by pull-
ing a conical-ended, cylindrical form through the pipe. The form, having a
diameter selected to produce the desired coating thickness, drives the
mortar supply ahead, leaving behind it a smooth layer over the pipe sur-
face. Water is squeezed from the mortar through perforations in the
cylinder, drying and densifying the lining, and the pressure of the form
forces the mortar into intimate contact with the pipe. A second process
for lining small pipe employs a centrifugal machine which distributes the
mortar by spinning it from a rapidly revolving head, thickness being con-
trolled by rate of travel. This process does not produce a troweled finish.
For large piping, up to 12 feet or more in diameter, the mortar is also dis-
tributed by a centrifugal machine; however, it is further smoothed by
rotating mechanical trowels. (See figs. 205 and 206.)

Inplace mortar application to small-diameter pipe ordinarily necessitates
that access be obtained at short intervals, say every 250 feet. With larger
piping, the interval may be increased. Also, certain machines will line
around bends of larger sized pipe. Otherwise, these bends must be hand
coated, and the result should be generally equivalent to that obtained by
machine. Operation of lining equipment and correct proportioning of
mortar mix for proper consistency require special skills, and experienced
contractors employing trained men are best suited to perform such

applications.
Curing a newly applied, inplace mortar lining consists essentially of

keeping it moist. Thus, immediately following mortar placement, the lined
section should be closed to prevent air circulation. Water may be intro-
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Fiig;ure 205.--Workmen shove ing: rnorta•r iinto a Iliiniiing mac:hir,e v•hic:h wiillll

distriibute iit over the iinteriior sulrfa•ce of a st:eell pipe. Reiinforcement: has been
f astenedl to the surface to st:rengthenl t:he liining. Normallly, the liining i:s plalc:ed
without re•iinforcement. P]216-100-19.

dluced 24 hours, af'•er p, lacemer, t to c:,,:•nth-J•;le •l'le cu>e, al•h:c:,ugh lligh
veloci•.ies which mi•h'• e>E:•de: the: m,•3,rtar sh.c3,ulld D,e avoided lot an :,dldi-

donal 2: days. Moist curing should h,e c,cmli[Jluledl for ;ll{ l!east 7 days.. Most
pip, el]ines IirTled by inp, Iace me:tLc, d:s are: bt:l•ied., herJcc:: al"c: not s'tab,je:ct to,
drying: o,r expansion •r, dl con•rac::tic,.n c::a•_•scd by temperature: e:xtre:mes.
F'u:r'ther:. ii•: is often desiiredl to p/lac::e these piipclJirJes back in set'vice as soc,,n

as; po.ssible. They al:e., t:hc:refo•c, likely to,, rc:main in, •, damp c,;:,ndlil:i,::m;.
l•c,,weve•',, it: Jis. not desi•ak, le: to. •]]l,:r,a, •he rn,:>rlar 1o k,c:come thc•,>:;)ug:h]ly
dry either d!uriing the: cur rig: pe•'Jic,,d or lhereaf•e•'.

18;6;,, S,hop-,Appllied •,,lorlar L,,in:i.gs and Co.alings .... [:;.? :•:ar 1he: majiof
iipv.., c,,f' mortar rJin•,;;•:• and c:,=)a'•iings f.c,.• s.•e::c:] pipe usc:d by •]•e Bureau are
app]lied iin d•e shop p,•'ic,,r •o instal:kadc,.n., and prc,,ccdurcs, for d-•e applica-
I:ion, s. are se{ f'oI"[]-J, hq, B•Ll•re:au c:c,,nstrL•ctio•q• s;pe, ciificadcms. The General
S,erviices Ad[mir.Js•ra'dor• ]'l•as iis.s.ued Federal Spcci•ca•i,:m, SS P 3.g5 ti't]ed
"P'i!pe,. Stee]l (C:emen'•-rr3ort:ar LJiniing and ReirJ=f,m'ccd: Ccmc:n•-n-•or•ar
Coat i n g ) 2"

The fe, ll[ow ng pa•"ag•aph•s review p•occ:d!•,rcs and p,>3visi:ons •'cf•lec:dng
present require:merJ, ts..

(a) S•,•'rt:ace' P•"<p•raGon.--As wJith mplac:c mc,,•tar ••pp]lic:atiorJs;, sulr'facc:
pre:paradon c,.f e•,•terior a•d im:erior pipe surf'aces, f,o•17 shc,,p-applicd s•,o.:tar
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Fiigure 206,,--T'ro,wels srn,oot:hlingmortar whiic:h has been, spialrt to, the pipe s;url"a,ce
b,y the rotary headl ii, n t:he, Iliin, iing machiine,,, Tlliis pro,duc:es a surfac:e wh, iie:h, has,
good hyd;ra, uli, c:: flow charac:teristics,,, P'l,2:6-IOO-!J 8,.,

c:o•utJln•z• ii• intended t.c, r,cn•c:•,vc grc:as'.!•' c,,• Ic,',,c'lll •lLtt•crin•g mate:rk:Lls f'rci,m
th, e s, urfiJc:c but not necc:ss;arJ@ Io expc,•,c th, e b;•,c mc,•;,l Akhe,ugh inti-
m;,.•.e morlar cq)FJl{•,ct With "LhO F'ipC iiS; dc54i]1-c,d, adhesi.,:•n in fl'l•e usuall sense

is r•c,l, deper•ded up.o• it, h, fld the n'Jc,•t•.r in tz:,ll;•ce a•. v, iith oth•c:r c:oatiings.

,',b) .,•kfc•l'erh:,rt,•--M•t:::ri:Jls t,:•r coal:il:lf: arid ]i:nirlg cc,ns;ist c:,f' wat:er,
cement., arm a grinded s•md \X,.•'•tcr •;h,:•,L•lld bc free of ,•,'t•iiecti,::)rJ•b]lc quarJ, ti-
tics ,:•f sillL orgar, ic: m,n•ler. '.•cids. a];kalliies... •.ali•s... and othcr irnpurkies..

Tlh,c t:!(p,c: of cement tc, be :L•scd m o::,;1Win• or [imng :, pi, pciis;, usualJ|y

requi:c:.d: be: t'f•c: •.amc: a,. ,L•'<:d in cor•c::c•c ,:.truc:•.ures. Where ffJe ]imng

or t2odtiFII ° •,•.'i]]] bC: Jlt3l COIqli',I•2E ',•,il]'h >.LI],f•.tC-k:'L:;IlTJ]71• \'•.•tC'rS ¢'•'r 'W]it• SC'i],<•; COn-
1.•fiin, iiFig sollub]lc sulfiltc:, il: iis;. oItc:n n, ecc•,>,z•Ci •.c:, rc:quiire ase of a cement
that wil]l prc,,vJidc pc,,•;.ilivc rc:s;iisl:tnce to s;•tll•t,L• ;2•tack:. Whc:xc •l•l•e se,]u'oNe
s,a]lf',3te concentr•lfi,•:•]r• ]in s, oil c,r ,•r,::•und v, atcr !i5; modcr•tc:ly high., use: of
1:2!.'pc ]1 c::ewlent Ji,• spc.ci•icd. Type \/ s.ullt:,t,L-resis, ting cemc:nt is s.pecitSed
whcn the s.o, il or v,,al.c:r com•ir•s sc, k•blic s..ull;::•tc:f; in such concentrations as
wou•ld cause s.eri•,o, us dc:te:ri,:•rafi•o• if otl-•cr types; of cc:me•?ts, were used.

In •dlclJiti•c•,n t,::• ?,rovidin.g F, rc, tcction f'•,c•.m sulfatc •t•a•c:k for the ]lining::
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or coating, it is necessary to provide protection from alkali-aggregate re-
action. This is usually accomplished by requiring use of a low-alkali
cement, which contains not more than 0.60 percent alkalies (percentage
of sodium oxide (Na._,O) plus 0.658 times the percentage of potassium
oxide (K20)). If the aggregates to be used in a coating or lining are
known to be deleteriously reactive with high-alkali cement, or if the re-
activity of the aggregates is not known, use of low-alkali cement is re-
quired to assure adequate protection against potential alkali-aggregate
reaction.

Sand for the mortar should be hard, dense, durable, uncoated, and
otherwise conform to quality requirements for sand used in concrete. The
following sand grading is suitable for mortar:

Individual percent,
U.S. standard by weight,
sieve No. retainedon sieve

.................................................................... 0

8 .................................................................... 0-5
16 .................................................................... 10-20
30 .................................................................... 20-30
50 .................................................................... 25-40

100 .................................................................... 15-20
Pan .................................................................... 3-7

This grading permits some latitude to allow the advantageous use of
materials at hand and, particularly when a lining is to be applied, the
most suitable selection for the thickness specified.

(c) Exterior Coatings.--Forcoating the pipe exterior, mortar mix may
consist of 1 part cement to about 4 parts dry sand, by weight, together
with sufficient water to produce suitable consistency, quality, and uni-
formity. Some modification of these proportions may be required to
obtain best results with the particular materials at hand. The cement and
sand should be machine mixed for at least 1 •,,• minutes prior to placement
by pneumatic, steam, or other method. Accurate measurement of quan-
tities is required to assure uniformity of resulting mortar and hence ap-
plication characteristics. Rebound may be used to replace sand in
amounts up to 50 percent by weight of the amount of sand required in
the cement-mortar mixture.

Exterior mortar coatings require reinforcement. The reinforcement
may consist either of helically wound, cold-drawn steel wire of a cage
of welded wire fabric, 2- by 2-inch 14-gage or 2- by 4-inch 13-gage, con-
forming to Federal Specification RR--W-375; or l-inch hexagonal
twisted wire fabric, 18- or 20-gage, ribbon mesh with both edges selvaged,
conforming to ASTM Designation A 390. The netting may be either
galvanized or not galvanized. Since reinforcement must be approximately
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centered in the mortar layer for maximum effect, welded cages or the
wire netting should be self-positioning.

The helically wound wire, not less than No. 14 gage, should be care-
fully placed during application, with the spacing not to exceed 1 ¼ inches.
The reinforcement should be embedded at the approximate center of the
cement-mortar coating, and tension on the reinforcement must be suf-
ficient to prevent sagging because of the weight of the mortar as it is
placed. Ends of the netting should be securely fastened at laps. The rein-
forcement is intended to cover uniformly the entire surface; hence, ad-
joining circumferential strips of netting should overlap each other. When
mortar is placed, the reinforcement should be free of dirt or grease.

In applying exterior mortar by means of pneumatic or steam pressure,
the sand and cement are thoroughly mixed, then combined with a care-
fully controlled amount of water in a nozzle or spray head and propelled
a distance of 3 to 5 feet onto the pipe surface by air or steam pressure.
The water should be maintained at a uniform pressure of at least 15
pounds per square inch greater than the pressure in the placing machine,
which should be at least 35 pounds per square inch. The mortar stream
should be directed normal to the pipe surface.

Premixed plastic mortar may also be applied as an exterior coating by
revolving belts or brushes, or other mechanical means such as extruding.
In the first two methods, straight sections of piping, rotating on rollers,
move past the mortar jet at a rate sufficient to produce the desired coat-
ing thickness, which can be controlled within narrow tolerances by careful
adjustment of the rate of travel. In the extrusion method, the pipe moves
longitudinally through a device which places the coating and immediately
covers it with a spirally wrapped polyethylene membrane. This membrane
supports the coating and provides an airtight covering.

Hand-held equipment is used for coating irregularly shaped sections
not suitable for rotating. Close control of the mortar consistency is es-
sential to secure high strength, adhesion, and a dense coating. Excessive
moisture tends to cause sloughing, while a very dry mix will result in
excessive rebound. Where sand pockets or signs of sloughing or separa-
tion from the surface are found, the coating should be stripped away
promptly and a new mortar placed.

The following thicknesses are often used for the sizes of pipe shown:

Inside
pipe diameter, Exterior mortar

inches thickness, inches
4 tO 12 ........................................................................ ½

14 to 18 ........................................................................ s/'a
Over 18 ........................................................................ 3,4

Extreme importance is attached to securing good curing of mortar
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coatings and preventing drying in the early stages. Accordingly, the
coated piping (except for extruded coatings) is carefully moved to a
curing area where, as soon as the mortar has set, it is kept continuously
moist by sprinkling for at least 7 days. To expedite the coating process,
accelerated curing can be accomplished by storing the pipe in a steam
environment at elevated temperatures. Steam curing at temperatures be-
tween 130 ° and 150 ° F may be substituted for wet curing on a time ratio
of 1 hour of steam curing to 4 hours of wet curing. The pipe should be
brought to curing temperature at a rate of not more than 30 ° F per hour,
but in no case should the temperature exceed 100 ° F within 2 hours
after the mortar is applied. After steam curing, the pipe should be pro-
tected from rapid drops in temperature which may damage the lining or
coating. Cement mortar coatings applied by extruding are cured by
airtight wrapping of polyethylene membrane placed on the pipe im-
mediately after coating. Failure to achieve a satisfactory cure may result
in shrinkage cracking of the coating, lowered mortar strengths, and de-
creased durability.

(d) Interior Linings.--For the pipe lining, a richer mortar mix is
usually specified and consists of 1 part cement to about 2½ parts sand,
by weight. After a 3-minute mixing period, the mortar should be applied
promptly.

The pipe to be lined, having been cleaned as previously described, is
rotated on rolls as the mortar is introduced by a feed line or trough. The
quantity of mortar must be accurately gaged to produce a finished lining
of the specified thickness, and the initial speed of rotation is selected so
that the mortar will flow and distribute itself uniformly over the surface.
Thereafter, more rapid rotation compacts and densities the mortar and
smooths the surface. Water is forced out of the mortar by centrifugal
force of high-speed spinning, and the mortar develops sufficient density
and bond to the metal so that the pipe can be gently moved from the
spinning rig to a curing area. Before moving the pipe, excess water is
removed and the lining inspected for uniformity of thickness and any
defects. When rotated at high speed, pipe sections should exhibit no ec-
centricity which would cause vibration and result in undesirable nonuni-
formity of lining thickness. Any pipe sections that fail to rotate smoothly
should be trued or stiffener rings installed before being lined. Lining
thicknesses commonly used for the pipe sizes shown are as follows:

Inside
pipe diameter, Mortar lining

inches thickness, inches
4 to 12 ........................................................................ 5A6

14 to 18 ........................................................................ 3/a
Over 18 ........................................................................ ½
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Curing of linings, as with coatings, consists of preserving a moist at-
mosphere. This is done by capping the pipe with a waterproof cover
immediately following the mortar application. This procedure prevents
drying air from circulating during the first stages of mortar curing and
eliminatesmaintaining a sprinkler system where piping will be lined but
not coated. If additional moisture is required to maintain a moist condi-
tion, water is introduced inside the pipe. If steam curing is used, it is
necessary to cap the pipe ends when steam curing is interrupted or com-
pleted. A minimum of 7 days of water curing is required and, as with
mortar coatings, steam curing may be substituted on the basis of 1 hour
of steam curing for 4 hours of water curing.

Proper curing of mortar linings assumes even greater importance than
curing of coatings on the exterior since the lining is usually unreinforced
and will have no backfill to assist in holding it in place. Even with proper
curing, if followed by thorough drying, the mortar may develop sizable
longitudinal and circumferential cracks which penetrate to the pipe steel.
These cracks at least partially close upon rewetting and, so far as is
known, have little effect on serviceability of the lining. However, in larger
pipe sizes the cracks may be proportionately larger, and since mortar
thickness compared to pipe diameter is smaller, the arch effect holding
the lining in place is weaker. During transPortation and handling, more
severe flexing of the less rigid large piping can be expected and the
potentiality is increased for damage to a cracked lining, particularly when
very high temperatures prevail.
If lining is improperly cured, not only will strength be decreased, but

cracks of excessive width may develop. Ideally, of course, the lining
should remain moist from the time of application through installation,
and a practical approach to this ideal may be justified. Transparent plastic
membrane covers used on pipe ends retain moisture on the pipe interior
for long periods. Droplets of water on the plastic give visual evidence of
the effectiveness of the seal obtained and permit rapid inspection for
curing adequacy of large quantities of piping. Obtainable at minor cost,
the covers prevent high-velocity dry air from passing through the pipes
during shipment from lining plant to jobsite and will retain moisture in
the mortar through a storage period.

(e) Specials.--Bends, transitions, manifolds, and other irregular shapes
require the same mortar linings and coatings as adjoining straight pipe
sections. On the exterior, with reinforcement installed as previously
described, the mortar may be applied by means of a hand-held nozzle.
This method is used also on the interior, or the mortar may be carefully
troweled on. The quality of coating should always equal machine-applied

coating.

187. Field Coating of Joints.--Mortar-linedor mortar-coated pipe
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sections may be connected by means of a variety of joints, including bell
and spigot, welded, and rubber-gasketed joints and mechanical couplings,
and the coating protection must be extended to exposed metal when the
joint is complete in the field. On piping too small to be entered, ends or
couplings are coated before joining with a mortar consisting of 1 part
cement to I part sand. As the sections are thrust together, some of this
mortar squeezes out, projecting into the path of waterflow. A smooth
lining, flush with adjacent mortar, can be secured by drawing an inflated
rubber ball through the joint. Joints in large piping are troweled smooth
by hand. The exterior surfaces of the joint must likewise be protected.
Reinforcement comparable to that embedded in the machine-placed
mortar is first secured around the joint; then mortar is placed to the same •
thickness as required on piping. The mortar may be applied •ither
pneumatically or troweled on, and it should be coated with white-pig-
mented curing compound until backfill is placed.

L. Concrete Polymer Materials

188. ConcretePolymerMaterials.--Newmaterialsfor construction.•
(a) General.--A major advance in concrete technology in recent years
has been the development of polymer-impregnated concrete----concrete

" that is impregnated with a liquid monomer or resin system that is subse-
quently converted to a solid polymer. Research carried out cooperatively
since 1966 by the Bureau of Reclamation and the former Office of Saline
Water, the Brookhaven National Laboratory, and the Atomic Energy
Commission has indicated that impregnation and polymerization pro-
cesses have induced substantially improved structural and durability
properties in polymer-impregnated concrete formed as compared with
conventional concrete. Maximum increases in strength up to almost four
times have been obtained. Water permeability has been reduced to
negligible values, and water absorption has been decreased by as much
as 95 percent. Abrasion and cavitation resistance has shown significant
improvement. Freeze-thaw resistance has been greatly improved, as has
corrosion resistance to distilled water, sulfate solution, and acid. These
and other improvements in physical and chemical resistance properties
of polymer-impregnated concrete as compared with those of unimpreg-
nated portland cement concrete are shown in table 29.

This section defines concrete polymer materials and briefly summarizes
the properties of polymer-impregnated concrete. Users of concrete po-
lymer materials will find that continued reading of the technical literature
describing on-going research in this new technology of concrete to be
essential in utilizing the benefits in a variety of applications in construe-
tion.

(b) Definition.--Concrete polymer materials may be defined as con-
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Table 29.--Typical propertiesof polymer-impregnatedconcrete

Unimpregnated Polymer-lmpregnated
Property Concrete Concrete 1

Compressive strength, Ib/in'- 5,300
Modulus of elasticity, l& Ib/in-"
Tensile strength, lb/in'-'
Modulus of rupture, lb/in'-'
Flexural elasticity modulus, 10" Ib/in•
Hardness, "L"-type impact hammer
Abrasion loss,

inches
weight loss, grams

Cavitation loss, inches
Water absorption, percent
Water permeability, 10'• ft/yr
Thermal conductivity, 73 ° F Btu/ft-

hr --° F
Coefficient of expansion, 10" in/in
Diffusivity at 73 ° F, ft-•/hr
Specific heat, 73* F, Btu/lb/*F
Specific gravity
Freeze-thaw durability,

cycles
percent weight loss

Sulfate attack resistance
(accelerated test),

days exposure
percent expansion

Resistance to 15 percent HC1,
days exposure
percent weight loss

Resistance to 5 percent H_•SO,,
days exposure
percent weight loss

3.5
400
700

4.3
32

0.050
14

O.32
6.4

53

1.33
4.02
0.0387
0.241
2.317

490
>25

480
0.50

105
>25

49
>25

18,200
6.2

1,500
2,300

7.1
52

0.015
4
0.02
0.3

14

1.27
5.25
0.0385
0.220
2.386

3,650
2

1,436
0.017

1,395
10

133
25

I Conventional concrete impregnated with methyl methacrylate
Thermal-catalytic polymerization
Specimens contain 4.6 to 6.7 percent polymer by weight

crete either with or without portland cement to which has been added,
either in the hardened state or to fresh concrete during mixing, a chemical
system subsequently polymerized. The chemical system is generally a
liquid and may be composed of monomers, resins, polymer solutions, or
polymer emulsions, which are converted to a solid plastic by polymeriza-
tion. The polymerization may be initiated by irradiation, by chemical
action in conjunction with heat, or through the use of a promoter in
conjunction with a chemical initiator under ambient conditions. There

are three types of concrete polymer materials:
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(1) Polymer-impregnated concrete (PIC) consists of preformed,
hardened, and cured concrete that is impregnated with a liquid
monomer or resin system and subsequently polymerized. The process
generally includes oven drying of the concrete, vacuuming, and
pressure soaking to ensure complete impregnation. The concrete may
be either completely impregnated or partially impregnated from the
surface to a desired depth, depending on the intended use of the
material and required properties.

(2) Polymer-cement concrete (PCC) consists of a portland cement
concrete to which a monomer or polymer resin system has been
added during the mixing period and subsequently polymerized either
in the forms or after stripping. PCC is in the early stages of
development, but it appears that it may not be possible to develop
the exceptional strength properties obtained with PIC. However,
PCC may be useful in applications where impermeability or durability
is important.

(3) Polymer concrete (PC) consists of a monomer or resin system
that is mixed with graded aggregate and subsequently polymerized.
PC contains no portland cement. Preliminary tests have shown that
PC can be fabricated using conventional concrete mixing and placing
equipment and that full strength is developed 3 hours after placing.
Mixes have been designed to produce a material having approximately
the same polymer content and compressive strength as PIC.

The production of polymer-impregnated concrete is not diffcult, but
it requires some special equipment and strict adherence to safety
regulations. Complete impregnation, which increases resultant strength and
durability, is more easily achieved by drying the hardened concrete and
placing it under vacuum to remove moisture and air. While still under
vacuum, the specimen is immersed in monomer and pressure applied to
thoroughly fill the voids and capillaries. With volatile monomers the
concrete should then be wrapped or enclosed in an appropriate medium
to minimize evaporation and drainage loss of monomer during the period
between impregnation and polymerization. This can be accomplished by
wrapping in aluminum foil, by impregnating and p01ymerizing in the mold,
or by immersing and polymerizing in a liquid that will not react with
or dissolve the monomer. Polymerization is then accomplished using heat
or radiation, and the concrete is removed ready for use.

(c) Investigations.--Investigations are progressing to develop methods,
processes, new materials, and design criteria to efficiently and safely utilize
concrete polymer materials. Investigations are also in progress to provide
design criteria for PIC structural members. In addition to the greatly
improved properties, PIC shows promise of having economic advantages
over plain portland cement concrete in applications that require
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exceptional strength or durability and in situations where maintenance
or repair is expensive or impracticable. Some of these are concrete pipe
used for conveyance of irrigation water, sewage, and municipal and
industrial wastewater; housing applications, including prefabricated
beams, wall and floor panels, and load-bearing columns; materials re-
sistant to chemicals and distilled, mineral-free water encountered in
sewers and desalination plants; and bridge decks, curbs, and sidewalks
with high resistance to abrasion and effects of deicing chemicals.



Appendix

SAMPLING AGGREGATE AND PREPARING AGGREGATE
FOR TEST

Designation 1

SAMPLES

1. SamplingAggregate.--Thetask of obtaining a truly representative
sample of aggregate is complicated because of segregation that takes
place when the aggregate is handled or moved. The following paragraphs
describe methods which, if carefully adhered to, will generally compen-
sate for segregation.

2. Aggregate Samples from a Deposit.--The first step in obtaining a
truly representativesample of a deposit is the systematic placing of drill
holes and test pits over the entire area. Such procedure provides the
opportunityfor securing accurate samples. The next step, equal in im-
portance, is the method of taking the sample itself. In sampling test pits
the objective is to obtain a continuous sample from top to bottom. If
the walls of the pit do not requiretimbering, collection of such a sample
is simple. One sampler holds a box against the wall while anotherwith
pick or shovel cuts a vertical channel in the wall 6 inches to 1 foot wide
and 2 to 6 inches deep. Collection of material in this mannershould be
stopped at regular vertical intervals and a new box used. The sample
taken should be carefullylabeled with the numberof the hole and depths
fromwhich materialswere removed. Vertical intervals varywith different
deposits. Where the gravel contains thin sand or clay beds, different
boxes should be used for each material.Where the deposit is uniform, a
5-foot interval is sufficient. The sampler should keep a record as to any
unusual occurrence in the deposit such as single boulders or nests of
boulders, water seams, changes in bedding, etc. His notes should also
show from which wall of the pit the sample was taken. It is often ad-
visable to take a similarsample from the opposite wall for verification.
Where the walls of a pit will not stand without shoring, the sampling

must be done as the pit is sunk. It is seldom that gravel pits will not
stand in place for a vertical distance of 2 feet. Therefore, the timber
should be kept within 2 feet of the bottom. Usually 4 to 5 feet are ample

491
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protection. In such pits the wall channel samples are taken just prior to
placing the timber. The procedure is the same except that each 5 feet
is sampled separately instead of sampling the whole depth at one time.

Where timber must be kept close to the bottom or in advance of the
digging, as in loose dry sand or quicksand, a different method must be
employed. Such deposits are by nature more homogeneous, and vertical
accuracy is not so essential except for notation of the depth at which
radical changes occur. At these deposits it is often sufficient to take a
channel sample across the floor of the pit at each vertical foot in depth.

3. SamplingwithAugers,--Samplingby earth augers is, of course, auto-
matic. The material removed by the auger should be placed along a line
on the ground surface. It is then bagged in predetermined vertical inter-
vals, tagged, and recorded.

4. Sampling with Bailer or Drill.--Samplingof the material obtained
by bailer or churn drill or wherever water is used or encountered in the
hole presents other difficulties in obtaining accuracy. Accurate samples
are obtainable by churn drill or bailer only where it is possible to drive
the casing ahead of the drill bit or sand pump. Where the bit precedes
the casing, contamination is always present from material falling in from
walls of the hole. The presence of water tends to segregate fine sands
and clay from coarser material.

These fine materials are maintained in suspension by churning action
of the drill or bailer. Accurate sampling requires that for each vertical
interval cut by the drill all material, coarse or fine, be saved. This means
that the material in suspension must be saved along with the coarse
material. To accomplish this, the simplest procedure is to drive the
casing 2 feet ahead of the bit or bailer, add the necessary water, and
drill or bail to the bottom of the casing. All material, including the water,
as removed from the hole should be placed in a box from which no water
is allowed to escape before the fines settle out. When completely settled
the clear water is poured off and the material in the box bagged and
labeled for hole number and depth.

When using the small clamsheil bucket within casing, the pipe should
be driven ahead of the digging a predetermined distance and the coarse
material removed and placed in a continuous pile or ridge. When the
bucket has dug to the bottom of the pipe, the water and suspended ma-
terial should be removed by a bailer and allowed to settle. This fine
material is then added to the coarser material and thoroughly mixed
before bagging the sample.

When drilling below water level, it is difficult to obtain samples of
both fine and coarse material because water enters from the bottom of
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the casing. This water may bring with it fine material from surrounding
areas beyond the casing. At best, it provides an excess of water which
so dilutes the suspended material that it is almost impossible to obtain
the fine and the coarse material from the same vertical section. Many
times the incoming water enters so fast that it is impossible to bail the
hole dry. This greatly dilutes the fine material, and much of it is con-
sequently lost. Therefore, samples taken below the waterline must be
considered to have been subjected to loss of fines.

When boulders are uncovered and casi'ng cannot be driven, a new
hole should be started as close as possible or the boulder blasted. In
deposits containing many loose or clustered boulders, drilling holes may
be more expensive than test pitting because of the loss of holes and
consequent extra work.

Requirements for extra holes can be determined from the sampler's
notes.

5. Aggregate Samples from ConveyorBelts or Chutes.--To secure a
representative sample of aggregate from a belt or chute, a complete
cross section of the stream should be taken over a short period, rather
than just a portion of the stream over a longer period. Samples should
be taken at regular intervals until the entire supply has been sampled.
The number and size of such samples will depend on quantity and uni-
formity of the aggregate.

6. Aggregate Samples from RailroadCars.--Samplesfrom a railroad
car are best taken at points equally spaced on straight lines along the
sides and center of the car. The size of samples will depend on the size
of the car, the number of points from which samples are taken, and the
maximum size of aggregate particles. At each point the sample should
be dug down to obtain aggregate well beneath the surface. A standard
tube sampler should be used for sand and, when possible, for coarse
aggregate. The tube sampler is usually a steel pipe about 2 inches in
diameter and 6 feet long, pointed at the lower end, and having a handle
at the top. A series of openings is punched along the pipe so that a line
of ears projects from one side of the openings. The tube is forced into
the aggregate as far as possible, turned until the ears have scooped
sufficient material into the tube for a sample, and then withdrawn, keep-
ing the openings on top.

As it is sometimes difficult to obtain a representative sample from a
railroad car by the above method, especially with large coarse •ggregate,
samples should be taken so far as practicable while the material is being
loaded or unloaded. While a car is being unloaded, a fairly representa-
tive sample may be obtained by taking a shovelful at regular intervals,
provided care is taken that the larger pieces do not roll off the shovel.
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Whatever method is used to obtain the sample, it should be one that
will assure representative material.

7. Aggregate Samples from Stockpiles.--The entire sand stockpile from
top to bottom should be sampled. Sampling should start at equally spaced
points along the bottom of the pile and proceed upward, at equal inter-
vals, over the sides and top. If only part of the pile is to be used for a
portion of the job, just the part to be used should be sampled.

Where practicable, gravel samples are taken with a standard tube
sampler. If this cannot be done, samples should be obtained with a
shovel and consist of material from well beneath the surface. By holding
a short piece of board against the pile just above the point of sampling,
the inclusion of unwanted surface material may be avoided.

8. Treatmentof Sample.--Thesample should be reduced to a test sam-
ple by quartering or splitting as described in sections 9 and 10. It may
be required that a separate analysis be made on each sample rather than
one analysis of a composite sample so that the variations in the material
may be ascertained.

9. Sand.--Samples of sand should be reduced to test size by the quar-
tering method or use of a sample splitter.

(a) Quartering Method.--The sample is placed on a hard, clean
surface where there will be neither loss of material nor accidental addi-
tion of foreign matter. The sample is mixed thoroughly by turning the
entire lot over three times with a shovel. This can beet be accomplished
by two men, one on each side of the sample, beginning at one end and
taking alternate shovels of the material as they advance the length of the
pile. With the third or last turning, the entire sample is shoveled into
a conical pile by depositing each shovelful on top of the preceding one.
The conical pile is carefully flattened to a uniform thickness and diameter
so that the material will not be transposed from one quarter to another.
The flattened mass is then marked into quarters by two lines that inter-
sect at right angles at the center of the pile. Two diagonally opposite
quarters are removed and the cleared spaces brushed clean. The remain-
ing material is mixed and quartered successively until the sample is
reduced to 50 pounds or less. This quantity is passed through the sample
splitter, one-half being discarded and the other half split again. This
procedure is repeated until the sample is reduced to the desired size.

(b) Sample Splitter.--The entire sample is passed through the
splitter, one-half set aside and the other half split again. The procedure is
repeated until the sample is reduced to the desired size. (The sample
splitter should be similar or equal to the Jones sample splitter.)

10. Coarse Aggregate.--Samples of coarse aggregate should be reduced
to test size by the quartering method or use of a suitable sample splitter.
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(a) Quartering Method.--Same as section 9(a).
(b) Sample Splitter.--A representative sample is passed through the

splitter, one-half set aside and the other half split again. This procedure
is repeated until the sample is reduced to the desired size. (The sample
splitter should be similar or equal to the Gilson sample splitter.)

With large size aggregate it may be more desirable or convenient to
handpick the sample. When this is done, extreme care should be taken
to obtain a representative sample.

SAMPLING CONCRETE

Designation 2

1. Sampling Fresh Concrete.--It is important that the samples of
concretebe representativeof the concrete being placed. The batch sampled
should be a typical batch, and if practicable, samples of the sand and
gravel fractions that enter the batch should be taken so that moisture
determinationand .grading analyses may be made to correspond with the

•concrete specimens. The exact amount of water added at the mixer should
be noted. This, together with the moisture in the aggregates, is used
in computing water-cement ratio.

Sampling from chutes and conveyors is usually unsatisfactory;but if
it is necessary, care should be taken to obtain a full cross section of
the flow. Sampling from a transportingcontainer is also undesirable as
the concrete is often segregated. If the concrete is dumped from the
mixer into a loading hopper, fairly representative samples may be taken
from a slide gate opening about halfway down the side of the hopper.

It is difficult to obtain representative samples of concrete discharged
directly from the mixer, and this should not be attempted unless
arrangements have been made to catch the entire flow for a short period.
It is possible to obtain reasonably representative samples from certain types
of mixers, after the drum has been stopped, by using a long-handledshovel.
When this method is used, small quantities of concrete are taken from
several points and mixed. From revolving-drum truck mixers or agitators,
samples are taken at three or more regular intervals during the discharge
of the batch. In obtainingthe samples, the rate of discharge of the batch
should be regulated by the speed of the drum and not by the size of
the gate opening, When the method of sampling has been selected that
best meets the conditions involved and results in representative samples,
this procedure should be used throughout the job so that the results of
tests will be comparable.
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The size of a sample will depend largely on the intended use. Separate
portions of the sample Should be used for slump and unit weight tests
and for casting the cylinders. For concrete in which the maximum size
of aggregate is 1 • inches, an ordinary water bucket about two-thirds full
will usually suffice for a slump test or for one 6- by 12-inch test specimen.
When the concrete contains aggregate larger than 1½ inches, it will be
necessary to remove such oversize material from the concrete to be used
for slump tests or for 6- by 12-inch test specimens. Oversize material

is removed by wet screening through a screen having l•-inch-square
openings. The maximum size of aggregate in the sample should not be
greater than one-fourth the minimum dimension of the test specimen
because results of compressive-strength tests will be unreliable if such
oversize is present. For wet screening, the screen should be conveniently
mounted for easy shaking and rapid removal of the oversize. A screen
similar to that shown in figures 46 and 47 has been satisfactorily used.
The screened concrete should be remixed with a shovel into a uniform
mass before making slump tests or test specimens. When concrete
containing large aggregate is sampled, it will be necessary to take a larger
sample.

Slump tests and cylinder specimens should be made without delay after
sampling. A delay of 15 minutes may decrease the slump as much as
50 percent.

2. Sampling Hardened Concrete.mTests on control cylinders made
during construction are not a direct index of the quality of concrete in
place. More accurate and more informative data may be obtained from
specimens taken from the completed work. Effectiveness of placing
methods in avoiding rock pockets and other forms of separation is revealed,
in many cases, by core-drill investigations. Such investigations have
disclosed relative strengths and the extent of the surface conditions
attributable to different curing procedures and exposures; comparative
strengths of concrete at various depths from the surface; and bonding
efficiencies resulting from various cleanup methods used on horizontal
construction joints. Some information has been gained concerning different
procedures for compacting concrete on canal slopes and in arch sections
of tunnels. Drill cores have also been helpful in the analysis of data from
crack surveys and in determining the extent of damage or deterioration
in structures showing evidence of alkali-aggregate reaction.

Concrete core-drilling equipment is illustrated in figure 207. Concrete
cores from 2 to 10 inches in diameter and of any reasonable length can
be obtained with these machines. Bases of some drilling machines may
not be of sufficient size to accommodate a 10-inch-diameter core barrel,
in which event cribbing will be required as shown in figure 208. Bureau
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Fig:ure 207.--Drii]lllirJ•g a• ]0.nn•c:h co,re iin concreterio or. PX-D-313518.

N'*I•]CI']JI-•CF, J,L)[' L::,L],•"CS ]I•SS •h•ll[!l I ,•;, ]rJ, C•']CS [I• •.]i;llTl::lO'•2T ;llr'C t'I:C(]LIC•ll[]y

fu:rniish•cd ,,•']:th, diL,n•:•.iT•c] (b.o.rt) bits.. (Scc: fi•:. 20'!J'. )A •asdlinc cn•l;h:lo

q:•r •]•n e:lc::cl•Jic mc:,t.;•r m J,/ ]r,.c ,usc:d lot ?,ower. A. 'J•Lltc:•-ptllmFI, •ttt•LC:hmc:n,t
t•c•iiii]l•;;. Lisc ,•},11: l•:•csc m:tchi:•]c>;; where ,,;•ltc• in, :J l:)]-e:•,'.,d•c: ]iTic: lift. mi,,•

z,•.,•li] z•]b ] €•. O,n I:> pc r •.,:;,r,s c ::•; T:,.•ri c•:• cc,d [ n c!l i on-J •;•,z],d-d r i I. ] •,,,; •r],: ,•.h,::•.:• Id •:, F,C r•tc
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Figure 20.8..•::Onl¢:re, te core dlrillllin, g equiipment:.. Criil•l, binlg iis UlSed to, give cllearaBice
benleath d'rillliing, ma•c::hine for lO-.iinc:h•-diiamete, r €:ore balrre.]l... PX:-•:•-3135119.
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Fiiguwe 209,.•A co, rnmerciia, I 6-inch b•iht. PX-D-33520,,

core drills, • Drilling c:ores 2[8 inches and erea•.er in diameter is u:sualliy

performed 'wi•h a calyx drill (see fig. 211::1). 3-hiJs me•hod employs steel

shot as; the: cutting mediium ..... Alth.cmg;h calyx dri]lIiing iis. slower l:han
d.iiamond drilling;, it is .lUSfifiable from rJ'le standpc,.mt of ec.o, nomy.

Co, ncrete to be sampled shonld be: hard enough lo prevent darnag.e
by driill]ing to, the: bond between the:: mortar and c::,..mrse aggregate in thie

Extreme care should be taken not tc, keep the bort bit iin service beyond a po, iinl:
where the stones begi:r• to lo.osen ;ts the:'y w,c>ull,d soot, ]2.•cak ore, thus c::aus[•:•g ser'f•q, us.
dama.•:e t¢•, t:he l:,i:t anld Io.ss c,f bort For co.ncrete drilling:,, the: m•Jjc,.riity ot the bits.
are set wJ:h, white bo.•t d:i:anq•ondls whiich are less. e:•pensive l:l-i:ar'l bllack dii•monds..
Botts mus•: be used with care as they wi]] n<:•t sl•nd! IL, p ur•dler forced €lr:i]lirlg. It is.
cuslomal"y to se:t many of •he: ,0v/-M:e I::,orts in lhe face of thee biit and tc, use 1:he mo,•e:
e×pensive b•ack diarrJo,n, ds. for reamimg •:he sJ:des, of the he, lie: for c]leararl:ce. 7he black
diiamo,nd, beinig more r'esiis•ant {o. ,;hc<:k !is more exter•siively used where lhe m•{eria]
beiing drillled ]is. fragmented o.g loose. It: s.ho, tfld rl,:)l h.e: permitted {o become ex-
¢essiive:ly heated as Ithis dec•e:•se.• lhe wearing c•lHalliilty .Anc•,•her precaution 'tc,. b,e
{aken in: dri:]l•ing wh:h whiite s.to.n, es is to use the correc•t amc, Lmt of wale:r'.. Groovi•g
of me:tall on the: C'L•tting lace of I:he Nit may sometimes be pre:vented or decreased
by reducing the qulanl:ilty of water that reaches the bit. Care sh,2,uld be l:g•ken when
drillHng: through steel, par'dct•:larly iin a vertica], "dc:,wn"" hc,,!le, to ]L, Sl.e enoug:q water
to expe• reel:a]: cut•ir•g,;, from the ho,]e and •.h'LIS. redL•c:e wear on tl-le rn, eta] ,::,l lhe bit.
1t! there ]is any do.•l:,t as to cont:irmed service of a di:mvc:md-driiH bil::, it shon!M be
repaired rather rib, an risk costl.y damage.
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Figulre 210'.,•rCallyX dlrilllll e•xt:racting22-inch-dliiiarneter core. P'X•D-,331:52:l,,,

spec:irnen. For c::ompr'e:s;siorT, l:esLs., t:]'J•e cc,.r'e speci•men shc,,uldl be as ne:arl:y
as: possible a c:ylmder witlq, ]ieng:d'• twice the d!ian'J.et:er;; it: should have a
diameter a.t least, three times that of •he: ]•lrge:s.t aggregate: and should
rJ, c,.t have any weak .io, ints or bedding: p.il!ane:s; not pe:rpe:ndiicular 1co d'J,e axiis.
The llo, ca•ic, n for co.r"es, taken h•oriizo, ntall3., frc, n:J wails sl-,c, uldl be se]e:cted
carefully and described ac:cu:rate:ly iin the dlriI]ling re:co.•d because: the lower
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portion of a deep concrete lift may be more dense, and the upper portion
less dense, than the middle portion.

Where cores are taken for examination of joints or for study of ef-
fectiveness of compaction methods (as evidenced by the amount of
segregation at reinforcement intersections, or at joints or water stops),
the holes should be drilled as carefully as possible, without forcing, so as
to minimize core breakage. Examination of holes drilled for these pur-
poses will often reveal conditions that cannot be detected by observing
the cores.

Bort bits will normally not be damaged by drilling through steel if
the steel is firmly embedded in the concrete. Embedded steel can, how-
ever, be located by means of an astatic compass or an electronic metal
detector and metal-free cores obtained. An astatic compass consists of
two parallel magnetic needles of equal, but opposite, magnetic moments;
it is fairly reliable for locating steel close to the surface and spaced about
a foot apart, such as reinforcement bars in canal lining.

For concrete walls up to 12 inches thick that are accessible on both
sides reinforcement can be located by use of radioisotopic techniques.
This involves placing a radioisotope that emits gamma rays on one side
of the wall and a photographic plate on the other side. A radiograph
similar to an X-ray is obtained that shows the location of steel. For very
thin walls a Geiger counter can be used in lieu of a photographic plate.

Drill-core specimens are cut to proper lengths for test in the Denver
laboratories, where suitable cutting equipment is available. (For testing
procedure see designations 32 and 33, also ASTM Designation C 42.)
The cores should be painted with some legible identification mark and
packed so they will not be broken in transit. Extra care should be taken in
wrapping the cores in waterproof paper, sealed tightly with tape and well
surrounded with damp sawdust in tight substantial boxes. (See figs. 211
and 212.) Data sheets should be transmitted with each shipment. The
exact location of the hole, together with information indicated in figure
213, is needed for the proper classification and study of each core. Cost
of drilling varies considerably with type of aggregate, amount of steel
reinforcement, and accessibility of the drill setting, and is affected by
many other details. Ordinarily, 1 to 2 hours are required for preliminary
operations at each hole. Under average conditions 1 foot of 6-inch-
diameter core can be cut per hour.

SAMPLING SOlE AND WATER FOR CHEMICAL ANALYSES

Designation3

1. GeneraL--Prior to construction, definite knowledge concerning the
soluble sulfate content of both soil and water is essential to permit
selection of the most suitable type of cement to provide for adequate
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F iigulre 2]l.--Well.iidenti;fiied • concrete cores fronll Clealr Creek:: "]'unnell, C:e•tral

V a•mle•y i:lroiec:t, Caliifo, r•liia. C:ores show nuln•l, ber, Io,cat:iian maPrks, amid dlriillling:

diirec::•:ions. P416;-D-26421.

Figure 212.--Prop,er pa=cka•ging o,f cores for shiip,me•nt:. Cores; are welll wrappecl
iin wa•te, r!:•roof paper a•ndl sollJiidl• packed! in= damp s;a•wdlust iiin s,J, bsCantiiiallly buliillt:
core boxes. I=X-D-3:3;5212.
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7-1579
(8-65)
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CORE NO.
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UNITED STATES
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BUREAU OF RECLAMATION
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FEATURE
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CEMENT CONTENT, LB PER CU YD

WATER CONTENT. LB PER CU YD
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I SLUMP I AIR

I
F I MIX WATER F CONCRETE

%
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CONTROL CYLINDER
COMP. STR. PSI7-DAY

TEST CYLINDER NO.

28-DAY 190-DAY

REMARKS

Figure213.•Record of coredrilling.(Form7-1579)
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protection of the concrete against chemical attack. It is also important to
know the quality of water to be used for mixing and curing concrete.
This information can be obtained by chemical analyses made in the
Denver laboratory of carefully collected samples of soil and water.

The following considerations should be borne in mind during sample
collection in order that the results of the laboratory analyses will not be
rendered valueless because of ineffective methods of sampling:

(a) The concentration of soluble sulfate salts in any particular soil
is affected appreciably by weather conditions, such as rainfall and tem-
perature, by fluctuations in the water table, by topographic features, by
type of soil, and by vegetable growth.

(b) During or immediately following a rainy season it is desirable to
gather samples of soil and water at depths from 2 to 12 feet below the
surface. The depth is dependent on the permeability of the soil, the eleva-
tion of the normal water level, and the amount and distribution of rainfall.
Where the water surface is near or at the ground surface, as at an excava-
tion site, surface samples are valuable, although they may frequently
represent a concentration or even a dilution.

(c) Too much reliance should not be placed on samples of seepage
water from test holes as such samples may not be representative because
of a concentration by evaporation or dilution by runoff water or rainfall.
Such samples of water are frequently of value when accompanied by
samples of representative soil from the same point. Samples of under-
ground water are always of value.

(d) It is good practice to obtain samples of soil from surface depres-
sions. The sample report should include mention of any surface en-
crustations or other evidence of alkali on the surrounding area.

(e) In general, soil samples should not be taken where there is exten-
sive vegetation. The possible exception to this rule is the collection of
samples near such plants as saltbush and greasewood which grow in saline
soil. Such samples should be obtained about 2 feet below the plant roots.

(f) In a prolonged dry season it is permissible to take soil samples at
the surface or from piles of material already excavated, such as diggings
from test pits. When this procedure is used, avoid sampling soil from
which chemical salts have been leached by rainwater.

(g) Samples of water proposed for use in the manufacture or curing
of concrete should be taken directly from the source. The water should
be allowed to flow freely for at least 10 minutes and the containers
should be rinsed with the water before the sample is collected.

2. Sampling,Shipmentof Samples.--Soil samples should weigh a min-
imum of 1 poundandmay be shipped either in fruitjars.orpapercartons.
Water samples should consist of at least 1 pint and should be shipped in
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clean pint fruit jars tightly capped or in polyethylene plastic bottles. Glass
sample containers should be well packed to avoid breakage during ship-
ment. Samples should be shipped to the Chief, Division of General Re-
search, Bureau of Reclamation, P.O. Box 25007, Engineering and Re-
search Center, Denver Federal Center, Denver, Colorado 80225. Table
30 illustrates the type of information that should be transmitted with
samples.

Table 30.mDataon soil and water samples

Project: Moon River--Wyoming
Feature: West Canal, Lateral A2
Date:March 25, 1962

Sample
No.

1 ....... •

IA ......
2 .......

3 .......

Location
(Station
No.)

1225+52 ..

1230+00 ..
1360+25 ..

1380-1-00 ..

Structure site

Siphon ....

Siphon ....
Wasteway..

Canal .....

Eleva- Eleva-
tion at tion of
surface sample

4916.0 . [ 4912.5 .

4865.5 . I 4862.5 .
2 feet below natural

surface on center
line.

Excavated cut ....

Soil classification
and description x

Shale, fractured
(eL).

Clayey sand (SC).
Siltygravel (GM).

Seepage water.
i See the Bureau's Earth Manual.
Remarks: Seepage water collected ]rom pool as it filled alter being drained.

SCREEN ANALYSIS OF SAND

Designation 4

1. General.---Thistest covers the procedure for determining the par-
ticle size distribution of fine aggregate by screening.

2. Apparatus.--(a)A balance or scale accurate within 0.1 percent of
the test at any point within the range of use.

(b) Sample splitter (similar or equal to Jones type).
(c) Oven of appropriate size capable of maintaining a temperature

of not less than 212 ° nor more than 230° F.
(d) Motor-driven mechanical screen shaker (preferred, but not

required).
(e) Standard square-mesh screens designated by the following num-

bers: 4, 8, 16, 30, 50, and 100. The wire sizes and screen openings should
conform to the requirements given in table 31.

(f) Miscellaneous sample pans, brass wire, and soft hair bristle
brushes for cleaning screens.

3. Test sample.----The sample of sand to be tested for screen analysis



506 CONCRETE MANUAL

Table 31.reUnitedStates standardscreen openings and wire diameters1

Screen number or
size in inches

200 ..............
100 ..............
50 ..............
30 ..............
16 ..............
8 ..............

4 ..............
3/:8 .. ............

V2 , .............

1 ..............
1• ..............
2 ..............

3 ..............

Average screen opening

Millimeter Inch

0.074 0.0029
0.149 0.0059
0.297 0.0117
0.595 0.0234
1.19 0.0469
2.38 0.0937
4.76 0.187
9.51 0.375

12.7 0.50
19.0 0.75
25.4 1.00
38.1 1.50
50.8 2.00
76.1 3.00

Average wire diameter

Millimeter

0.053
0.110
0.215
0.390
0.650
1.00
1.54
2.27
2.67
3.30
3.80
4.59
5.05
5.80

Inch

0.0021
.0043
.0085
.0154
.0256
.0394
.0606
.0894
.1051
.1299
.1496
.1807
.1988
.2283

1 The dimensions conform to the requirementsof ASTM Designation E 11, "Standard Specifica-
tion for Wire-Cloth Sieves for Testing Purposes." (Screen openings given are square openings.)

shall be thoroughly mixed and reduced by use of a sample splitter or by
the quartering method (designation 1; sec. 9) to an amount suitable for
testing. The entire portion from each side of the final sand split or opposite
quarters of the last quartering should be used in this test for two samples.
The sand shall be moistened before reduction to minimize segregation
and loss of dust. Samples for testing shall be approximately the weight
desired when dry and shall be the end result of the reduction method.
Reduction to an exact predetermined weight shall not be permitted.

For concrete sands, the weight of the test sample should be determined
by the fineness of the sand. Accurate results on the fine screens will not
be obtained with test samples much larger than the following:

Net weight o/
sample,

Kind of sand grams

Coarse sand (F.M. 2.50-3.50) .............................. 400-1,000
Fine sand (F.M. 1.50-2.50) ...................................... 200-400
Very fine sand (F.M. 0.50-1.50) .............................. 100-200

In no case shall the fraction retained on any 8-inch-diameter screen
at the completion of the screening exceed 200 grams.

4. Procedure.raThescreen analysis of sand is obtained by screening a



APPENDIX 507

representative sample of the size indicated through 8-inch screens, using
a mechanical shaker or by hand shaking. Screens larger than 8 inches
in diameter should not be used for sand analyses.

(a) Prior to making a screen analysis, test samples should be dried
to substantially constant weight at a temperature of 212 ° to 230° F.

(b) Each sample is placed on a set of screens (conforming to the
requirements of table 31 ) nested in order of decreasing size of opening
from top to bottom. The nested screens are placed in the mechanical
shaker and screened until not more than 1 percent of the residue passes
any screen during a 1-minute period. Generally, the shaker should be
run 10 minutes.

(c) The weighing is cumulative, starting with the material retained
on the No. 4 screen and continuing in order of decreasing screen size
until the material in the pan has been weighed. The weighing should be
to the nearest gram. The material on each screen is not poured directly
into the balance pan but transferred to an auxiliary pan of convenient
size, or onto a paper, and then placed in the balance pan. This will
prevent spilling.

(d) Each screen is carefully cleaned with a brush provided for that
purpose. A brass wire brush may be used for cleaning the No. 4, 8, 16,
30, and 50 size screens. Only a soft hair bristle brush should be used for
cleaning the No. 100 size screen. Frequent inspection is necessary to
guard against use of broken or stretched screens.

(e) Where power facilities are not available, screen analysis may
be made by hand shaking a representative sample through a set of 8-inch-
diameter screens. Screening should be continued until not more than 1
percent, by weight, of the residue passes any screen during 1 minute.
Otherwise, the general procedure is the same as previously outlined.

(f) The gradation samples should be retained for determining the
percentage of material passing the No. 200 screen and, if necessary, for
screen analysis of washed sand.

5. Calculations.--(a) Cumulative weights of each sample are converted
to percentages of total weights and an average grading is expressed in
terms of the nearest whole percent.

(b) Individual percentage is that percentage of material which is
retained between consecutive screens shown in the following tabulation.

(c) The fineness modulus of sand is computed by adding the cumu-
lative percentages retained on the six standard screens, from the No. 4
to the No. 100, inclusive, and dividing the sum by 100. The following
tabulation shows typical sand-analysis results with computation for fine-
ness modulus:
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Screen No.

.........................................,. ...............

.........................................• ................

6 ........................................................

0 ........................................................

0 ........................................................

00 ......................................................

Cumulative
percentages

retained

1
19
39
58
76
92

an .........................................................................

285

Individual
percentages

retained

1
18
20
19
18
16

8

100

285- 100=2.85 F.M.

6. Report.---Thereport shall include the following:
(a) Total (i.e., cumulative) percentage of material retained on each

screen.
(b) Individual percentage of material retained on each screen.
(c) Fineness Modulus (F.M.).

SCREEN ANALYSIS OF COARSE AGGREGATE

Designation 5

1. General.---This test covers the procedure for determiningthe par-
ticle size distributionof coarse aggregate by screening.

2. Apparatus.--(a)Scale accurate within01 percent of the test load
at any point withinthe range of use

(b) Motor-drivenmechanical or manual screening equipment
(c) Standard square-mesh screens having openingsin sizes 6 inch,

3 inch, 11/• inch, 3/4 inch, a• inch, and No. 4 (3•6 inch), and other
sizes as required. The wire sizes and screen openings should conform to
the requirements given in table 31 (designation 4). It is recommended
that screens be mounted on substantial frames, the smallest dimension
of which shall be 18 inches, and constructed in such a manner that will
prevent loss of material during screening.

(d) Miscellaneous sample pans, splitters, brushes for cleaning
screens, etc.

3. Test Sample.--The test sample should not be less than 100 pounds
of material for 1V2-inch-maximum size aggregate and preferably not
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less than 500 pounds for aggregate of larger maximum size. The sample
shall be obtained by a sample splitter or the quartering method (designa-
tion 1, sec. 10).

4. Procedure.--The coarse aggregate sample is separated into the var-
ious sizes and the individual sizes weighed. The amount of coarse ag-
gregate separated at one time shall be of such quantity that it will not
overload any of the screens. Unless there are appreciable quantities of
adherent fine material, which should be determined and analyzed, it is
not necessary to dry wet samples for this test. Screening should continue
until not more than 1 percent of the coarse aggregate passes any screen
during a 1-minute period.

5. Calculafions.--(a)Weights of each coarse aggregate size fraction are
converted to individual percentages retained, based on total sample

• weights, expressed in terms of the nearest whole percent.
(b) Individual percentages retained of each coarse aggregate size

fraction are converted to cumulative percentages retained.
(c) The fineness modulus is computed by adding the cumulative

percentages retained on the specified screens, from the largest to the No.
4 size inclusive, dividing the sum by 100 and adding 5.00 to the result.
The 5.00 represents the sum of the percentages retained on specified sand
screens, finer than No. 4, divided by 100.

6. Report.raThe report shall include the following:
(a) Total (i.e., cumulative) percentage of material retained on

each screen.
(b) Individual percentage of material retained on each screen.

(c) Fineness Modulus (F.M.).

SCREEN ANALYSIS OF COMBINED SAND AND COARSE
AGGREGATE (COMPUTED)

Designation6

An approximate analysis, sufficiently accurate for use in plotting com-
bined grading curves, may be computed from the routine grading tests
made at the batching plant. The screen analysis of the combined sand and
coarse aggregate for a given mix may be obtained from the screen
analysis of the sand (designation 4) and the complete screen analysis of
each fraction of coarse aggregate (designation 5) through the range of
undersize and oversize. Figure 214 illustrates the sizing nomenclature
for the 3,•_ to 1 Vz-inch coarse aggregate size fraction and shows the
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assing Next Nominal ScreentO0

Marginal

• 60 S•i]•:• 'f' • / jXUnders'/"X ze /Index Screen

Ung•' r 's;•; t / X / Significant

: i \/ O.r.iz.
Un) Overslize

: rz•e 20 •- Nominal

Fractio•
0

PAN 4 5/8 3/4 I 1-I/4 1-1/2 1 -3/4 TOP

SCREENS

3/4 TO 1-1/2 INCH NOMINAL
S I ZE RANGE

Figure 214.--Sizine• nomenclature for concrete aggregate. 288-D-3263.

significant and marginal undersize and oversize material as well as the
index screen size for this nominal size range. The computation is similar
to that shown in figure 69 with complete analysis of the sand included
as its proportional part of the total aggregate.

PETROGRAPHIC EXAMINATION OF AGGREGATES

Designation 7

1. GeneraL--This test involves visual inspection and a segregation of
the constituents of coarse and fine aggregates according to petrographic,
chemical, and physical differences.

2. Apparalus.--(a) Screens conforming to those given in table 31, des-
ignation 4.

(b) An anvil and hammer suitable for breaking pebbles.

(c) Hand lens, stereoscopic microscope, petrographic microscope,
and auxiliary equipment necessary for adequate petrographic examination
and identification of rocks and minerals.

3. Procedure.--(a) Sufficient aggregate should be roughly screened to
provide at least the following quantities of the various sizes:
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Size o] aggregate Weight, grams
1V2 inch to 3,4 inch ........................................................9,000
¥4 inch to • inch ........................................................1,000
3/a inch to 3•6 inch ........................................................ 200
3/16 inch to No. 8 .......................................................... 100
No. 8 to No. 16 ............................................................ 100
No. 16 to No. 30 .......................................................... 100
No. 30 to No. 50 .......................................................... 100
No. 50 to No. 100 ........................................................ 50
Minus No. 100 to pan .................................................... 50

(b) Examination of the aggregate should be performed by a
qualified petrographer who is familiar with the problems of concrete. Each
of the above size fractions should be examined individually.

Each fraction is examined to establish whether the particles are coated
with mineral substances (such as opal, calcium carbonate, or gypsum),
silt, or clay. Organic coatings may also occur. Where such coatings are
present, they will be identified and evaluated by petrographic or chemical
techniques. The potential physical and chemical effects of the coating
on quality and durability of concrete are recorded. Where coatings are
present, the aggregate may be washed, after preliminary examination, to
remove the coating. The sample is dried in an oven at 220 ° to 230° F,
observed are the degree of agitation and extent to which the coating
substances or soft particles are disintegrated and removed. The sample is
further examined to determine particle shape, flatness and angularity,
and other pertinent properties.

The coarse aggregate fractions are examined particle by particle (each
particle being broken on the anvil with a hammer) and identified by a
hand lens or microscope. The individual particles are segregated accord-
ing to three criteria: (1)petrographic identity, (2) physical condition,
and (3) anticipated chemical stability in concrete. The percentage in
each category is determined by particle count on the basis of 300 particles
for each size fraction. Each category is classified by name (for example,
granite, sandstone, limestone, and weathered basalt) and a designation
of quality determined according to the following scale:

( 1 ) Physical quality:
Satis/actory aggregate particles which will contribute to high or mod-

erate strength, abrasive resistance, and durability of concrete under any
climatic condition.
Fair aggregate particles which will contribute to moderate strength,

durability, and abrasive resistance under ideal conditions but might con-
tribute to physical breakdown of concrete under rigorous conditions.
Poor aggregate particles which will contribute to low strength and poor
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durability of concrete under any climatic condition and cause physical
breakdown of concrete under rigorous climatic conditions.

(2) Chemical quality:
Deleterious aggregate particles (alkali reactive rock types) which will

produce adverse effects on concrete through chemical reactions between
particles and cement alkalies. If significant proportions of deleterious
particles are present in an aggregate, the use of low-alkali cement or an
effective combination of portland cement and pozzolan is recommended.

After analysis of the gravel is completed, the particles in each category
are counted and their proportions calculated as particle percentages of
the whole sample.

The fine sand is washed and the wash water tested chemically for
dissolved salts of chlorides and sulfates. Each fraction of fine aggregate
is examined under a binocular microscope. Ordinarily, complete segrega-
tion of fine aggregate fractions is not required, but physically unsound or
chemically deleterious particles should be segregated and petrographically
identified, and appropriate designation of quality should be indicated.
The fractions passing the No. 30 screen are generally examined in im-
mersion oils under the petrographic microscope to determine the presence
and approximate quantity of any unsound or deleterious substances.

4. ReportingthePetrographicExamination.--Following completion of
the examination and analysis, the petrographer prepares a report sum-
marizing observations and conclusions regarding the suitability of the
aggregate under the anticipated conditions of service and indicating any
necessary qualifications as to its use or the need for special tests to
elucidate the significance of particular properties.

The petrographic analysis of the aggregate is reported in tables (see
illustrative tables 32, 33, and 34) which indicate for each constituent
its petrographic identity, its proportion, its fundamental characteristics,
and the petrographer's estimate of its physical and chernical quality.

FALSE SET IN CEMENT

Designation 8

1. General.--This test is for determining whether portland cement has
false set. It is performed in accordance with Method 2501.1, "Early
Stiffening of Hydraulic Cement Paste," Federal Test Method Standard
No. 158a.

2. Apparatus.--(a) Balance having a capacity of 2 kilograms and sensi-
tive to 0.1 gram.

(b) Vicat apparatus (see fig. 215).
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Table 33.--lllustrative summaryof petrographicanalysis for quality of
coarse aggregate

Physical
quality

Quality

Satisfactory

Fair

Poor

Percentageby particle count

IV2-•4 inch 3A-• inch

60

36

4

55

39

6

Chemical Alkali- 12 13
quality reactive

Particle shape: Essentially subround with about 30 •ercent subangular material. About 15 per-
cent of the particles are flattened in shape.

Encrustation: About l0 percent of the particles are moderately to heavily covered by a calcium
carbonate and sand grain coating which is moderately well-bonded to the particle surface.

Table 34.--lilustrativegeneral petrographicanalysis of sand

Rock and mineral types

Sandstone
Limestone
Granite
Basalt
Altered volcanics
Quartz
Feldspar
Amphibole
Mica
Opal
Garnet
Ferruginous particles
Chert
Glassy volcanics

No. 8

16
8
9
3

21
20

8
1

4
7
3

Percentageby
particle count

No. 16

10
5
4
2

12
39
13
3
3

trace

2
5
2

No. 30

2

72
16

5
2
1
1

trace
1

Percent unsound 10 5 3
Percent alkali reactive [ 10 I 7 [ 1
Percent coated 181 311
Percent flat 7 3

Remarks: The coarse sand (+ No. 30 sieve size) is subangular to angular in shape. The fine
sand (-- No. 30 sieve size) is almost subangular to angular and contains decreasing amounts of
the fine-grained rock types found in the coarse sand and increasing amounts of monomineralic
grains of quartz, feldspar, amphibole, mica, garnet, magnetite, gold, and a few miscellaneous
detrital minerals.

The fine sand contains about 2 percent physically unsound material and a trace of alkali-reactive
rock types.

The material removed by washing (about 5 percent) contains silt with quartz, calcite, mica,
and a few miscellaneous detrital minerals, a trace of carbonaceous material, clay, and some
soluble sulfate (gypsum).
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Figure 215.--Vicat apparatusused in test for false set in cement. 288-1)-1551.

(c) Glass plates 4 inches square.
(d) Rubber gloves.
(e) Trowel.
(f) Stopwatch or clock with second hand.
(g) Mechanical mixer (similar or equal to Hobart N-50).

3. Preparationof Cement Paste.--Mix500 grams of cement with suffi-
cient water to produce a paste with an initial penetration of 32 -4- 4
millimeters using the following procedure:

(a) Place the dry paddle and the dry bowl in the mixing position
in the mixer.
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(b) Introduce the materials for a batch into the bowl and mix in
the following manner:

(1) Place all the mixing water in the bowl.
(2) Add cement to the water and allow 30 seconds for the ab-

sorption of the water.
(3) Start the mixer and mix at slow speed (140 ___ 5 revolutions

per minute) for 30 seconds.
(4) Stop the mixer for 15 seconds and during this time scrape

down into the batch any paste that may have collected on the sides
of the bowl.

(5) Start the mixer at medium speed (285 _+ 10 revolutions
per minute) and mix for 2 minutes and 30 seconds.

4. Determinationof InitialPenetration.--Aftercompletion of mixing,
the paste is quickly formed into a ball with gloved hands. The ball,
resting in the palm of one hand, is pressed into the larger end of the
conical ring G (fig. 215) held in the other hand, completely filling the
ring with paste. Excess paste at the larger end is then removed by a
single movement of the palm of the hand. The ring is then placed with
larger end down on glass plate H, excess paste at the smaller end sliced
off at the top of the ring by a single oblique stroke of a sharp-edged
trowel held at a slight angle with the top of the ring, and the top
smoothed, where necessary, with a few light touches of the pointed end
of the trowel. During these operations care should be taken not to com-
press the paste. The paste, confined in the ring and resting on glass plate
H, is set under rod B about one-third of the diameter from the ring edge.
Plunger end C is brought in contact with the surface of the paste and
setscrew E tightened. The movable indicator F is set to the upper zero
mark of the scale, and rod B released exactly 20 seconds after completion
of the mixing period. The apparatus should be free from all vibration
during the test. The paste is considered to have proper consistency when
the rod settles 32 ___ 4 millimeters below the original surface in 30
seconds after being released. Trial pastes should be made with differing
percentages of water until this consistency is obtained. This consistency
is the initial penetration.

5. Determinationof Final Penetration.PAlterthe initial penetration
requirement is satisfied, the plunger is removed from the paste, cleaned,
and the ring and plate reset to a new position under rod B about one-
third of the diameter from the ring edge and about the same distance
from the initial penetration. This operation should be performed with as
little disturbance as possible to the paste confined in the Vicat ring. The
plunger is then again brought into contact with the surface of the paste,
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the setscrew tightened, and the movable indicator set to the upper zero
mark of the scale. Five minutes after completion of the mixing period
the plunger is released and allowed to settle for 30 seconds before reading
the millimeters of penetration.

6. Test Results.--The cement is considered to have false set if the ratio
of the final penetration to initial penetration is less than 50 percent.

SPECIFIC GRAVITY AND ABSORPTION OF SANDz

Designation 9

PYCNOMETER METHOD

1. GeneraL--This method describes the "pycnometer method" of de-
termining the specific gravity and absorption of sand :• (saturated surface-
dry basis). Specific gravity and absorption may also be determined by
direct measurement in accordance with method C of designation 11.

2. Apparatus.--(a)A pycnometer consisting of a 1-quart glass fruit
jar with top surface ground level and fitted with a plate glass disk.

(b) A balance or scale accurate within 0.1 percent of test load
at any point within the range of use.

(c) A water storage jar of about 5-gallon capacity for maintaining
water at room temperature.

(d) A conical metal mold 11/2 inches in diameter at the top, 31/2
inches in diameter at the bottom, and 2.9 inches high.

(e) A vacuum attachment, capable of producing 20 inches of
mercury vacuum, with the necessary pipe, connections, and gages for
removing the entrapped air (preferred, but not required).

(f) Sand splitter, drying cloths, pans, thermometer, large spoon
or small trowel, drying oven of appropriate size and capable of maintain-
ing a temperature between 212 ° and 230 ° F, electric fans, and tamping
rods.

(g) Ga• or electric hot plate.

3. Sample Preparafion.--(a)A 1,200- to 1,500-gram sample of sand is
obtained from the large sample by means of a sand splitter or the quar-
tering method (designation l, sec. 9) to ensure an average or represen-
tative sample. The sample is oven-dried to remove accumulated mois-
ture. Determinations are based on saturated surface-dry conditions. The
sample is placed in a pan and covered with water for a period of 24
hours, after which time the water is drained off and the sample is placed

' Basedon ASTM DesignationC 128.
Generally, in Bureau work that material passing the No. 4 screen is considered

as "sand."
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on a hot plate to speed up the drying action, with care being exercised to
prevent loss of the fine particles and to guard against overdrying of the
sample. The sample is then placed on a drying cloth and brought to a
surface-dry condition. Drying of the sample may be accelerated by a cur-
rent of air circulated over the sample by an electric fan. The complete
sample must be stirred at all times to facilitate even drying.'

(b) The surface-dry condition should be determined by one of the
following means. The cone method is preferred as it is considered to be
the most consistent.

Cone method.---The sample of wet sand is placed loosely in the
conical metal mold and the surface tamped lightly 25 times with a
12-ounce metal tamping rod having a flat circular tamping surface
1 inch in diameter. Afterwards the mold is lifted-vertically. If free
moisture is present, the cone of sand will retain its shape. The drying
should be continued and this test made at frequent intervals until
the cone of sand slumps upon removal of the mold, indicating that
a surface-dry condition has been reached.
Cutting method.--In this method the dried sand is formed into a

pile and is cut vertically by means of a large spoon or small trowel.
If the cut portion of the pile remains vertical, further drying is nee-
essary. When the surface-dry condition has been reached, the pile
should slump off.
Visual inspection.--This method is dependent on the experiences

of the operator and is based on the principle that most types of sand
will change color upon drying. The surface-dry condition is reached
immediately after the sample is changed from a dark (wet) to a
light (dry) color. It must be noted that in wet sand fine particles
will often adhere to the coarser particles or to themselves. When the
sample has reached the surface-dry condition, the particles should
no longer possess this power to adhere and should be lighter in color.
(c) When the sample has reached a surface-dry condition, it should

be split into two parts by use of the sand splitter. One part will be used
for the absorption test and the other for the specific gravity test.

4. Proeedure.--(a) Absorption.--Weigh the absorption sample and re-
cord as saturated surface-dry weight B. This surface-dry sample is then
placed in the oven and dried at a temperature of 212° to 230 ° F to a
constant weight. The oven-dry weight A is determined, and the percent
absorption is calculated.

'The above procedureis based on a 24-hour soaking period. Specific gravity and
absorption of saturated surface-dry sand are also determined for 30-minute periods,
with the procedure being identical in all other respects. The specific gravity and ab-
sorption of sand for 30 minutes are used in laboratory concretemix investigations.
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(1:,) Specific GraYi,¢>,'.IWeiigh t:hc speciific gravity sample,, record as.

saturated surface-dry weight B. The pycn,c•,mletc:r is. •]led about thlree-

q•]arte:rs, full of vea'•cJ• of kn,.o.wrJ tempe:r•tu•e, and the s;•turalted surfac:e:-

dr3,, sand samp]le /:•' is added, Emrapped a!ir i•; •en,c, ved eiither by a vac:uuml
appliied t,o the >:>p e,f th, e jar,, :,s i]llus, t•e•t:edl in figure 21 6, c,¢' b,y rc,,]l]i•g: the:
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covered with a glass disk by sliding the disk across the top of the jar. The
jar is shaken vigorously to remove all remaining entrapped air, after
which the disk is removed and the jar carefully refilled with water. When
no more air bubbles appear after repeating this operation, the jar is
wiped thoroughly dry and weighed (weight W) with the glass disk in
place.
5. PycnometerCalibration. The pycnometer jar should be calibrated

for various water temperatures ranging from 40 ° to 90 ° F by filling it
with water of known temperature, applying the vacuum for 15 minutes
or agitating the water to remove entrapped air, and weighing with the disk
in place. A curve is then plotted through the points obtained using the
weights as the ordinate and temperature as the abscissa. The weight (We)
of the pycnometer, with water at a specific temperature, can then be se-
lected from the curve.
6. Calculations.--(a)Specific Gravity.--The bulk specific gravity is

computed by one of the following formulas:
Dry basis:

A
Specific gravity =

Wc+B- W
Saturated surface-dry basis:

B
Specific gravity =

W•+B-- W
where:

A = weight of oven-drysample,
B = weight of saturated surface-dry sample,
Wc = weight of pycnometer filled with water at same temperature

as water used in test, and
W=weight of pycnometer with water and sand sample.

(b) Absorption.--The absorption (dry basis) is computed by the
following formula:

B-A
Absorption, %-- ×100

A
where A and B are the same as in the specific gravity formulas.

SPECIFIC GRAVITY AND ABSORPTION OF COARSE AGGREGATE 5

Designation 10

SUSPENSION METHOD

1. GeneraL--Thismethod is intended for use in determining specific
gravity and absorption (after 24 hours in water at room temperature) of

Based on ASTM Designation C 127.
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coarse aggregate.• Specific gravity and absorption may also be determined
by direct measurement in accordance with method C of designation 11.

2. Apparatus.--(a) Balance or scale accurate within 0.1 percent of the
test load at any point within the range of use.

(b) A wire basket of No. 8 mesh, approximately 8 inches in dia-
meter and 2½ inches in height. If it is in continual use, the basket
should be constructed of copper or galvanized material.

(c) A suitable container for immersing the wire basket in water
and suitable apparatus for suspending the wire basket from center of
scale pan of balance.

(d) Oven of appropriate size capable of maintaining temperature of
not less than 212 ° nor more than 230 ° F.

(e) Electric fans and miscellaneous drying cloths, pans, etc.

3. Sample.----A representative sample is obtained by a sample splitter
or the quartering method (designation 1, sec. 10) and the following
weights are used in the tests for the various sizes of aggregate:

Size o] aggregate Weight, grams
z/•6 to a• inch ................................................ 1,000 to 1,500
a/• to ¾ inch .................................................. 1,500 to 2,000
¾ to 1½ inches ............................................ 2,500to3,500
11/2 to 3 inches .............................................. 4,000 to 6,000
Larger than 3 inches ........................................ A sufficient amount

to make a represen-
tative sample.

4. Procedure.7--(a)The sample is immersed in water at room tempera-
ture and the mixture thoroughly agitated to remove dust or other coatings
from the surface of the particles; the sample is then dried to a constant
weight at a temperature of 212 ° to 230° F, cooled in air and immersed
in water at room temperature for 24 hours. The sample is then removed
from the water and rolled in a large cloth until all visible films of water
are removed, although the surfaces of the particles still appear to be damp.
The larger fragments may be individually wiped. Care should be taken to
avoid evaporation from surface-dry particles. The weight of the sample
in the saturated surface-dry condition is then obtained,s This and all sub-

* Generally, in Bureau work that material retained on a No. 4 (4.76 mm) screen
is consideredas "coarse aggregate."

7 The specific gravity and absorption of saturated surface-dry coarse aggregate are
also determined for 30-minute periods, the procedure being identical in all other re-
spects. The specific gravity and absorption of coarse aggregate for 30 minutes are
used in laboratory concrete mix investigations.

8 The balance should be tared to compensate for the weight of the empty basket
immersed to a depth sufficient to cover it and the t•'st sample during weighing.
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sequent weights should be determined to the nearest 1.0 gram.
(b) After it is weighed, the saturated surface-dry sample is placed

immediately in the wire basket and its weight in water determined.
(c) The sample is then dried to constant weight at a temperature of

212 ° to 230 ° F, cooled to room temperature, and weighed.

5. Calculations.--(a)Specific gravity.--The bulk specific gravity is cal-
culated by one of the following formulas:

Dry basis:
A

Specific gravity =
B--C

Saturated surface-dry basis:
B

Specific gravity=-
B-C

where:
A =weight of oven-dry sample in air,
B = weight of saturated surface-dry sample in air, and
C= weight of sample in water.

(b) Absorption.--The percentage of absorption (dry basis) is cal-
culated by the following formula:

B-A
Absorption, % -- ×100

A
where A and B are the same as in the specific gravity formulas.

SURFACE MOISTURE OF AGGREGATE
(ALSO SPECIFIC GRAVITY AND ABSORPTION)

Designation11

A. HOT PLATE METHOD

1. General.---This is an approximate method for determining the sur-
face moisture of sand and coarse aggregate.

2. Apparalus.--(a) A balance or scale accurate within 0.1 percent of
the test load at any point within the range of use.

(b) Drying oven of appropriate size capable of maintaining a tem-
perature between 212° and 230° F.

(c) A small shallow pan.
(d) A stirring rod or spoon.
(e) A hot plate or stove.

3, Procedure.--(a) A representative sample (designation l, see. 9 or
see. I0) of the aggregate (about 2,000 grams for sand and 4,000 grams
or more for gravel) is weighed and spread in a thin layer in the pan.

(b) The sample is heated slowly and stirred continuously. As the
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material approaches a saturated surface-dry condition, extreme care is
necessary to avoid driving off more than the surface moisture. The pan
containing the sample should be removed from the heat while a small
amount of free moisture is still present. The sample is stirred as it is al-
lowed to cool while the saturated surface-dry condition (designation 9,
sec. 3b or designation 10, sec. 4a) is approached and obtained, after
which it is weighed.

4. Calculations.wTheamount of surface moisture is computed by one
of the following formulas:

Saturated surface-dry basis:
S-B

Surface moisture, % -- x 100
B

Dry basis:

where:

Total moisture,%-
S-A
A

x 100

S= weight of wet aggregate tested,
B = saturated surface-dry weight of aggregate tested, and
A = weight of oven-dry sample.

B. FLASK METHOD

1. GeneraL--This method is used for rapid determination of surface
moisture in fine aggregate.

2. Apparatus.--(a) A standardized volumetric flask of 500-milliliter
capacity, calibrated to 0.15 milliliter.

(b) A balance or scale accurate within 0.1 percent of the test load
at any point within the range of use.

(c) A pipette, ¼-inch-diameter glass tube of sufficient length to
be used to adjust the water level in the flask.

3. Procedure.--Theflask is filled with water at room temperature to
just above the calibrated 200-milliliter mark. The level of water is then
lowered by means of the pipette until the lower part of the water surface
coincides with the 200-milliliter mark.

From a representative sample (designation 1, sec. 9) of approximately
1,000 grams obtained at the mixing plant, 500 grams are introduced into
the flask. The flask is rolled and shaken vigorously to remove entrapped
air bubbles. When the entrapped air bubbles are removed, read the com-
bined volume of water and fine aggregate directly from the graduated
scale of the flask.

4. Calculations. The percentage of the surface moisture in the fine
aggregate can be taken directly from the nomograph (fig. 217) for the
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Figure 217.--Nomograph for determining free moisture in fine aggregate with a
calibrated flask. 288-1)-1552.

corresponding flask reading and bulk specific gravity of the material or
may be computed from the following formula:

V-500- 200
8.g.Free moisture, % --

200 + 500- V
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where:
V=flask reading=combined volume of the fine aggregate and

water in the flask, and
s.g. =bulk specific gravity of the saturated, surface-dry fine ag-

gregate.

C. DIRECT MEASUREMENT

1. GeneraL--Thismethod provides rapid measurementof surface mois-
ture, absorption, and specific gravity without computations or charts.

2. Apparatus.--(a)Moisture apparatus illustrated in figure 218.
(b) A balance or scale accurate within 0.1 percent of the test load

at any point within the range of use.

3. Procedure.--Arepresentative sample (designation 1, sec. 9 or see.
10) of the aggregate (sample weight B) is obtained. Sample weight B
is a constant, determined for each direct measurement on the moisture
apparatus at the time the specific gravity scale is calibrated. The siphon
can is filled with water and allowed to discharge to the siphon cutoff
point. Discharge water is drained from the glass discharge reservoir, dis-
carded, and the petcock closed. The specific gravity of the aggregate
must be known to measure surface moisture or absorption a•ad may be
determined by designation 9, designation 10, or section 3(c)(below. For
determining surface moisture or absorption the zero percent markof the
movable moisture scale is alined with the aggregate specific gravity on the
fixed specific gravity scale and the value read. Several aggregate samples
may be tested without emptying the siphon can. However, care should be
exercised to see that the siphon can is filled to the siphon cutoff point
before placing each sample in the can.

(a) Surface moisture.--B grams of wet aggregate are placed in a
full siphon can. When the siphon stops discharging, the percent of
moisture is read on the moisture scale.

(b) Absorption.--B grams of dry aggregate are placed in a full
siphon can. The aggregate is left submerged for 30 minutes, after which
the glass reservoir is drained, the petcock closed, and all discharged water
is returned to the siphon can. After the second discharge is complete,
the percent of absorption is read on the moisture scale.

(c) Specific gravity.--B grams of saturated surface-dry aggregate
(designation 9, sec. 3 or designation 10, sec. 4) are placed in a full
siphon can. The specific gravity is read on the specific gravity scale after
the siphon has discharged.

4. Calibration.--Themoisture scale is movable and can be adjusted for
different specific gravities. The zero mark of the moisture scale should
be moved opposite the appropriate specific gravity. Weight B is a constant
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determined for each apparatus by the manufacturer at the time the specific
gravity scale is calibrated. ___1

If moisture, absorption, and specific gravity are to be determined on
the dry basis, the scales on the equipment must be calibrated on that
basis.

UNIT WEIGHT O1: AGGREGATE FOR CONCRETE'

Designation 12

1. GeneraL--Thistest is intended to cover the determination of unit
weight of sand, coarse aggregate, and mixed aggregate for concrete.

2. Apparatus.--The apparatus required consists of a cylindrical metal
measure, a tamping rod, and scale.

(a) Measure.--The measure should be cylindrical in form, with
top and bottom in planes normal to the cylinder axis. It should be metal,
preferably machined to accurate dimensions on the inside, watertight,
of sufficient rigidity to retain its form under rough usage, and preferably
provided with handles.

The measure should be •0-, ½-, 1-, or 3-cubic-foot capacity, depend-
ing on the maximum size of the aggregate, and of the following dimensions:

Capacity,
cubic feet

0.10
0.50
1.00

13.02

Inside
diameter,

inches

6.00
10.00
14.00
17.00

Inside
height,
inches

6.10
11.00
11.23
23.00

Minimum thickness
of metal
U.S. gage

No. 11
No. 8
No. 5
1A6 inch

Maximum
size of

aggregate,
inches

½
1½
3
6

1 Garbage can, reinforced outside, top, and bottom with 1/4- by It/'4 -
inch bands.

(b) Tamping Rod.--The tamping rod is a straight rod s• of an
inch in diameter and 24 inches in length, hemispherical-tipped at the

lower end.
(c) Balance.--A balance or scale accurate within 0.3 percent of

the test load at any point within the range of use with the measure empty
or full.

3. Procedure.--(a)The volume of the measure is determined by divid-
ing the weight of water at 70 ° F required to fill it by 62.3, the unit
weight of water at that temperature.

' Based on ASTM DesignationC 29.
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(b) The sample of aggregate should be room dry and thoroughly
mixed.

(c) Aggregate is placed in the measure until it is one-third full;
the surface of the aggregate is leveled with the fingers. The mass is rodded
with the tamping rod, using 25 strokes evenly distributed over the surface.
Aggregate is then added until the measure is two-thirds full and leveled
and rodded as before. The measure is then filled to overflowing, rodded,
and the surplus aggregate struck off, using the tamping rod as a straight-
edge. In rodding the first layer the rod should not be permitted to strike
forcibly against the bottom of the measure. In rodding the other layers
only enough force should be used to cause the tamping rod to barely
penetrate the surface of the preceding layer.

For aggregate larger than 2 inches, jigging rather than rodding is pre-
ferable. The container is jigged by raising alternate sides of the container
about 2 inches from a firm foundation such as a concrete floor and allow-
ing it to drop 25 times on each side, 50 times in all, for each one-third
filling. Aggregate smaller than 2 inches may also be compacted by jigging
or vibration, but the unit weights thus obtained are appreciably greater
than those obtained by dry rodding, the increase being larger for finer
materials. This greater unit weight should be taken into consideration
when results obtained in this manner are correlated with data based on
unit weight obtained on dry-rodded samples.

(d) The net weight of the aggregate in the measure is determined.
(e) Three determinations should be made.

4. Calculations.--(a) The unit weight of the aggregate is obtained by
dividing the net weight of the aggregate by the volume of the measure
found as described in section 3(a).

(b) If the spread of the three tests exceeds 1 percent of the average
net weight, additional tests should be made. The average of the net
weights for all tests is used in determining the unit weight.

FRIABLE PARTICLES IN AGGREGATE lo

Designation13

1. GeneraL--This method of test covers the approximate determination
of friable particles in natural aggregates.

2. Apparatus.--(a) A balance or scale accurate within 0.1 percent of
the test load at any point within the range of use.

(b) Containers of such size and shape as will permit spreading of
the sample in a thin layer and of sufficient depth to permit submergence
of the largest particle.

1o Based on ASTM DesignationC 142.
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(c) Screens conforming to the requirements of table 31.
(d) Drying oven of appropriate size capable of maintaining a

temperature between 212 ° and 230 ° F.

3. Samples.--(a) Aggregates for this test are obtained by means of the
quartering method or a sample splitter (designation 1, sec. 9 or see. 10)
from representative material to be tested. They should be handled so as
to avoid breaking friable particles which may be present.

(b) Sand samples should consist of the particles coarser than a
No. 16 screen and should weigh not less than 100 grams.

(c) Coarse-aggregate samples are separated into sizes, using the
following screens: No. 4, 3/s inch, 3,4 inch, and 1 ½ inches. The weights
of samples for the different sizes should be not less than those indicated
in the following tabulation:

Minimum
Size o/particles weight, grams
•6 tO 3,4 inch ................................................................ 1,000
3/s to 3A inch .................................................................. 2,000
3A to 11/2 inches ............................................................ 3,000
Over 1½ inches ............................................................ 5,000

(d) The samples for this test shall consist of the material remaining
after washing the individual size fractions of aggregate over the smaller
specified screen size in paragraphs (b) and (c).

(e) Mixtures of sand and coarse aggregate should be separated
on the No. 4 screen and the separated samples prepared in accordance
with paragraphs (b) and (c).

4. Procedure.---Dry the sample to a constant weight at a temperature
between 212 ° and 230 ° F and obtain the weight. Spread the sample in
a thin layer on the bottom of the container and cover with water. After
soaking for 24 hours, the water is decanted and the sample examined
for friable particles. Particles are considered as friable when they have
softened so that they may be reduced sufficiently with the fingers to
pass the specified washing screen. After all discernible friable particles
have been broken, the sample is washed over the screens indicated in
the following tabulation:

Size of
Size of particles washing screen
Sand (retained on No. 16 screen) .............................. No. 30
3•6 to 3/fi inch .............................................................. No. 8
3/s to 3/4 inch .............................................................. No. 4
3A to 11/2 inches .......................................................... No. 4
Over 11/2 inches .......................................................... No. 4



APPENDIX 531

The material retained on the screen is dried to a constant weight at a
temperature between 212 ° and 230° F and weighed.

S. Caleulations.--The percentage of friable particles is calculated to the
nearest 0.1 percent in accordance with the following formula:

W-- Ww
Friableparticles,% - × 100

W
where:

W = weight prior to 24-hour soaking, and
Ww = weight after washing.

ORGANIC IMPURITIES IN SAND ax

Designation14

1. General.-----•is test is an approximate method for determining the
presence of injurious organic compounds in natural sands which are to be
used in cement mortar or concrete. A dark color, obtained in the test, is
not necessarily conclusive evidence that the sand is unfit for use, as certain
relatively harmless organic and even inorganic substances produce such a
color. Some coals and manganese minerals are examples. The principal
value of the test is to indicate whether further tests should be made to
determine the durability and strength of concrete in which the sand is to
be used.

2. Apparatus and Supplies.•(a) Twelve-ounce graduated bottles of
colorless glass equipped with watertight caps or stoppers.

(b) A 3-percent solution of sodium hydroxide and water. The 3-per-
cent sodium hydroxide solution may be made by dissolving 1 ounce of
sodium hydroxide in enough water to make 32 fluid ounces.

(c) Standard color solution for reference with sample (see. 3).
3. StandardColor Solution.--(a)A temporary standard color solution

is preparedby adding 2.5 milliliters of a 2-percent solutionof tannic acid
to 97.5 millilitersof 3-percent sodium hydroxidesolution.The 2-percent
tannicacid solutionis made by adding 10 milliliters of 190-proof alcohol
and 2 grams of tannic acid powder to 90 milliliters of water. The color
solutionis placed in a 12-ounce bottle, stoppered,shaken vigorously,and
allowedto stand for 24 hours. The colorof thissolutionis not permanent,
and a new standardshouldbe preparedfor each set of tests.

(b) A permanent standard color may be prepared by dissolving9
grams of chemicallypure (c.p.) ferric chloride(FeCI.•.6H•0) and 1 gram
of c.p. cobalt chloride (CoClz.6H20) in 100 milliliters of water to which
one-thirdmilliliter of hydrochloricacid (HCI) has been added. This mix-
ture when hermetically sealed in a glass bottle will remain stable
indefinitely.

u Based on ASTM DesignationC 40.
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4. Procedure.----(a)A representative test sample of sandweighing about
1 pound is obtained by the quartering method or by use of a sample
splitter (designation 1, see. 9).

(b) A 12-ounce graduated clear glass bottle is filled to the 41/2-ounce
mark with the sand to be tested.

(c) A 3-percent solution of sodium hydroxide in water is added until
the volume of the sand and liquid after shaking is 7 liquid ounces.

(d) The bottle is stoppered, shaken vigorously, and allowed to stand
for 24 hours.

(e) If a temporary solution (see. 3) is to be used as the standard, it
should be made up immediately after the sample is shaken vigorously.

(f) After the solution has stood 24 hours, the color of the clear liquid
above the sand is compared with that of the standard color solution or
with a glass of similar color.

(g) Solutions darker than the standard color indicate the presence of
more than 500 parts per million of tannic acid. If a solution darker than
the standard color is obtained, the test should be repeated on a represen-
tative sample of sand which has been washed in water (in accordance with
designation 16) to determine whether this washing removes contaminat-
ing organic compounds. If the solution color remains darker 'than the
standard color, further tests are required to determine the nature of the
material and its effect on the time of set and strength of cement.

(h) If a color equal to or lighter than standard is obtained, the sand
is considered suitable (from an organic standpoint) without further testing.

(i) A sand failing in this test may be used if, when tested in accord-
ance with designation 20 ("Effect of Organic Impurities in Fine Aggregate
on Strength of Mortar"), the relative mortar strength at 7 and 28 days is
not less than 95 percent.

SEDIMENTATION TEST FOR APPROXIMATE QUANTITY OF CLAY
AND SILT IN SAND

Designation 15

1. GeneraL--Thistest is a rapid method for determining the approxi-
mate quantity of clay or silt in sand.

2. Apparatus.--32-ouncegraduated bottles of colorless glass equipped
with watertight caps or stoppers.

3. Procedure.----(a)A representative test sample of sand weighing about
3 pounds is obtained by the quartering method or by use of a sample
splitter (designation 1, see. 9).

(b) A 32-ounce graduated clear glass bottle is filled to the 14-ounce
mark with sand and clear water added to the 28-ounce mark. The bottle
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is stoppered, shaken vigorously, and the contents allowed to settle for 1
hour. One ounce of sediment above the sand is roughly equivalent to 3
percent by weight of clay or silt. The sand may be washed, samples again
tested, and the sand approved for use if requirements are fulfilled.

(c) When the test is made for organic impurities in sand (designation
14), it is unnecessary to make an additional test for the approximate

quantity of clay and silt. In the test for organic impurities, • ounce of
sediment at the top of the 7 ounces of sand corresponds roughly with 3
percent by weight of clay or silt. Sedimentation results are obtained in the
3-percent solution of sodium hydroxide much more rapidly than in water.

PERCENTAGE OF AGGREGATE PASSING NO. 200 SCREEN 12

Designation 16

1. GeneraL--This test outlines the procedure for determining the total
quantity of material, contained in the aggregate, passing a No. 200 (74-
micrometer) screen.

2. Apparatus.--(a) Two nested screens, the upper screen a No. 16 and
the lower a No. 200, both conforming to the requirements of ASTM Des-
ignation E 11, "Standard Specification for Wire-Cloth Sieves for Testing
Purposes."

(b) A pan or vessel of a size sufficient to contain the sample covered
with water and to permit vigorous agitation without loss of any part of
the sample or water.

(c) A drying oven of appropriate size capable of maintaining tem-
perature between 212° and 230 ° F.

(d) A balance accurate within 0.1 percent of the test load at any
point within the range of use.

3. Test Sample.--A representative test sample is obtained by a sample
splitter or the quartering method (designation 1, sec. 9 or sec. 10) from
material which has been mixed thoroughly and which contains sufficient
moisture to prevent segregation. The size of the sample should be sufficient
to yield not less than the appropriate weight of dried material, as shown
in the following tabulation:

Size o7 aggregate Weight, grams
0 to 3/• 6 inch (sand) .................... 500 to 1,000
3/•G to a• inch ......................... 1,000 to 1,500
3/8 to ¾ inch ......................... 1,500 to 2,000
¾ to 1 ½ inches ....................... 2,500 to 3,500
Larger than 11A inches ....... A sufficient amount to make

a representative sample.

a' Based on ASTM DesignationC 117.
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4. Procedure.--Thetest sample is dried to constantweight at a tem-
perature not exceeding 230 ° F and weighed to the nearest 0.1 gram for
each 500 grams.

The test sample, after being dried and weighed, is placed in the con-
tainer and sufficient water added to cover it. The contents of the container
are agitated vigorously.

The agitation should be sufficiently vigorous to result in complete sepa-
ration from the coarse particles of all particles finer than the No. 200
screen and to bring the fine material into suspension so that it will be re-
moved with the wash water. Immediately after agitation the wash water is
decanted and poured over the nested screens, arranged with the coarser
screen on top. (Do not pour gravel or sand over screens because the
screens will not withstand the weight.) The operation is repeated until the
wash water is clear.

The test sample may be washed on the nested screens by a water spray
until the wash water is clear. To prevent overloading of the screens when
this procedure is used, small portions of the test sample should be washed
individually until the entire sample has been washed. Care should be ex-
ercised in washing the sample or transferring washed material to drying
pans to avoid loss of any part of the sample.

All material retained on the nested screens is returned to the washed
sample, which is then dried to constant weight at a temperature not ex-
ceeding 230 ° F and weighed to the nearest 0.1 gram for each 500 grams.

where:

5. Calculalions.NThe results are calculatedfromthefollowingformula:

Material finer than No. 200 screen, %--
A--E

A
X 100

A = originaldryweight, and
E= dry weight after washing.

6. Check Determinations.--When check determinationsare desired,the
wash water is either evaporatedto dryness,or filtered through tared filter
paperwhichis subsequently dried. The followingformulais used:

where:

Materialfiner than No. 200 screen, % = Wr × 100
A

A = originaldry weight, and
Wr = weight of residue.
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PERCENTAGE OF PARTICLES LESS THAN 1.95 SPECIFIC
GRAVITY IN SAND

Designation17

1. General.---This test outlines a procedure for the approximate deter-
mination of lightweight material in sand. Material having a specific gravity
less than 1.95, including most shale and coal, will be removed in this test.

2. Apparatus.--(a) A balance or scale accurate within 0.1 percent of
the test load at any point within the range of use.

(b) A No. 30 screen.
(c) Two or more small strainers having openings smaller than those

of a No. 30 screen.
(d) Three 1,000-milliliter glass beakers.
(e) Hydrometers accurate to 0.01 and suitable for determining spe-

cific gravity of zinc chloride solution and hydrometer flasks of sufficient
size for hydrometer measurements.

3. Sample.--A representative sample of sand of sufficient size to yield
100 to 200 grams of material coarser than the No. 30 screen is selected
by use of a sample splitter or the quartering method (designation 1, sec. 9).
The quantity will vary depending on the coarseness or fineness of the sand
grading. Material selected is oven dried to constant weight at a tempera-
ture between 212 ° and 230° F.

The sand is then screened over a No. 30 screen and that portion retained
on the screen is weighed to the nearest 0.1 gram.

4. Precedure.--Asolution of zinc chloride (ZnCI•) is prepared having
a specific gravity of 1.95±0.02 at 70 ° to 80 ° F.

(NOTE.---Zinc chloride o/ this concentration should be handled with
caution as it may cause irritation or burns on the skin. Immediate appli-
cation of copious amounts ol water is a satislactory antidote.)

Approximately 600 milliliters of solution is placed in a 1,000-milliliter
glass beaker and the sample poured into the solution. As the sample is
added, the solution is stirred vigorously. When the sample is all in sus-
pension, stirring is stopped and the sample allowed to settle (approximately
30 seconds) until there is a definite cleavage plane between the rising light-
weight material and the settling sand. The solution is then decanted over
a strainer until the sand appears near the lip of the beaker. Care should
be taken that only floating particles are poured off with the liquid. Samples
containing a substantial amount of lightweight material may require addi-
tional separation, which may be accomplished by adding more solution to
the sample, agitating and decanting. The samples should not be in contact
with the zinc chloride solution for more than 21/• minutes during the test.
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Material retained on the strainer is thoroughly washed to remove the
zinc chloride and then oven dried'to constant weight at a temperature be-
tween 212 ° and 230° F and weighed to the nearest 0.1 gram.

5. Caleulations.--Thepercentage of lightweight material is calculated
from the following formula:

Wa
Lightweight material, % - × 100

W

where:
W = weight of portion originally retained on No. 30 screen, and
Wn = weight of decanted particles.

It should be noted that only lightweight material in the fractionretained
on the No. 30 screen is separated from the original sample.

PERCENTAGE OF PARTICLES LESS THAN 1.95 SPECIFIC
GRAVITY IN COARSE AGGREGATE 13

Designation 18

1. GeneraL--This test outlines a procedure for the approximate deter-
mination of lightweight material in coarse aggregate. Materials that have
a specific gravity less than 1.95, including most shale and coal, will be re-
moved in this test.

2. Apparatus.--(a) A balance or scale accurate within 0.1 percent of
the test load at any point within the range of use.

(b) A metal tank and wire-screen basket of such capacity that the
sample may be submerged with not less than 2 inches of solution over the
sample.

(c) Two or more small strainers with openings not larger than No. 8
mesh (0.0937 inch).

(d) Hydrometers accurate to 0.01 and suitable for determining spe-
cific gravity of zinc chloride solution and hydrometer flasks of sufficient
size for hydrometer measurements.

3. Sample.----A representative sample is obtained by a sample splitter
or the quartering method (designation 1, sec. 10) and the following weights
are used in the tests for the various sizes of aggregate:

l• Based on AASHTO Designation T 150.
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Size of aggregate
•6 to a• inch ..........................
3/'8 to ¾ inch ...........................
aA to 1 Vz inches ........................
1 V2 to 3 inches .........................
Larger than 3 inches .....................

Weight, grams
1,000 tO 1,500
1,500 to 2,000
2,500 to 3,500
4,000 to 6,000
A sufficient amount
to make a repre-
sentative sample.

The sample is oven dried to constant weight at a temperature between
212 ° and 230 ° F and weighed to the nearest 0.1 gram.

4. Proeedure.--Asolution of zinc chloride (ZnCIz) is prepared having
a specific gravity of 1.95___0.02 at 70 ° to 80 ° F.

(NOTE.--Zinc chloride of this concentration should be handled with
caution as it may cause irritation or burns on the skin. Immediate applica-
tion o] copious amounts o] water is a satisJactory antidote.)

The sample of coarse aggregate is placed in the wire basket and lowered
into the tank. The sample and solution should be stirred vigorously with
a large mixing spoon for 1 minute. Floating particles should be skimmed
off within 1 minute after stirring has stopped.

The removed particles are thoroughly washed to remove the zinc chlo-
ride and then oven dried to constant weight at a temperature between 212 °
and 230 ° F and weighed to the nearest 0.1 gram.

5. Caleulations.--The approximate percentage of lightweight material
is calculated from the following:

W•
Lightweight material, % =• × 100

W
where:

W = weight of original dry sample, and
Wn = weight of decanted particles.

SOUNDNESS OF AGGREGATE (SODIUM SULFATE METHOD) 14

Designation 19

1. GeneraL--Theresults of this test are used as an indication of the
ability of aggregate to resist weathering.

2. Supplies and Apparatus.--(a) A supply of saturated solution of so-
dium sulfate prepared in accordance with section 3.

1, Based in general on ASTM Designation C 88.
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(b) Screens conforming to the requirements of table 31.
(c) Suitable containers for immersing the samples of aggregate in the

solution. No. 3 porcelain evaporating dishes are suitable for sands and
larger porcelain bowls for the gravel. The containers should be equipped
with covers that will prevent dilution or contamination of the solution.

(d) A constant-temperature room.
(e) A balance or scale accurate within 0.1 percent of the test load

at any point within the range of use.
(f) A drying oven constructed to provide free circulation of air

through the oven and capable of maintaining a temperature between 221°
and 230° F. The rate of evaporation at this range of temperature must
average at least 25 grams per hour for 4 hours. The rate of evaporation
is determined by the loss of water from l-liter, Griffin low-form beakers,
each initially containing 500 grams of water at a temperature of 70°±3 ° F
placed at each corner and the center of each shelf of the oven. This evap-
oration requirement applies when the oven is empty, except for the beakers
of water, and the oven doors are closed. Heat in a gas oven may be in-
creased when the samples are first put in the oven to maintain a nearly
constant temperature.

(g) Hydrometers accurate to --0.001 and suitable for determining
specific gravity of sodium sulfate solution and hydrometer flasks of suffi-
cient size for hydrometer measurements.

3. Sodium Sulfate Solution.--Only c.p. anhydrous salt should be used.
The salt should be dissolved slowly, accompanied by vigorous stirring, in
clean water at a temperature not exceeding 86 ° F and not less than 77 ° F.
It is recommended that not less than 350 grams of the anhydrous salt be
used for each liter of water. The solution should be kept at a temperature
of 73.4°±2° F at all times in a covered vitreous earthenware crock or
similar container not affected by the solution. Before it is used, a newly
mixed solution should be kept at constant temperature for 48 hours to
allow saturation. During this period it should be stirred frequently. If,
at any time, the temperature of the saturated solution should vary more
than several degrees and then return to normal, the solution should be
stirred at least 30 minutes before using. It is essential that a considerable
excess quantity of crystals be present on the bottom of the container at
all times to assure complete saturation of the solution. The solution
should have a specific gravity of not less than 1.151 and not greater than
1.174 and should be vigorously stirred immediately before using to
eliminate 'layering. It is recommended that one batch of sodium sulfate
solution be used for not more than 10 cycles of test.

4. Procedure.--(a) Sufficient aggregate is roughly screened to provide
the following approximate quantities of the various sizes. (For sands, 150
grams will usually be sufficient to allow for washing and screening.)
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Size ot aggregate Weight, grams
1V2 to 3A inch ................................ 2,000
3A to 3/s inch ................................. 500
3/8 to 3/• 6 inch ................................. 100
3A6 inch to No. 8 .............................. 100
No. 8 to No. 16 ................................ 100
No. 16 to No. 30 ............................... 100
No. 30 to No. 50 ............................... 100

For coarse aggregate sizes larger than 11/• inches, use approximately
6,000 grams of material and determine the loss through the screen on
which the sample was retained before testing.

(b) The sand fractionsare recombined and thoroughly washed on a
100-mesh screen. The coarse material may be washed in any suitable con-
tainer,, and both sand and gravel should be dried to constant weight be-
tween 221 ° and 230 ° F. After cooling to room temperature both fine and
coarse aggregate are screened for 20 minutes on a mechanical screen
shaker (material larger than 3A-inch may be screened by hand). Particles
of any size fraction sticking in the Screen should be wasted. The fractions
of the sample are weighed and placed in separate containers resistant to
the action of the solution.

(c) Sufficient sodium sulfate solution is poured into the containers to
cover the fractions to a depth of not less than one-half of an inch. The
solution is siphoned from the lower parts of earthenware storage vessels
after it has been stirred for several minutes. The fractionsare then allowed
to soak for 18 hours, during which period they are maintained at 73.4°-----
2 ° F. The containers should be covered to prevent contamination.

(d) After the 18-hour immersion period the-samples are removed
from the solution (or excess solution decanted), placed in an oven, 1'• and
dried to constant weight at a temperature between 221 ° and 230 ° F. Care
should be taken to see that samples do not remain in the oven longer than
is necessary for complete drying since excessive disruptive forces may re-
sult from overdrying. Thorough drying should take place under the above
temperatures in approximately 4 hours, but every operator should make
tests to determine the minimum length of time necessary to dry samples
to a constant weight with his particular equipment. After drying, the sam-
ple fractions are cooled to approximately 73.4° F, and alternate immer-
sions and dryings should proceed as outlined in paragraphs (c) and (d).

(e) At the end of each five cycles, the test samples should be in-
spected and record made of observations. Each fraction is then washed

It has been found necessary to decant the sands again after approximately 30
minutes in the oven to prevent explosion of entrapped sulfate solution and resultant
showering of particles from their containers.
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thoroughly.16 The sands should be washed, as previously, on a 100-mesh
screen with tapwater, and the gravel should be washed in some suitable
container.

(f) After removal of the sodium sulfate from the fractions, they are
dried thoroughly and cooled as described in paragraph (d). Each fraction
is screened for 15 minutes in a mechanical screen shaker, and the quan-
tity of material retained on each screen is weighed and recorded. All ma-
terial remaining in the screens should be carefully brushed into the part of
the sample to be weighed. If the ¾-inch material is screened by hand, all
pieces appearing unsound should be tried with a slight pressure of the
fingers; pieces that crumble easily, together with the material passing the
screen during the hand-screening operation, should be considered as loss.
If it is desired to continue the test to more complete disintegration, the
test should proceed as outlined.

5. DataReported.--The following data should be reported. Table 35
is suggested as a suitable report form.

(a) Weight of each fractionbefore test.
(b) Material from each fraction, finer than the screen on which the

fractionwas retained before the test, expressed as a percentage by weight
of the fraction.

(c) Weighted average loss for coarse aggregate, computed from the
percentage of loss for each fraction, and weighted according to the
following:

Size of material

11/z to ¾ inch ................
¾ to a/• inch .................
% to 3Ae inch .................

Grading, percent
3/a -inch-

maximum
sample

60
40

l V2 -inch-
maximum
sample

50
30
20

(d) The weighted average loss for sand, computed from the percent-
age of loss for each fraction and weighted according to the typical sand
grading given in table 35.

(e) Where sufficient material is unavailable for testing in any size
fraction, that size shall not be tested. For the purpose of calculating the
test results, it shall be considered to have the same loss in sodium sulfate

16 To assure complete removal of the sodium sulfate during the washing, a small
quantity of the wash water is obtained and a few drops of barium chloride (BaCI•)
solution added. The presence of sodium sulfate is indicated by a formationof white
precipitate of barium sulfate (BaSO•).
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Table 35.--lllustrativesodium sulfate test results

Weighted percentage o] loss in 5 cycles o/sodium sulJate tests, based
on typical grading and 11/2-inch-maximum size aggregate.

Screensize l Veight of
Typical • test
grading, fractions

Passing Retainedon percent before test,grams

Coarse Aggregate

Percentage V

passing finer Weighted
screen after / averages
test (actual I (corrected

/ percentpercent loss L loss)
by difference)

IrA inch ... 3A inch ...
inch ..... z,• inch ...

Ys inch .... zAo inch ..
Totals

50
30
20

100

2,000
500
100

2,600

2.6
2.0
6.8

1.3
0.6
1.4

3.3

Sand

No. 4 ....... No. 8 ...... 20
No. 8 ....... No. 16 ..... 20
No. 16 ..... No. 30 ..... 30
No. 30 ...... No. 50 ..... 30

Totals ............. 100

tO0
100
tO0
100

400

7.1
5.6
9.6
6.7

1.4
1.1
2.9
2.0
7A

treatment as the average of the next smaller and the next larger size; or
where one of these sizes is absent, it shall be considered to have the same
loss as the next larger or next smaller size, whichever is present.

EFFECT OF ORGANIC IMPURITIES IN FINE AGGREGATE ON
STRENGTH OF MORTAR 17

Designation20

1. General.--This method covers the procedure for measuring the
mortar-making properties of fine aggregate for concrete by a compres-
sion test on specimens made from a mortar of plastic consistencyand
gaged to a definite water-cement ratio. It covers the determinationof
the effect on mortar strength of organic impurities determined in ac-
cordancewith the Method of Test for Organic Impuritiesin Sand (desig-
nation 14).

2. Apparatus.--(a)Flow table, flow mold, and caliper, conforming to
the requirements of ASTM Specifications C230, for Flow Table for Use

in Tests of Hydraulic Cement.

t' Basedon ASTM Designation C 87.
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(b) Tamper, made of a nonabsorptive, nonabrasive, nonbrittle ma-
terial such as rubber compound having a Shore A durometer hardness
of 80 __ 10 or seasoned oak wood rendered nonabsorptive by immersion
for 15 minutes in paraffin at approximately 400° F and having a cross
section of 1A by 1 inch and a convenient length of about 6 inches. The
tamping face shall be flat and at right angles to the length of the temper.

(c) A round, straight steel tamping rod, three-eighths inch in
diameter and approximately 12 inches in length, having one end rounded
to a hemispherical tip of the same diameter as the rod.

(d) Trowel, having a steel blade 4 to 6 inches in length, with
straight edges.

(e) Cube molds 2 inches in dimension conforming to the require-
ments of ASTM Method C 109, Test for Compressive Strength of
Hydraulic Cement Mortars (Using 2-inch Cube Specimens); or cylin-
drical molds 2.00 _ 0.02 inch in diameter by 4.0 _ 0.1 inch in height,
of nonabsorbent material, watertight, and substantial enough to hold
their form during molding of test specimens.

3. Proeedure.--(a)The fine aggregate shall be compared in mortar, as
described in this method, with a sample of the same aggregate that has
been soaked and washed in a 3-percent solution of sodium hydroxide
followed by thorough rinsing in water. The treatment shall be repeated
a sufficient number of times to produce a washed material having a color
lighter than the standard of designation 14. Sufficient fine aggregate for
the untreated and treated samples shall be washed over a 200-mesh screen
to remove excess silt or organic impurities removable by washing. Dry
and split the material, using one part for the untreated and the other part
for the treated sample. The soaking and washing in sodium hydroxide
shall be performed in such a way as to minimize loss of fines. The
washed and rinsed aggregate shall be checked with a suitable indicator
such as phenolphtalein or litmus to assure that all sodium hydroxide
has been removed prior to preparation of the mortar. The samples as
tested shall have a standard grading (2.74 F.M.) as shown below:

Screen Size

Passing Retained on

No. 4
No. 8
No. 16
No. 30
No. 50
No. 100

No. 8
No. 16
No. 30
No. 50
No. 100
No. 200

Grading,
percent

15
15
25
24
16

5



APPENDIX 543

(b) Unless otherwise specified or permitted, strength comparisons
shall be made at 7 and 28 days.

(c) Mold batches of mortar with the aggregate treated in sodium
hydroxide and batches with the untreated aggregate on the same day.

(d) Mold six 2-inch cubes or 2-inch by 4-inch cylinders from each
batch.

(e) Test three cubes or cylinders from each batch at the ages of
7 and 28 days.

4. Temperature.----Thetemperature of the mixing water, moist closet,
and storage tank shall be maintained at 73.4 ° + 3 ° F.

5. Preparationof Morlar.--Place cement and water in quantities 18 that
will give a water-cement ratio of 0.6 by weight, in an appropriate vessel,a9
and permit the cement to absorb water for 1 minute. Mix the materials
into a smooth paste with a spoon. Beat into the mixture a known weight
of the sample of sand under test that has been brought to a saturated
surface-dry condition '-'" as described in section 3b, Method of Test for
Specific Gravity and Absorption of Sand (designation 9). Mix until the
material appears to be of the desired consistency (flow 100 ± 5). Con-
tinue the mixing for 30 seconds, and make a determination of the flow
in accordance with section 6.

6. Flow Test.--Carefully wipe the flow-table top clean and dry and
place the flow mold at the center. Immediately after completing the mix-
ing operation place a layer of mortar about 1 inch in thickness in the
mold and tamp 20 times with the tamper. The tamping pressure shall be
just sufficient to ensure uniform filling of the mold. Fill the mold with
mortar and tamp as specified for the first layer. Cut off the mortar to a
plane surface, flush with the top of the mold, by drawing the straight
edge of the trowel (held nearly perpendicular to the mold) with a sawing
motion across the top of the mold. Wipe the table top clean and dry
being especially careful to remove any water from around the edge of
the flow mold. Lift the mold away from the mortar 1 minute after com-
pleting the mixing operation. Immediately drop the table through a

's For six cubes, 600 g of cement and 360 ml of water will usually give sufficient
mortar. The quantity of sand used with this amount of cement may vary from 1,200
g for fine sand to 2,000 g or more for coarse sand.

"An ordinary saucepan of 4-quart capacity, about 91/2 inches in diameter at the
top and about 4½ inches in height, and a large iron kitchen spoon are suitable for
use in mixing the mortar.

:o If the absorption as determined in accordance with designation 9 is known, sand
may be prepared for test by adding to known weight of dry sand the amount of
water it will absorb, mixing thoroughly, and permitting the sand to stand in a cov-
ered pan for 30 minutesbefore use.
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height of one-half inch 10 times in 6 seconds. The flow is the resulting
increase in average diameter of the mortar mass, measured on at least
four diameters at approximately equal angles, expressed as a percentage
of the original diameter. Should the flow be too great, return the mortar
to the mixing vessel, add additional sand, and make another determina-
tion of the flow. If more than two trials must be made to obtain a flow
of 100 _ 5, consider the mortar as a trial mortar and prepare test
specimens from a new batch. If the mortar is too dry, discard the batch.
Determine the quantity of sand used by subtracting the weight of the
portion remaining after mixing from the weight of the initial sample.

7. MoldingTest Specimens.--Immediatelyfollowing completion of the
flow test, place the mortar in cylinder molds in three layers or in cube
molds in two layers. Rod each layer in place with 25 strokes of the
tamping rod. After the rodding has been completed, fill the molds to
overflowing. Place the specimens in a moist closet (sec. 4) for curing.
Three to four hours after molding, strike off the specimens to a smooth
surface and cover with a glass plate or plastic sheet. Twenty or twenty-
four hours after molding, remove the specimens from the molds and,
except for those to be tested at that time, store in water until tested.

8. Capping Specimens.--Ifthe specimens are cylindrical, before test-
ing, cap them in such a manner that the ends are plane within 0.002
inch and perpendicular to the axis of the cylinder within 1 °. The material
used for capping and the thickness of the cap shall be such that it will
not flow or fracture under the load. Cubes made in suitable molds need
not be capped and shall be tested at right angles to the direction of
molding. 21

9. TestingSpecimens.--(a)Test the specimens immediately after their
removal from the moist closet for 24-hour specimens and from storage
water for all other specimens. When more than one specimen at a time
is removed from the moist closet for the 24-hour tests, keep these speci-
mens covered with a damp cloth until the time of testing. When more
than one specimen at a time is removed from the storage water for testing,
keep these specimens in water at a temperature of 73.4 ° + 3 ° F and of
sufficient depth to immerse completely each specimen until the time of
testing.

(b) Surface dry each specimen and remove any loose sand grains
or incrustations from the faces that will be in contact with the bearing
blocks of the testing machine. Check these faces by applying a straight-

_-1 It is desirable that the cappingmaterial have a modulus of elasticity equal to or
greater than that of the mortar.
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edge and inserting a 0.002-inch thick feeler gage.=.' If the bearing surface
departs from plane by more than the 0.002 inch, grind the face or faces
to plane surfaces or discard the specimen.

(c) Apply the load continuously and without shock to plane faces
of the specimen. Carefully place the specimen in the testing machine
below the center of the upper bearing block. Use no cushioning or bed-
ding materials. In testing machines of the screw type the moving head
shall travel at a rate of about 0.05 inch/min when the machine is idling.
In hydraulically operated machines apply the load at a constant rate
within the range of 20 to 50 lb/in-°/sec. During the application of the
first half of the maximum load, a higher rate of loading will be permitted.
No adjustment shall be made in the controls of the testing machine while
a specimen is yielding rapidly immediately before failure.

10. Caleul.ation.--Calculate the compressive strength of each specimen
by dividing its maximum load carried during the test by the cross-sec-
tional area. As a measure of the effect of the organic impurities, express
the relative strength of mortar made with untreated fine aggregate as a
percentage of that of mortar made with the same aggregate washed in
sodium hydroxide. Sand contaminated by organic impurities may be
rejected if it produces a 7 and 28 day strength less than 95 percent of a
neutralized sand from the same source.

ABRASION OF COARSE AGGREGATE BY USE OF THE
LOS ANGELES MACHINE 22

Designation 21

1. GeneraL--This test is intended for determining the abrasion resist-
ance of crushed rock, crushed slag, uncrushed gravel, and crushed
gravel.=4

Results much lower than the true strength will be obtained by loading faces of
the specimen that are not truly plane surfaces. Therefore, it is essential that specimen
molds be kept scrupulously clean; otherwise, large irregularities in the surfaces will
occur. Instruments for cleaning of the molds should always be softer than the metal
in the molds to prevent wear. When grinding of specimen faces is necessary, it can
be accomplished best by rubbing the specimen on a sheet of fine emery paper or
cloth glued to a plane surface; paper or cloth glued to a plane surface and applied
only with a moderate pressure should be used. Such grinding is tedious for more
than a few thousandths of an inch; where more than this is found necessary, it is
recommended that the specimen be discarded.

= Based on ASTM Designations C 131 and C 535.
-" Ledge rock, hand broken in approximately cubic fragments of the different sizes

shown, when tested by this method, has been found to have a loss of approximately
85 percent of that for crushed rock of the same quality.
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2. Apparatus.--(a) The Los Angeles Machine consists of a hollow
steel cylinder having an inside diameter of 28 inches and an inside length
of 20 inches and closed at both ends. The cylinder is mounted on stub
shafts attached to the ends of the cylinder, but not entering it, and is
mounted so that it may be rotated on its axis in a horizontal position.
An opening is provided in the cylinder for introduction of the test sample.
The opening should be closed with a removable dusttight cover bolted
in place. The cover should be designed to maintain the cylindrical con-
tour of the interior surface. A removable steel shelf, projected radially
3V2 inches into the cylinder and extending its full length, should be
mounted along one element of the interior surface of the cylinder. The
position of the shelf should be such that the distance from the shelf to
the opening, measured along the circumference of the cylinder in the
direction of rotation, is not less than 50 inches. A shelf of wear-resistant
steel, rectangular in cross section and mounted independently of the
cover, is preferred. However, a shelf consisting of a section of rolled
angle, properly mounted on the inside of the cover plate, may be used
provided the direction of rotation is such that the charge will be caught
on the outside face of the angle. The shelf should be of such thickness
and so mounted, by bolts or other approved means, as to be firm and
rigid. The machine shall be so driven and so counterbalanced as to
maintain a substantially uniform peripheral speed of from 30 to 33
revolutions per minute. Backlash or slip in the driving mechanism is
very likely to furnish test results which are not duplicated by other Los
Angeles abrasion machines producing constant peripheral speed.

(b) A balance or scale accurate within 0.1 percent of the test load
at any point within the range of use.

(c) Standard square-mesh screens designated by the following sizes
or numbers: 1½ inch, 1 inch, ¾ inch, V2 inch, •s inch, No. 3 (1/4

inch), No. 4, and No. 12 conforming to the requirements of ASTM
Designation E 11, "Standard Specification for Wire-Cloth Sieves for
Testing Purposes."

(d) Miscellaneous pans, wire brushes for cleaning screens.

3. AbrasiveCharge.--(a)The abrasive charge consists of cast iron or
steel spheres approximately 17• inches in diameter and weighing between
390 and 445 grams each.

The weights of the cast iron or steel 'spheres should be checked period-
ically; those weighing less than 390 grams should be discarded. The total
weight of the selected combination of metal spheres used in the abrasive
charges for "A", "B", and "C" test sample gradings must conform to
the requirements of paragraph (b).
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(b) The charges used with the grading described in section 4 are as
follows:

Grading

l ..................................................

l ..................................................

C ..................................................

Number
of spheres

12
11

8

Weight of
charge,grams

5,000 +_ 25
4,584___25
3,330___20

4. Test Sample.--The test sample consists of 5,000 grams of clean,
dry, representativeaggregateconformingto one of the gradings given in
the following tabulation. The gradingused should be that most nearly
representingthe aggregatefurnishedfor the work.

Screen size (square openings) Wei ht in grams

Passing Retainedon Grading A

1V2 inch ........
1 inch ..........
aA inch .........
1/2 inch .........
Ya inch .........
No. 3 (¼ inch) ...

1 inch ......... 1,250
¥4 inch ........ 1,250
1/2 inch ........ 1,250
a/a inch .... . .... 1,250
No. 3 (¼ inch) ....................
No. 4 ............................

Grading B Grading C

2,500 .......
2,500 .......

2,50C
2,5013

$. Procedure.----Thetest sample and the abrasive charge are placed in
the Los Angeles abrasion-testing machine and the machine rotated for
100 revolutions. The material is removed from the machine and screened
on a No. 12 screen conforming to the requirements of ASTM Designa-
tion E 11, "Specification for Wire-Cloth Sieves for Testing Purposes."
The material retained on the screen is accurately weighed to the nearest
gram. Care should be taken to avoid loss of any part of the sample. The
entire sample, including the dust of abrasion, is returned to the testing
machine and the machine rotated 400 revolutions. The sample is then
removed, screened on a No. 12 screen, and weighed to the nearest gram.

6. Calculation.--Thedifferencesbetween the original weight of the test
sample and the weights of the material retained on the screen at 100
revolutions and 500 revolutions are expressed as percentages of the
original weight of the test sample. These values are reported as per-
centages of wear.
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SLUMP 25

Designation22

1. General. The consistency of concrete usually is measured by the
slump test in accordance with the following procedure.

2. Mold.--The test specimen is formed as the frustum of a cone with
a base 8 inches in diameter, the upper surface 4 inches in diameter, and
the height 12 inches. The base and the top of the mold are open and
parallel to each other and at right angles to the axis of the cone. The mold
is provided with foot pieces and handles, as shown in figure 219.

3. Sample.--The sample should be representative of the batch. For
samples of concrete having aggregate exceeding 1 I/2 inches in size, the
pieces of aggregate larger than 1 ½ inches are removed by wet screening.

4. Procedure.--Themold should be dampened and placed on a fiat,
moist, nonabsorptive surface, where the operator holds it firmly in place
by standing on the foot pieces while it is being filled. The mold is filled
in three layers, each approximately one-third the volume of the mold.
The vertical dimensions from the bottom of the mold to the tops of the
layers are approximately 2½, 6, and 12 inches. In placing each scoopful
of concrete, the scoop is moved around the top edge of the mold as the
concrete slides from it to ensure symmetrical distribution of concrete
within the mold. Each layer is rodded with 25 strokes of a S/s-inch rod,
24 inches long and hemispherically tipped at the lower end. The strokes
are distributed uniformly over the cross section of the mold and should
just penetrate into the underlying layer. The bottom layer should be
rodded throughout its depth. After the top layer has been rodded, the
surface of the concrete is struck off so that the mold is exactly filled and
the spilled concrete cleaned from the base. The mold is immediately
removed from the concrete by raising it slowly and carefully in a vertical
direction. The slump is measured to the nearest one-fourth of an inch
immediately thereafter by determining the difference between the height
of the mold and the average height of the top surface of the concrete
after subsidence.

Slump specimens which break or slough off laterally give incorrect
results and should be remade with a fresh sample. After the slump
measurement is completed, the side of the concrete frustum should be
tapped gently with the tamping rod. The behavior of the concrete under
this treatment is a valuable indication of its cohesiveness, workability,
and placeability (see fig. 2). A well-proportioned, workable mix will

•z Based on ASTM DesignationC 143.
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slump gradually to lower elevations and retain its original identity; how-
ever, a poor mix will crumble, segregate, and fall apart. Operations in-
volved in making the slump test are illustrated in figure 220.

When practicable, duplicate slump tests should be made and the
average of the two slumps reported.

UNIT WEIGHT AND VOLUME OF FRESH CONCRETE; AND CEMENT,
WATER, AIR, AND AGGREGATE CONTENTS OF FRESH CONCRETE

Designation 23

1. GeneraL--Thisprocedure is for determining the unit weight and
volume of fresh concrete at the mixer. ='• Simultaneously, determinations
are made of cement, water, air, and aggregate contents of the concrete.

2. Unit WeightTestApparatus.--Testsfor the unit weight of freshcon-
crete are made in a cylindricalmeasure of •/•0-, ¼-, ½-, 3/4-, or 1-cubic-
foot capacity, the size depending on the maximum size of aggregate in the
concreteto be tested. The requirements are as follows:

Maximum size of aggregate, inches

1 ½ and smaller ..............................
......................................................

............................... , ......................

............................................ . .........

Minimum
capacity,
cubic feet

0.25
.50
.75

1.00

Required
accuracy
of scales,

pounds

-+ 0.02
- .05
-.10
_ .20

3. Procedure for Determining Unit Weight.--(a) The test is made im-
mediately after mixing is completed.

(b) The measure is dampened and excess moisture removed with
a damp cloth just before starting the test.

(c) The measure is filled in two layers, each approximately one-
half the volume of the measure. Care should be taken to ensure that only
representative concrete is used for the test. If the maximum size of ag-

,o Usually this test is made at the mixer; but in any situation where it is indicated
that more than normal amounts of air are lost as a result of special conditions of
handling, transportation, or vibration, it will be desirable to make a check test for
air content on a sample of concrete taken after the treatment in question.
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gregate is larger than 11/• inches, special care must be taken to obtain
a representative sample; in mixes containing 6-inch-maximum size ag-
gregate, it is advisable to estimate and include the number of cobbles
which should be contained in the test concrete. Each layer should be
vibrated with the minimum amount of vibration necessary to obtain
freedom from large surface voids and rock pockets, the sufficiency of this
amount of vibration being verified by the appearance of concrete cylinders
receiving similar vibration. Where a laboratory vibrator is not available
for internal vibration, external vibration may be applied to the outside
of the container by use of a large vibrator. Because of the small quantity
of concrete in the test, the amount of vibration is often greater than may
be apparent and, if so, may cause excessive loss of air. Average concrete
of medium slump may require no more than 1 or 2 seconds of in-and-out
immersion of the vibrator. No attempt should be made to vibrate so as to
simulate the loss of air handling, placing, and vibration. (See footnote
26.) Vibration of the second layer should not penetrate more than 1
inch into the lower layer. After vibration, the concrete is made levelwith
the top of the container with a steel or hardwood straightedge. Overflow
mortar should be thoroughly cleaned from the sides of the measure.
Weighing should be done on approved scales of the accuracy indicated
in section 2. The unit weight is determined by dividing the net weight
of the concrete by the volume of the container as determined by calibra-
tion.

4• Computations.--The solid unit weight of each ingredient of a mix
is equal to its specific gravity multiplied by the weight of water per cubic
foot. The solid volume occupied by an ingredient in a batch is determined
by dividing the batch weight of the ingredient by its solid unit weight.
Computations for a typical batch of concrete are illustrated in the follow-
ing tabulation:

Ingredient

Water ..........................
Pozzolan ......................
Cement ........................
Sand ............................
Gravel ..........................

Solid unit
Weight, Specific weight,

pounds per gravity pounds pet
batch cubic foot

168.3 1.00 62.30
70 2.50 155.75

282 3.15 196.25
765 2.65 165.10

1,327 2.70 168.21
Air ............................. d................i............ N...............

Batch total ........... 2,612 ............................

Solid volume,
cubic feet

2.70
0.45
1.44
4.63
7.89

VG

17.11 + V.
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The v01ume.of air is the difference between the volume of the batch
of concrete and the solid volume of the ingredients.

Measured unit weight= 143.5 pounds per cubic foot
Total weight of batch 2,612

Volume of batch-
Measured unit weight 143.5

or = 18.20 cubic feet
18.20

-0.674 cubic yard
27

Volume of air=Batch volume--solid volume of ingredients,
or 18.20- 17.11 = 1.09 cubic feet
Volume of air (cubic feet)

Percent air-- X 100
Volume of batch (cubic feet)

1.09
-- X 100= 6 percent

18.20

The quantity of each ingredient in a cubic yard of concrete equals
the batch weight divided by the batch volume in cubic yards:

168.3
Water -- - 250 lb. per cubicyard

0.674
70

Pozzolan=--= 104 lb. per cubic yard
0.674
282

Cement- = 418 lb. per cubic yard
0.674
765

Sand-- - 1,135 lb. per cubic yard
0.674

Gravel= 1,327 = 1,970 lb. per cubic yard
0.674

5. Volume of Hardened Concrete.•The volume of hardened, air-
entrained concrete in place may be about 98 percent of that of the con-
crete as mixed and occasionallymay be even less. The loss of volume
may be attributedto the following:

(I) Decrease in the combined volume of cement and mixing
water during hydration.

(2) Compression of entrained air in the bottom of the lift.
(3) Loss of part of entrained air during handling, placing, and

vibration.
(4) Losses caused by settlement and bleeding.
(5) Small losses caused by dryingshrinkage.

Computation of volume of hardened concrete must also take into
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ac:co•nt any concrete was, ted or c,,therwiis, e lost. It should: be remembere:d
that an•y discrepancy between t;hc: actual and nomiinal dlime:ns.ions o,f the
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dlnriing p]tacerne:n,• or irmc:curate form c:onstr'uctiio.r•, 'a.,i, ll res.ult in incorrec:t
volnme measare:menl:s..

Whe:n more acc:•rate figures ale: not avaJilable:, the: volume: 04 t'•a.rde:ned
concrete may be estimated as; 2: perc:e:n,t less d',an the net vo, ltume: c,4 the:
fresh concrete. On l:h:iis basis, •:he: cement content ,o,f hardlerJ, ed concrete:
would be equal! to the: cement c:oment 04 ihe: fresh concrete at the mixer,
as determined abc,.vc in section 4, divided by 0.98..

AJlR QorNITENT OF FRESIq CONC:RETrE BY PRESS,UREI ME-[HODS

Desiignation 21:4,

I, General,,--T'he Bureau o,f' Rec:lamation has. adc, pted the pressure-
type: air meter •'o.r' use o,n iits pro,.{iects (see fl, g:. 221t ).. The operation of •he:s;.e
mete:rs; is. based on BoyIe"s ]aw of gases.. A vo.lume: c,,f' aiir at a certain ini•iia•
pressure is allIo.wed to expand into a c:ontaine:r of fresh co.n, crete.,, c:o, mprcss-
ing •he: entrained aiir voids. The rcductb:m in pres.s.ure indicates lhe:: per-
centage of' air' voi!dls din, the concre•_e:=, the percen.tage being read directly o•,
a gage.. This. type of air meter is particul:arly advantageous, in, certain type:s.
o4 Bureau work because on4y a smalll qu, ar•,tJity of water iis required for
operatio, n, and the calibration iis. not: affected by changes in barc,.metric
pressure.

Thi:s d!e:signation does. not cover ,o.tlq, er types e,f aiir' meters. For their op....
era, tio, n c:onsu]t the: appropr'iate, AS;TM s.tan, dardls.

Fiig:ure 21:21....Pre•ssure-,type a4r mleters, PX-D-3;3527.
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2. Apparatus.---(a)A base container consisting of a flanged cylindrical
container, preferably of steel or other hard metal not readily attacked by
cement paste and sufficiently rigid to limit its expansion. The upper sur-
face of the container is machined smooth where it fits the cover so as to
be pressure tight. The minimum size of container will depend upon the
size of coarse aggregate in the concrete sample (designation 23).

(b) A cover assembly of steel or other hard metal not readily at-
tacked by cement paste. The rim is machined so as to provide a pressure-
tight fit with the base container when the two are clamped together. The
cover is fitted with an air chamber; a pump, either built in or separate, for
developing pressure in the air chamber; a valve for bleeding the air cham-
ber to atmospheric pressure; an operating valve for allowing air in the air
chamber to enter the container; a bypass valve which will release air in
the container directly to atmosphere without passing through the air cham-
ber; and a pressure gage with a suitable range.

(c) A calibration cylinder having a volume equal to approximately 1
percent of the volume of the base container. Glass plates suitable for cov-
ering the calibration cylinder and base container.

(d) Miscellaneous equipment, including trowel, strike-off bar, tamp-
ing rod, vibrators, syringes, funnel, or other equipment which may be nec-
essary for operation of the equipment.

3. Calibrationof Apparatus.--Thecalibration procedure will vary de-
pending on the design of apparatus used. Manufacturer's instructions
should be followed for calibrating the particular design of meter being
used. A typical calibration would consist of the following essential steps:
The base container is filled with water and the cover clamped on. If
equipment is of the type which uses a small amount of water in the op-
eration, this water is added. The valves to the air chamber are closed and
air is pumped into the chamber to slightly more than the initial pressure
mark. The air is allowed to cool for a few seconds and the chamber is bled
to the initial operating pressure mark while the gage is tapped lightly. The
operating valve which allows air to go from the air chamber to the con-
tainer is then opened, and the air is allowed to warm for a few seconds
while the gage is tapped lightly. The indicated air content should be 0 per-
cent. The above procedure is repeated, drawing off successive increments
of water into the calibration cylinder or measure before each measurement
in accordance with instructions. The indicated air content should be that
represented by the amount of water removed from the meter.

The air that replaces the water removed from the meter is at the top of
the container and is not under an initial hydrostatic pressure. Air in the
concrete sample is under an initial pressure varying from zero at the top to
a value at the bottom equal to the pressure exerted by weight of the con-
crete. Although the calibration as described does not allow for this differ-
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ence in initial hydrostatic pressure, the error is so small that it is within
the accuracy of the test and may be neglected. If the indicated air content
does not equal the correct amount, the equipment should be adjusted by
changing the initial line, re-marking the dial of the pressure gage, shifting
the dial of the pressure gage, or adjusting the pressure gage, as
appropriate.

4. Procedurefor DeterminingAir Contentof FreshConerete.--(a)The
base container is filled with a representative sample of fresh concrete, fol-
lowing the procedure for determining unit weight of concrete given in des-
ignation 23. If the fresh concrete contains aggregate larger than 1 ½-inch
nominal size and a •/4-cubic-foot container is used, the sample should be
wet screened over a screen having 1 ½-inch square openings.

(b) The flange of the container and the cover are cleaned and the
cover clamped in place with the operating and bleeding valves open. If
the equipment uses water, water is added in accordance with manufac-
turer's instructions. (For the equipment shown on the right in figure 221,
the valve between the air chamber and the concrete must be closed before
water is added; otherwise water will enter the air chamber.) Air chamber
valves are then closed, and pressure in the air chamber is increased to
slightly more than the initial pressure mark. After waiting a few seconds
for the air to cool, the needle is brought to the initial mark by opening the
bleeder valve while the gage is tapped lightly. The valve between the air
chamber and the concrete is then opened rapidly.

The gage is tapped lightly and, after the gage has stabilized, the percent
of air is read on the dial.

METHOD OF TEST FOR BLEEDING OF CONCRETE

Designation 25

l. Scope.---This test covers the procedure for determining the relative
rate of bleeding and the quantity of mixing water that will bleed from a
sample of freshlymixed concrete under the conditions of test. The appara-
tus described may be used with samples of concrete containing any size
of aggregate graded up to and including 2½-inch maximum size (nominal
maximum size of 2 inches).

2. Apparatus.--(a)A cylindrical container of 1/•_cubic_foot capacity.
(b) A platform scale of at least 100-pound capacity, accurate to 0.1

pound.
(c) A pipette or similar instrument for drawing off free water from

the surface of the test specimen.
(d) A glass graduate of 100-milliliter capacity for collecting and

measuring the quantity of water withdrawn.



APPENDIX 557

(e) A tampingrod, consisting of a s/a-inch-roundsteel rod approxi-
mately 24 inches in length and hemispherically tipped at the lower end.

3. Test Specimen.mFreshly mixed concrete should be used. The con-
tainer should be filled with concrete to a height of 10 inches ___ Va inch, as
described in designation 23. The top surface of the concrete should be
leveled to a reasonably smooth surface by a minimum amount of troweling.

4. Proeednre.--During the test, the ambient temperature should be
maintained between 65 ° and 75 o F. Immediately after troweling the sur-
face of the specimen, the container and contents are weighed and the time
recorded. The specimen and container are placed on a level platform or
floor free from noticeable vibration, and the container is covered with a
suitable lid, which should be kePt in place throughout the test except when
drawing off water. The water is drawn off with a pipette or similar instru-
ment at 10-minute intervals until cessation of bleeding. To facilitate col-
lection of "bleeding" water, the specimen is tilted carefully by placing a
block approximately 2 inches thick under one side of the container 2
minutes prior to each time water is withdrawn. After the water is removed,
the container is returned to a level position without jarring.After each
withdrawal the water is transferred to a 100-milliliter graduate. The ac-
cumulated quantity of water is recorded after each transfer.

5. Calculations.--(a) Calculate accumulated "bleeding" water ex-
pressed as a percentageof the net mixingwater containedwithinthe test
specimen,as follows:

B
Bleeding, % - × 100

C × 453.6
where:

W
C -- × A = weight of water in the test specimen in pounds,

W
W = totalweightof batchin pounds,
w= net weightof waterin the batch in pounds,
A = weightof sample in pounds,
B= total quantityof water withdrawnfrom the test specimen in

milliliters,and
C × 453.6 = quantityof water in the test specimen expressedin milliliters.

(b) Bleeding per unit area of surface can be obtainedas follows:
Va

Bleeding, ml/cmz of surface =--
A1

where:
V, = volume of bleeding water, in milliliters, and
A 1 = area of exposed concrete in square centimeters.
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VARIABILITY OF CONSTITUENTS IN CONCRETE

(A Test of Mixer Performance)

Designation 26

1. General.•The mixer performance test is used to check the ability
of a mixer to mix concrete that will be within prescribed limits of
variability. The uniformityof fresh concrete is evaluated by comparing
variationsin quantityof coarse aggregate and unit weight of air-free mortar
of two samples, one taken at the front and one at the back of the mixer
or from the first and last portions of the batch as discharged from the
mixer. The test is applicable to all types and sizes of mixers.

2../Apparatus.--(a)An air meter of suitable capacity to meet the
requirements outlined in designation 23 for unit weight containers or a
1/4-cubic-foot air meter with equipment required for wet screening
aggregate larger than 1½-inch size from test samples.

(b) Scales of required capacity with accuracy of 0.1 percent of net
weight of sample.

(c) A No. 4 brass screen of suitable capacity (approximately 18 by
18 inch).

(d) Four 24- by 24-inch pans.
(e) Equipment required to weigh, suspended in water, material

retained on the No. 4 screen.

3. Samples.--Two samples of freshly mixed concrete of sufficient
quantity are taken to make a test of air content by an air meter of
adequate capacity. (If a 1/4-cubic-footair meter is used for concrete with
larger than l•-inch-maximum size aggregate, the size of sample should
correspond with that required for unit weight test for each specific
maximum size of aggregate in the concrete as shown in designation 23.)

4. Procedure.---Samplesare taken either from the front and rear of
the • mixer or from the first and last portions of the batch while being
discharged from the mixer. In the use of the 1/4-cubic-foot air meter
for testing concrete with larger than 1½-inch-maximum size aggregate,
the samples are carefully weighed and wet screened through the l•-inch
screen. Material retained on the screen is then washed and dried to a
saturated surface-dry condition before weighing.

Immediately after the samples are taken and wet screened if
required, weights and air contents of the samples are determined by
the air meter. The portion of sample used in each test is then
washed on a No. 4 screen, removing all mortar from the sample.
To establish the weight and volume occupied by the portion of
aggregate between the No. 4 and 1½-inch sizes in each sample,
the material retained on the No. 4 screen may be dried to a
saturated surface-dry condition and weighed, or the wet material may
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be weighed suspended in water and the saturated surface-dry weight and
volume computed from the specific gravity of the material. The latter
method requires less time forperformance of the test.

S. Calculations.nTheair-free unit weight of the mortar and the weight
of coarse aggregate per cubic foot of concrete (table 36) are calculated
from the following formulas:

For air-free unit weight of the mortar:

M= b-c

Gx 62.3

For weigllt of coarse aggregate per cubic foot of concrete (using air
meter of sufficient capacity),

¢

V
where:

M = unit weight of air-free mortar in pounds per cubic foot,
b = weight (in air) of portion of sample in air meter,
c = weight (in air) of material retained on No. 4 screen,
V = volume of sample, cubic feet,
A = volume of air computed by multiplying the volume of container,

V, by percent of air divided by 100,
G = specific gravity of coarse aggregate, and
W = weight of coarse aggregate per cubic foot of concrete.

For W computed from a submerged weight,
G

W = (Submerged weight) X--
G--1

In testing a wet-screened sample to remove larger than 1 ½-inch coarse
aggregate, the weight of the total coarse aggregate per cubic foot of con-
crete is:

c+ ×b
T

W-

G1 × 62.3
where:

c=weight (in air) of material retained on No. 4 screen,
b = weight (in air) of portion of sample in air meter,
S =weight of sample before wet screening,
V = volume of sample in air meter,
T =weight of portion of sample passing through 1 ½-inch screen, and
G• = specific gravity of the plus 1 ½-inch material.
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NOTE.--The term •---• b gives the weight of coarse aggregate

larger than 1 ½-inch required in the air meter samples to represent the
original concrete. The unit weight of the full mix can be computed by
dividing the total weight of the air meter sample and weight of the plus
1 ½-inch material required to represent the original sample, by the volume
of the air meter sample increased by the volume of plus 1 ½-inch material
computed from its weight and specific gravity.

6. MixingTime.--In analyzing several hundred mortar tests of samples
taken during the construction of several dams, it is apparent from figure
222 that variation in the unit weight of the mortars and variations in the
water-cement, sand-cement, and water-fines ratios reflect the adequacy of
mixing.

BATCHING FOR MACHINE-MIXED LABORATORY CONCRETE

Designation 27

1. Measurements. The exact quantities of cement and aggregate are
determined by weight; the water may be weighed or be measured in a
graduated container.

2. Reeord.---Adata sheet showing the batch weights for the proposed
mix is furnishedto the weigher. The weights of the aggregate are recorded
cumulatively, beginning with the smallest size and progressing through
successive larger sizes to the maximum used.

3. Procedure.--(a)The aggregate is weighed on an indicating dial scale
accurate to one-quarter pound. A container or aggregate bucket, large
enough to hold a half batch or full batch, is placed on the scale platform
and the tare set on the balancing beam at the weight required to bring the
pointer exactly to zero.

(b) All weights should be checked before the next fraction of aggre-
gate is added.

(c) The cement is weighed carefully on a scale accurate to one-
hundredth pound, and a record of the weight and the mix number is
placed on the container for identification.

(d) The aggregate should be room dry when weighed and should be
brought to room temperature (65 o to 75 ° F) before being mixed.

(e) As the mix proportions are based on saturated surface-dry ag-
gregate, the weight of aggregate in the batch must be reduced by the
amount of water absorbed by the aggregate during mixing. The amount
of absorption is generally considered to be that absorbed in 30 minutes of
immersion in water by the room-dry aggregate.
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LABORATORY CONCRETE MIXING

Designation 28

1. MachineMixing.--(a) Before the trial batch is placed in the mixer,
the mixer shouldbe primedby mixing a partialbatch (about one-half the
normalsize) having approximatelythe composition of the trialbatch. The
primingbatch is dischargedandwasted, leaving a normalcoating of mor-
taron the inside of themixer drum.

(b) When the mixer is equipped with a loading skip, the charge of
aggregateis placed in the loading skip first and the cement placed on top
of the aggregate.With the mixer running,approximatelyfour-fifthsof the
estimatedrequiredwater is placed in the mixer, and then the total charge
of aggregateand cement is introduced.The mixing time should start im-
mediatelyafter all aggregatesare in the mixer. The remainder of the water
is added slowly, all being added in approximately one-half minute. Occa-
sionally, it will be necessary to add a small amount of water as mixing
progresses to obtain the desired consistency.

(c) When the mixer is not equipped with a loading skip, the aggre-
gate is placed in the mixer and the cement introduced on top of the ag-
gregate. Approximately four-fifthsof the estimated required water is added
and the mixer started. The remainder of the water is added immediately.
It may occasionally be necessary to add a small amount of water as mixing
progresses to obtain the desired consistency.

(d) The mixing time should be not less than 3 minutes.
(e) The concrete is dumped from the mixer into a watertight and

nonabsorptive receptacle of such size and shape that the concrete can be
turned over with a shovel to eliminate segregation.

(f) Tests should be made immediately after the concrete is emptied
from the mixer.

2. Hand Mixing.--Hand-mixedconcrete is mixed in batches of such
size as to leave a small quantity of concrete after the test specimens are
molded. The batch should preferably be mixed in a shallow metal pan with
a brick-mason's 10-inch trowel which has been blunted by cutting off
about 21/2 inches of the point. Mixing should be performedas follows:

"(a) The cement and aggregate are thoroughly mixed dry.
(b) Sufficient water is added to produce concrete of the required

consistency.
(c) The mass is mixed thoroughly until the resulting concrete is

homogeneous in appearance.



APPEN DIX 565

CASTING CYLINDERS IN CAST IRON MOLDS OR DISPOSABLE
MOLDS

Designation 29

1. Mold.--The general design of a 6- by 12-inch cast iron m01d in gen-
eral use by the Bureau is shown in figure 223. (If fabrication details are
desired, request drawing No. 288-D-2663 from Chief, Division of Gen-
eral Research, Engineering and Research Center, Denver Federal Center,
Denver, Colorado 80225.) All molds should be provided with machined
base plates securely fastened to the mold with machine screws or clamps.
Particular care should be taken to obtain tight molds so that mixing water
will not escape during molding. The inside surfaces of cast iron molds
should be greased with soft (No. 2) graphite grease before using. It is not
necessary to grease plastic or metal disposable molds.

2. Molding Specimens, Using Vibration.---For6- by 12-inch and 8- by
16-inch cylinders, the fresh concrete is placed in the mold in two layers,
each approximatelyone-half of the volume of the mold. Each layer is
consolidatedby vibratingwith an immersion-typevibratorhaving a vibrat-
ing element approximately1 inch in diameterand a frequencyof 10,000
vibrationsper minutewhen immersed. In consolidatingthe bottom layer,
the vibratorshould not be allowed to rest on the bottom of the mold.
While vibratingthe top layer, the vibratingelement should penetrateap-
proximately1 inch into the bottom layer.
The period of vibrationwill depend on the slump of the concrete and

the effectiveness of the vibrator.(Three insertionsof 3 or 4 seconds each
are usually sufficient.) The vibrationcan be judged adequatewhen the top
surface of the concreteexhibits a shinywet appearance,at which time the
vibratoris slowly withdrawn.In placing each scoopful of concrete, the
scoop should be moved around the top edge of themold as the concrete
slides from it to ensure a symmetricaldistributionof concrete. The mold
should not be filled so full thatmortarruns over the top when the vibrator
is inserted.After vibrationof the second layer, enough concrete should be
added and worked into the underlyingconcretewith a trowel to bring the
level about one-eighth inch above the top of the mold. The specimen is
then moved to the curing room, struck off flush, and smoothed with a
trowel.

3. Molding Specimens, Using Hand Compaction.--Whereconcrete is
compactedby hand roddingin 6- by 12-inch and 8- by 16-inch cylinders,
the molds are filled in three layers, each approximatelyone-thirdthe vol-
ume of the mold. Each layer is rodded25 strokeswith a s/a-inch-diameter
rod 24 inches in length, hemispherically tipped at the lower end. The
strokes are distributedin a uniformmannerover the cross section of the
mold and should just penetrateinto the underlyinglayer.The bottom layer
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should be rodded throughout its depth. Care should be taken that the rod
does not strike the bottom of disposable molds. After the top layer has
been rodded, the specimen is removed to the curing room and the excess
concrete struck off with a troweL
4. Storage and Handlingof Specimens.--(a) Specimens should be re-

moved from the molds 18 to 24 hours after casting, weighed, and returned
to the curing room.

(b) Specimens made in the field at the site of placement should be
kept, as nearly as practicable, at 73.4° F and protected from the sun and
from moisture loss.

CASTING CYLINDERS IN CANS

Designation30

1. Mold.--The can should be 6 inches _ 1•6 inch in diameter and
12V2 inches ___ l/s inch high with single friction lids. The lids should be
tight fitting. The cans should be round and true to shape. Attached handles
are not required. Bottoms of cans should be completely fiat on the inside

6 ,D 6'1

ACCEPTABLE

v" ,,A

B"

4 -"

6°1

li l

NOT ACCEPTABLE

Figure 224.mFabrication details of can bottoms. 288--I)-2660.
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without beads or other profile (see fig. 224). All seams should be double
seamed and should be fiat on the inside of the can, but slightly protruding
longitudinal seams on the inside of the can are acceptable. The cans should
be watertight and may be made so by coating with a suitable thin, non-
reactive coating or by soldering. Minimum grade of material acceptable
for the cans should be 107-pound base weight, 0.50-pound, electrolytic
tinplate.

2. Proeedure.--(a)The fresh sample is mixed thoroughly before con-
crete is placed in the can.

(b) Before casting the specimen, the can should be placed on a
smooth, level surface that is free from vibration. If the cylinder is to be
transported immediately after fabrication, it must be done by hand and
in a vertical position. The specimen should then be allowed to set on a
level surface for at least 6 hours and preferably 24 hours, during which
time it must be protected from extreme temperatures.

(c) The can is filled in three layers, each approximately one-third
the volume of the can. Each layer is compacted by hand rodding 25 strokes
with a •-inch-diameter rod 24 inches in length, hemispherically tipped at
the lower end. The strokes are distributed in a uniform manner over the
cross section of the can and should penetrate into the underlying layer.
The bottom layer should be rodded throughout its depth, care being taken
not to strike the bottom of the can hard enough to dent or mar it. Convex
ends on cylinders and bottoms damaged by rodding will be avoided if
each can, during filling and until the concrete has hardened, is rested sym-
metrically on a wooden or metal disc 5t/• inches in diameter• After the
top layer has been rodded, its surface is smoothed off not less than one-
half nor more than three-fourths of an inch below the top of the can. A
small trowel with a rounded point should be used for this purpose.
Particular care shall be taken to secure smooth cylinder ends that are
perpendicular to the axis of the cylinder.

(d) The friction cover is pressed into place immediately after filling,
care being taken to assure that the rim of the can is not bent and that the
cover does not touch the top concrete surface.

(e) Specimens should be stored where the temperature of the con-
crete will be maintained at approximately 73.4 ° F. Before testing, cylin-
ders should be capped on both ends in the manner prescribed in designa-
tion 32.

FIELD-LABORATORY CURING, PACKING, AND SHIPPING OF
TEST CYLINDERS

Designation 31

1. Removal of Molds.--All concrete test specimens, except those cast
in cans, should be removed from the molds not sooner than 18 nor later
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than 48 hours after casting. They should then be marked, weighed, and
stored in water, damp sand, or a fog room.

2. Water Curing.--The specimens should be completely immersed in
water, preferably maintained at 73.40±3 ° F. (See sec. 60, chapter IV.)
When such temperature control is impracticable, the actual average tem-
perature conditions should be reported. The water should be removed
completely at intervals not to exceed 30 days.

3. Damp-Sand Curing.---The specimens should be completely buried
in sand. The sand should be thoroughIy saturated with water when the
specimens are placed in it, and sufficient water should be added each day
to maintain a saturated condition. Requirements for temperature control
are stated in section 2.

4. Fog-Room Curing.--The specimens should be stored in a fog room
(see sec. 60, chapter IV) maintained at 73.40___3 ° F and at a relative
humidity of 100 percent. The specimens should be placed in the fog room
immediately after casting and should remain there until tested, except for
the brief periods necessary for the removal of molds and for capping.

5. TemperatureControl of Cylinders Cast in Cans.--When a room
maintained at a temperature of approximately 73.4 ° F is not available,
several simple expedients may be used to obtain the desired storage tem-
perature for cylinders cast in cans. In cold weather an insulated box may
be heated with an electric light controlled by a simple thermostat of the
type used in incubators. In hot weather the cans may be stored in a cellar,
in which temperature may be controlled by ventilation or by sprinkling.
Storing the cans in damp sand or under moist burlap in a shaded location
may also provide nearly constant temperature curing.

6. Packingand Shipping.--Whereit is necessary to ship test cylinders
to an adjacent project or to Denver for testing, the specimens should be
wrapped in moistureproof paper and crated in damp sawdust to prevent
moisture loss or damage in transit.

CAPPING CONCRETE CYLINDERS

Designation32

1. GeneraL--The ends of all concrete specimens 8 inches in diameter
or less which have not been ground smooth 6• which have not been cast
against a machined base plate should be capped with a melted mixture of
sulfur and finely ground, screened material. Milled fire clay has been found
to be the best material to use with sulfur for capping. Commercial capping
materials specially compounded are suitable, provided they develop com-
pressive strength equal to or greater than the anticipated strength of the
specimen at time of test.
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2. Capping.b(a) Before capping, all loose particles are removed from
the end of the cylinder with a wire brush; the end should be free from
laitance and moisture. All specimens cured in cans and having smooth,
glazed ends should be roughened with a sharp tool or by sandblasting.

(b) The capping material, if a mixture of 3 parts of sulfur by weight
to 1 part of finely ground fire clay, is heated at a temperature between 350 °
and 400 ° F until the mixture is thick and viscous. The right temperature
of the mixture for capping is determined through observation and expe-
rience with the mixture used. If a commercial preparation is used, the
manufacturer's recommendation should be followed as to temperature.
Overheating or reheating of the mixture should be avoided as these prac-
tices tend to make the cap rubbery rather than brittle as desired. Enough
material to make the cap is poured in a lightly greased capping mold (see
fig. 225) and the specimen pressed firmly into the melted material, care
being taken to keep the cylinder plumb by holding it against the angle-iron
guide. This operation should be done quickly before solidification begins
so that the mixture will adhere to the specimen. Caps should be as thin
as practicable and should not flow or fracture when the specimen is
tested.27

After the cap has hardened, the plate may be loosened by striking the
edge of the mold. If any holes in the end of the cylinder are more than
0.25 inch deep, they should be partially filled by pouring capping material
into them and allowing it to harden prior to forming the full cap. When
the ends of cylinders are square with the longitudinal axis, capping can be
done on a machined steel plate. This plate must be fiat to 0.002 inch tol-
erance in 6 inches. The bearing surface of the capped specimen in contact
with the lower bearing block of the testing machine should not depart from
perpendicularity by more than 0.25 o (approximately equal to one-sixteenth
inch in 12 inches) and the combined departure of the two bearing surfaces
from perpendicularity to the axis should not exceed 3 ° .

(c) Before testing the cylinder, the cap should be tested for air
pockets by tapping it lightly with the handle of a putty knife or other suit-
able instrument. A cap that sounds hollow in places should be removed
and replaced by a good, solid cap. Solid caps are easily obtained when the
capping surface is dry and clean, the mixture is at the right temperature,
and the cylinder is placed immediately in the melted mixture on the cap-
ping plate.

(d) Evidence indicates that sulfur-mixture caps thicker than three-
sixteenths inch cause strength reductions that may be as much as 20 per-
cent, particularly in testing high-strength concrete. Sulfur-mixture caps
should not be used when:

(1) Ends of cylinders are convex by more than 0.20 inch;

•7 Based on ASTM Designation C 617.
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Figure 225.•ylinder capping mold and alining jig. 288-1)-1554.

(2) Aggregate or other bulges protrude from the ends by more
than 0.20 inch;

(3) These or other irregularities result in caps which are more
than 0.25 inch thick over most of the end area; or

(4) Ends are not at right angles to the axis by more than 0.3 inch
in the 6-inch diameter of the specimen.

Cylinders with any of the above defects should be discarded, or they
should be capped with neat cement paste. Before capping, the ends of the
cylinders should be prewetted, wire brushed, and cleaned. Plastic, pre-
shrunk, neat cement paste should be applied and molded in a true plane
normal to the axis, and of minimum practicable thickness, with•a piece of
plate glass lightly greased with a 50-50 mixture of lard oil and paraffin.
Caps should be moist cured for at least several days with the cylinders.
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Where a rapid-hardening cap is required, the cement paste can be accel-
erated as necessary with calcium chloride, soda ash, or plaster of paris. It
is preferable to use moderate amounts of accelerators and permit caps to
harden at least 24 hours.

COMPRESSIVE STRENGTH

Designation33

l. General.--(a) Standard-cured concrete test specimens should be
tested for compressive strength as soon as practicable after they are re-
moved from the curing room. When the cylinder size is not accurately
known, the cylinder should first be carefully measured. When a check on
the cement content of the concrete is desired, the cylinder should be
weighed. If the specimens are to be sulfur capped, they should be weighed
and measured first, then capped and returned to the curing room until
tested or kept from drying by being wrapped with wet sacks. If elasticity
tests are to be made, the strength tests should immediately follow them.
When there is a delay, the specimens must be returned to the curing room.
Sealed specimens do not require curing-room storage, except when more
than 6 hours are to elapse between stripping and testing.

(b) All foreign material must be removed from the ends of the speci-
men before testing.

2. Procedure.--Aspherical bearing block should be used to transmit
the load to the specimen. The diameter of the bearing block Should be as
large as or slightly larger than that of the test specimen. The bearing
block should be checked at the beginning of the day's test to see that it is
lubricated and is functioning properly. The test specimen should be care-
fully centered with respect to the bearing block.

The load should be applied uniformly and without shock at a rate of
2,000 pounds per square inch per minute. It is important that no adjust-
ment be made in the controls of the testing machine while a specimen is
yielding rapidly, immediately before failure.

3. Test Record.---The total load indicated by the testing machine at
failure of the test specimen should be recorded immediately. Exceptional
variations in the type of break and angle of fracture should be noted.

4. Factors Affecting Test Results.b(a) Effect o] Wet Screening and
Type of Curing.--Cylinders of concrete used for compressive strength
tests are generally 6 inches in diameterand 12 inches long. The strength
of mass concretein mass-curedlargercylinders, (18- by 36-inch or 12- by
24-inch) can be estimated using figure 226. If the strengthof fog-cured
6- by 12-inch cylinders made with 1½-inch maximum aggregate wet
screenedfrom the full mass mix is known, the strength of the mass con-
crete at various ages can be predictedwith a reasonabledegree of accu-
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racy. Also, if the desired strength of the mass concrete is known, figure
226 may be used to determine the required strength of wet screened 6- by
12-inch cylinders.

(b) Effect oJ Cylinder Size.---The test data shown in figure 227
are typical of the relative strengths to be expected when the same concrete
is tested in cylinders varying in size from 2 by 4 inches to 36 by 72
inches, except that concretes containing a/8-inch and ¾-inch maximum
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Figure 226.mRatios of mass concrete compressive strengths in seal-cured
cylinders to compressive strengths of 6- by 12-inch fog-cured cylinders
fabricated from minus lZ•-inch MSA wet-screened concrete. 288-D-3264.
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Figure 227.--Effect of cylinder size on compressive strength of concrete.

288-D-869.

aggregate were not tested in cylinders larger than 18 inches and 24 inches
in diameter, respectively, and concretes containing 1Vz-inch maximum
aggregate were not tested in cylinders smaller than 6 inches in diameter.
The values shown are based on the average of 28-day and 90-day tests.
It is of interest that a much smaller reduction in strength is indicated as
the diameter of the test specimen is increased beyond 18 inches.

(c) Effect of Cylinder Height.----A standard test cylinder has a
diameter one-half of its height. When the available specimens do not
have these relative dimensions, the curve in figure 228 may be used to
correct indicated strengths so that they will be comparable with those
obtained from standard specimens. Since the curve is quite flat for ratios
of 1.5 and over, small variations in height of specimen do not greatly
affect strength.

TURBIDITY 28

Designation34

1. GeneraL--The standard method for the determination of turbidity/,
has been the Jackson candle turbidimeter. However, because the lowestl
turbidity value which can be measured on this instrument is 25 units
and because the method is dependent upon the operator's ability to
visually judge the point at which the candle light is indiscernible, the
candle turbidimeter is generally being discarded in favor of photoelectric
methods.

2s Based on "Standard Methods for Examination of Water and Wastewater," part
163, 13th edition, 1971, American Public Health Association, American Water Works
Association, Water Pollution Control Federation, Washington, D.C.



APPEN DIX 575

II

._J

a¢

€€:

ILl

MJ
¢J

200

180

160

140

120

100

Average from ests by G.W.
Hutch nson and others, reoorted
in bu letin 16, Lewis inst tute,
Ch i cago •

Age of specimens, 28 days.

8O
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

L/D, RATIO OF LENGTH OF CYLINDER TO DIAMETER

Figure 228.,---Relation of length and diameter of specimen to compressive
strength. 288-1:)-871.

Turbidity should preferably be determined on the same day the sample
is taken. When longer storage is unavoidable, samples may be stored in
the dark up to 24 hours. For even longer storage, treat each liter of
sample with 1 gram mercuric chloride; however, prolonged storage is not
recommended. All samples should be vigorously shaken before examina-

tion.

2. PhotoelectricMethod.--(a) Apparatus.•The nephelometer consists
of a tungsten lamp light source, one or more photosensitive detectors,
colorless glass sample tubes, and instrumentation necessary to provide
direct turbidity readings.

(b) Reagent Preparation.---The following reagents should be pre-

pared before beginning the test:
(1) Turbidity-free water.--Pass distilled water through a mem-

brane filter having a pore size no greater than 100 millimicrometers,
discarding the first 200 milliliters collected. Use the filtered water
if it shows a lower turbidity than the distilled water. Otherwise, use
the distilled water.

(2) Stock turbidity suspension.--Prepare the following solutions

and suspension monthly:
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Solution/--Dissolve 1.00 gram hydrazine sulfate, (NH2)2"H•SO,,
in distilled water and dilute to 100 milliliters in a volumetric
flask.

Solution //--Dissolve 10.00 grams hyexamethylenetetramine,
(CHz)6N4, in distilled water and dilute to 100 milliliters in a
volumetric flask.

Stock Turbidity Suspension--In a 100-milliliter volumetric flask,
mix 5.0 milliliters of solution I with 5.0 milliliters of solution II.
Allow to stand 24 hours at 25 ° _+ 3 ° C, then dilute to the mark
and mix. The turbidity of this suspension is 400 units.
(3) Standard turbidity suspension.--Dilute 10.00 milliliters of

the stock turbidity suspension to 100 milliliters with turbidity-free
water. The turbidity of this suspension is defined as 40 units. Pre-
pare new suspension weekly.

(4) Dilute turbidity standards.--Dilute portions of the standard
turbidity suspension with turbidity-free water as required. Prepare
new suspension weekly.
(c) Procedure.--Calibrate the instrument in accordance with the

manufacturer's instructions, running at least one standard in each range
to be used. Turbidities less than 40 units are read directly from the in-
strument scale or from the appropriate calibration scale. For measure-
ment of turbidities over 40 units the sample is diluted with turbidity-free
water until the turbidity fails between 30 and 40 units. The turbidity is
then calculated as follows:

where:

Turbidity units-
A x (B+C)

C

A =Turbidity units found in diluted sample
B = Volume of dilution water used
C= Sample volume taken for dilution.

The sample tubes used must be of clear, colorless glass. They must be
kept scrupulously clean, both inside and out. They should be discarded
when they become scratched or etched. They must not be handled at all
where the light strikes them but should be provided with sufficient extra
length or with a protective case so that they may be handled properly.

3. Jackson Turbidimeter.m(a) Apparatus.---The Jackson candle tur-
bidimeter consists of a graduated glass tube, a standard candle, and a
support for the candle and tube. The glass tube is calibrated to read
directly in parts per million and has a flat, polished bottom. Most of the
tube should be enclosed in a metal case or other suitable case when
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observations are being made. The candle support has a spring or other
device to keep the top rim of the candle pressed against the top plate
of the candle support. A 400-milliliter beaker and a glass stirring rod
may be conveniently used for transferring the water to the graduated
tube.

(b) Procedure.--To secure uniform results, it is desirable that the
flame be kept as nearly constant in size and in distance below the glass
tube as is possible. This will require frequent trimming of the charred
portion of the wick and frequent observations to see that the candle is
in contact with the top plate of its supporting frame. Each time before
lighting the candle, that portion of the charred wick which may be easily
broken off with the fingers should be removed. The candle should not be
kept lighted for more than a few minutes at a time as the flame has a
tendency to increase in size. Observations should be made in a darkened
room or with a black cloth over the head. The candle flame must be
protected from drafts.

The turbidity of the sample is measured in terms of the amount of
sample required in the calibrated tube above the candle to cause the flame
to be invisible. The sample of water is shaken thoroughly and about 200
milliliters poured into the 400-milliliter beaker, stirring vigorously with
a glass rod to prevent settling of the suspended solids. One-half inch or
so of the water to be tested is placed in the glass tube, the candle lighted,
and water from the beaker poured slowly into the tube. The water in the
beaker should be stirred frequently during this process. Pouring should
be very slow when the flame image becomes only faintly visible and
should be stopped when it disappears. The removal of 1 percent of the
suspension (water and suspended solids) should make the image visible
again.

The glass tube is removed from the base and the turbidity read. The
reading should be carefully checked, remembering that turbidity figures
increase toward the bottom of the glass.

Samples having a turbidity of more than 1,000 parts per million should
be diluted with one or more equal amounts of clear water until the
turbidity falls below 1,000 parts per million. The turbidity of the original
sample is then computed from the reading made on the diluted sample.
For example, if the reading on the diluted sample is 500 parts per million
and the amount of the original sample in the dilute sample is 1 part in
6, the turbidity of the original sample is 3,000.

All utensils should be carefully rinsed in clear water after using, and
the bottom of the glass tube must be kept clear and clean, outside and
inside. An occasional rinsing with weak hydrochloric acid is advisable.
The candle and holder must be kept dean.
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TEMPERATURE OF CONCRETE

Designation 35

The approximate temperature of concrete can be calculated from the
temperatures of its ingredients by use of the following formula:

T- s(T.W.+ TcWc)+ TjWI+ TraWra

s(W.+ We)+ WI+ Wm

When ice is used as part of the mixing water, the following term should
be included in the numerator: "minus (heat o/fusion) (V¢'ice )." In British
units the heat of fusion of ice is 144 Btu per pound.

Weight Temperature
symbol symbol
W, Aggregates (surface dry) .......................................... T,
Wc Cement ....................................................................... Tc
I4'i Free moisture in aggregates ...................................... /'i
Wm Mixing water .............................................................. 7".

s= 0.20, assumed specific heat of dry materials.
T---Temperatureof concrete.

The formula may be used with any system of units and determines the
temperature that would result from the blend of concrete materials if
the concrete were not influenced by other heat losses or gains. Friction
duringthe mixing process generates heat sufficient to raise the temperature
of concrete about 1 o F. When cement first comes in contact with water,
there is heat generated by heat of solution and heat of hydration which
can raise the temperatureof the concrete during the first 10 to 15 minutes
by approximately1 °F for each bag of cement per cubic yard of concrete.
Therefore, when concreting in hot weather, the placing temperatureof
the concretewill usually be several degrees higher than the temperature
determined by the formula unless correction factors are applied.

SAMPLING AIR-ENTRAINING AGENTS

Designation 36

1. General.--Air-entraining agents may be furnished either as liquid
or powder. A l-quart sample should be taken from a container selected
at random in each shipmentof liquid agent. The liquid sample is obtained
by inserting a sampling tube or "thief" the full depth of the container.
When the liquid has been stored for more than 6 months, the container
should be agitated before the sample is taken.

A 1-pound sample should be taken from a sack selected at random
in each shipment of powdered agent.

2. Samples.--Liquid samples should be placed in 1-quart cans fitted
with friction-top lids. Sample cans should be closed tightly and the lids
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spot soldered. Powder samples may be placed in metal cans or paper cartons.
Samples should be carefully packed to avoid damageand spillage .during
shipment and should be shipped to the Chief, Division of Research, Bureau
of Reclamation, Attn: D-1510, P O Box 25007, Denver, Colorado 80225. Each
shipment should be properly identified as to manufacturer, quantity
represented, construction contractor, and specification number. Form
No. 7-1417, shown in figure 230, may be used for transmitting samples.

TESTING-MACHINE MAINTENANCE

Designation 37

1. General.mTesting .machines require very little maintenance but
should b• checked periodically.To keep the machine functioningproperly,
check:

(1) Hydraulic oil in the reservoir often leaks past the packing
between the piston and cylinder wall and sometimes drips from the
high-pressureconnectionsand the control valve. A reservoir low in
oil will cause the load-indicatinghand to fluctuate when a load is
being applied with the piston extended. Insufficientoil in the
reservoir will allow air to enter the system. The reservoir should
be checked three or four times a year and, if low, should be
replenished with a good grade of extra-heavy lubricatingoil of
approximately 80 to 100 viscosity.

(2) Air in the pressure gage line is indicated when the
load-indicatinghand fluctuates along any part of the dial when a
specimen is being stressed and the piston is not extended. The air
may be bled from this line by stressing a specimen to 10,000 or
20,000 pounds and loosening the connection to the Bourdon tube,
allowing the oil to flow out into a can until evidence of air bubbles
no longer appears in the oil stream. When the pressure gage line
is opened, the load-indicatinghand will fall back. This should not
be taken as an indication that the load has been released from the
specimen. Increasing the load will cause the oil to squirt forcibly
from the end of the pressure line if the union has been disconnected.
When bleeding the pressure line, it is better practice merely to
loosen the connection to the Bourdon tube. This will allow the air
and oil to emerge and the connection to be tightened when air
bubbles cease to appear. If air is in the Bourdon tube, the Allen
end plug in the extreme end of the tube is loosened and the oil
and air released. The load should not be released from the machine
until the union or plug has been tightened.

(3) Dust and dirt must be kept from getting between the piston
and cylinder walls. Small particles of sand may become embedded
in the piston wall, when the piston is left extended for any great
length of time, and be carried down between the piston and cylinder
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walls, thereby causing a binding action and a false load indication on the
dial. This condition is indicated if the piston fails to return to its normal
unloaded position when the bypass valve is open.

2. Servicing of Testing Machines.--When a testing machine is
not functioning properly or when a calibration of the machine is due,
the Chief, Division of Research, should be advised.

3. Calibration of Testing Machines.mTestingmachines should be
calibrated at intervals not greater than 2 years. Also, they should be
calibrated immediately after being moved, after repairs or adiustments have
been made to the weighing system, and whenever there is reason to doubt
the accuracy of the results. This work must be done by one familiar with
the proving ring and the required procedure if accurate readings of the
applied loads are to be obtained.

4. Proving Ring.--Theproving ring used in the calibration of testing
machines is made of high-grade special alloy steel and is calibrated by
the National Bureau of Standards, Washington, D.C. It must show certain
characteristics under stress to be approved for the verification of testing
machines. As careless handling may cause the ring to become useless as
a verifying instrument, it is essential that it be handled with extra care.
A clean cloth or gloves should be used in all handling operations to avert
the possibility of corrosion or other damage to the surface of the ring.
In no case should it be grabbed with a metal hook or handled in any
way which might scratch the surface or change its characteristics.

5. Procedure.---(a) Preparations /or Tesrng.•The spherical head of
the testing machine is removed and replaced by the solid head. If a solid
head is not available, the spherical head should be made as rigid as pos-
sible, with its bearing surface parallel with the upper bearing surface of
the proving ring. The proving ring is installed by placing it directly upon
a small, hardened bearing block placed on the compression table of the
machine (fig. 229). Another hardened bearing block is placed on the top
bearing surface of the ring. (The hardened blocks are supplied with the
proving ring.) After the entire assembly is centered under the top bearing
surface, the ring is preloaded to the capacity of the machine, the capacity
of the dial, or that of the proving ring, whichever is least. Final calibrating
runs should not be started until the ring has come to room temperature
and has been stressed several times, as above noted. The best way to
determine when the ring has reached room temperature is to take zero
readings before and after the ring has been stressed. These readings should
come within one divisionof each other on the micrometerwheel. When
the zero readings are approximatelyequal after the ring has been stressed
several times, it is conditioned and ready for the calibrating run. If the
laboratory is not held at a fairly uniform temperature, the temper-
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Figure 229.--Testing machine with proving ring in place prior to calibration of
the machine. P382-706-11158.

ature of the ring will change, and accuracy of the readings will be im-
paired.

(b) Reading the Proving Ring.--A load applied by the testing ma-
chine to the proving ring causes a deformation of the ring. This deforma-
tion, from which the load can be accurately determined, is measured by
means of a micrometer. The operation is as follows:

(1) Set the vibrating reed in motion.
(2) Move the micrometer wheel up slowly until the reed vibration

is damped to about half frequency.
(3) Back the micrometer wheel off until the vibrating reed moves

freely.
A point will be found between the two positions of the micrometer at

which the vibrating reed slows down slightly and the humming sound
changes tone. This is the point of contact that is desired and at which all
readings should be taken. Speed and accuracy in reading the micrometer
wheel are essential and develop with practice.

(c) Testing.--Preload the ring five or six times to its capacity until
a constant micrometer reading at no load is obtained. This is called the
zero reading. (Caution : Do not overload the proving ring.) A precaution-
ary step is to set the micrometer wheel for the capacity of the ring as

E maximumdialload •
determined by the ratio . (The ring factor is

maximum ring factor
obtained from the printed forms supplied with the proving ring.) This will
prevent overloading the ring should the dial of the machine unknowingly
read too low. After preloading, read and record the proving ring microm-
eter at no load or zero and again at a predetermined increment indicated
on the calibration form supplied with the ring and shown by the load-
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indicatinghand on the dial face. The load is then released slowly, and
another zero reading is taken and recorded before loading the proving
ring to the next higher predetermined load. This procedure is repeated
until the entire dial has been encompassed. The zero readings before and
after each new incremental load are averaged for each load.
As the load slowly approaches an increment to be read, the machine

operator indicates this fact by warning, "Get ready." The observer moves
the micrometer wheel of the proving ring into reading position and follows
the vibrating reed at the proper reading clearance. When the load-
indicating hand coincides with the increment line on the dial, the machine
operator says "Read." The load should be applied very slowly from the
time the warning is given until the reading is made, being carefulnot to
exceed the increment of load. This allows the observer time to manipulate
the micrometer wheel.
A minimum of three calibrationsshould be made and the data aver-

aged for determining the accuracy of the machine.

6. Points to Observe for an AccurateReading.--(a) Allow the ring to
come to room temperature and flex it slowlyfive or six times before be-
ginningthe test. (See see. 5(a).)

(b) Obtain the same tone of the vibratingreed at each reading of
the micrometer. The reed shouldvibratedirectlyabove the center of the
micrometer wheel.

(c) Do not jam the vibrating reed by running the micrometer wheel
up too far, and be sure to back the micrometer wheel off after each load
is read.

(d) Shut off the battery after each reading. Under continuous use the
battery will lose its charge quickly, thereby changing the tone of the vi-
brating reed.2•

(e) Keep the hands away from the ring during a calibrati'ng run;
heat from the body changes the temperature of the ring. The micrometer
wheel is the only part that need be touched during a calibration.

(f) Keep the load increasing during the calibration process.
(g) Handle the ring with care; it is a precision instrument2°

7. Calculations.--Theaverage zero reading for each incremental load
is subtracted from the reading of the proving ring for that load, and the
results are entered in the "Ring deflection" column of the calibration form.
These are the ring deflections at room temperature. They are corrected to
70 ° F or 23 ° C by one of the following equations:

dro= dt (1-k (t-70))
d•.• = d, (1-k (t-23))

Remove the dry cell from the battery housing before placing the ring back in its
box. Batteries corrode, then drip and stain the ring.

= Put a thin coat of oil on the ring before placing it in the box for reshipment.
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whe•:
dT0= ringdeflectionat 70 ° F,
dza= ring deflectionat 23 ° C,
dt=ring deflectionat room temperature,
t= average roomtemperature,and
k= temperaturecorrectionfactor.

The correcteddeflectionsare multipliedby the ring factor, a constant
obtainedfrom the Bureau of Standards, to give the load indicatedby the
provingring. The error is obtainedby subtracting the load indicatedby
the ringfrom the load indicatedby the dial. The percent erroris derived
by dividingthe error by the dial load and multiplyingby 100. Values of
average, maximum,and minimumerrorare thenevident.

8. Tolerance.---Thelimitsof accuracyfor either the 200,000-poundor
the, 300,000-pound dial are as follows: not more than 1 percent for all
loads above 50,000 pounds,and not more than 500 pounds(one division
on the testingmachinedial) for loadsbelow 50,000 pounds.

When these limitsof errorare exceeded, subsequent calibrationsshould
be made. If no improvementis found, the calibrationdata together with a
descriptionof any improperbehaviorof the machine should be submitted
to the Chief, Divisionof General Research, so that correctivemeasures
may be recommendedby the Denverlaboratories.

SAMPLING CURING COMPOUNDS FOR CONCRETE

Designation 38

1. SamplingMethods.--Priorto withdrawing the sample, the contents
of the drum should be thoroughlymixed. The method used willvary with
the type of container and the facilities available. As 55-gallon drums
are used in nearly all shipments, the followingprocedures are based on
their use, but the same principlesapply to other types of containers.

(a) Bunghole-TypeDrum---Compressed Air Available.--Thisis the
quickest and surest method for thoroughlymixing the liquid. A con-
venient length of •/2- or 3,4-inch pipe is connectedwith an air line which
has been properlytrapped to eliminate oil and moisture. The pipe is in-
serted through the bunghole to the bottom of the drum. Enough air
pressure (about 20 lb/in2) is applied to cause a vigorous churning action
throughout the contents but not so violent as to blow liquid out of the
bunghole. The bottom of the drum is swept with the outlet end of the pipe
until the material is completely mixed.

(b) Bunghole-Type Drum--Compressed Air Not Available.•This
method should be used only when it is impracticable to use compressed
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air. The drum is turned on its side and rolled back and forth a total
distance of about 200 feet. The drum is upended and a long wooden
or metal slat-shaped paddle inserted through the bunghole and the contents
stirred until the operator is satisfied that they are completely mixed. The
drum is again turned on its side and rolled back and forth about 100
feet.

(c) Open-Head Dmm.•The head of the drum is removed and a
portion of the liquid poured off into a clean container. The remainder
is stirred thoroughly with a power stirrer; all settled material should be
uniformly distributed throughout the liquid. Hand stirring is inefficient
and laboriousand should be used only when a power stirrer is unobtainable.
After the liquid in the drum has been thoroughly mixed, and while stirring
is continued, the portion initially removed should be returned gradually
to the drum. The entire contentsshould be stirred until complete blending
is attained.

Immediately after the mixing is completed, the sample is dipped out
and poured into the sample container. Several gallons should be withdrawn
from a bunghole-type drum before the sample container is filled from
the drum outlet.

2. Samples.--One sample should be taken of each batch or shipment
of curing compound. Each sample should be placed in a 1-quart can fitted
with a double friction-top lid. The cans should be filled to approximately
90 percent capacity, closed tightly, and the lids spot soldered. They should
be carefully packed to avoid damage and spillage, and shipped to the
Chief, Division of Research, Bureau of Reclamation, Attn: D-1510, P O
Box 25007, Denver Colorado 80225. Each sample should be properly
labeled and accompanied with a copy of filled-in form 7-1417. This form
(fig. 230) may be obtained from the Denver office.

SAMPLING MASTIC JOINT SEALER

Designation 39

1. General.---Mastic joint sealer is supplied as a single-component,
ready-mixed, homogeneous material composed of asphalt, rubber, inert
filler, and suitable solvents. It is commonly shipped in 55-gallon drums
or 5-gallon cans.

2. Sampling.•This material may separate slightly after long storage,
and it may be necessary to remix the sealer before sampling. Since the
compound is supplied in open-head drums, a mechanical mixer with a
paddle of sufficient,length to reach the bottom should in a short time,
with thorough mixing, restore the material to its original condition.
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3. Samples.--A sample representing each lot of the sealer should be
taken and placed in a 1-quart can. The can, fitted with a friction-top
lid, should be filled to approximately 90 percent capacity. Sealing, label-
ing data, and shipping instructions for samples as given in designation 38
should be used.
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METHOD OF TEST AND PERFORMANCE REQUIREMENTS
FOR WATER-REDUCING. SET-CONTROLLING ADMIXTURES

Designation 40

1. Definition.---Awater-reducing, set-controlling admixture (hereinafter
referred to as WRA) is a material that, when used as an admixture in
concrete, will reduce the quality of water and cementitious materials
otherwise required in a similar concrete mix without the WRA to produce
concrete of a given consistency and compressive strength and control the
time of setting of the concrete.

2. Materials.--WRA's need not be limited to specific chemical
compositions, but are commonly of two types: (a)lignosulfonic acids and
their salts which, if in liquid form, should contain not less than 30 percent
nor more than 50 percent solids; or (b)hydroxylated carboxylic acids and
their salts which should be in the form of a water solution containing
not less than 30 percent total dissolved solids consisting of a minimum
of 99 percent organic carboxylic acids or their salts.

3. Performance Requirements.--Until 1977, Bureau of Reclamation
construction specifications cited a Bureau standard for performance testing
WRA's proposed for use. However, the Bureau now cites ASTM
(American Society for Testing Materials) Designation: C 494, Standard
Specification for Chemical Admixtures for Concrete. This ASTM standard
includes all applicable methods of tests for chemical admixtures, including
WRA's.

TEST FOR LIGHTWEIGHT PARTICLES IN AGGREGATE

Designation 41

1. General.--This test, graphically outlined in figure 231, is a
procedure for determining the percentage of lightweight material in
aggregate by means of sink-float separation in a heavy liquid of suitable
specific gravity. This test is designed for 1,000-gram samples of sand
passing the No. 4 screen and retained on the No. 8 screen and 5,000-gram
samples of No. 4 to 3/4-inch and 3/4- to 1 ½-inch coarse aggregate size
fractions. It is essentially adapted to control testing of wet aggregate
produced by heavy-media processing. Samples should be representative of
aggregate to be tested.

2. Chemicals.--(a) Heavy Liquid.--Theheavy liquid should consist
of a mixture of acetylene tetrabromide (.• s.g. 2.97) and petroleum naptha
(= s.g. 0.76) in such proportionsthat the desired specific gravity may be
obtained. Other liquids such as perchloroethylene(= s.g. 1.63) are suitable
for use in this test; but they are more toxic, more volatile, and less stable.
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(Nole---Acetylene tetrabromide and other liquids sometimes used for
this test are highly toxic, both by absorption through the skin and by
inhalation. Tests should be per]ormed in a well-ventilated area, pre-
]erably under a hood, and care should be taken to avoid contact o/ the
liquids with the skin or inhalation o] the fumes. Use of protective clothing
such as rubber gloves, rubber aprons, and goggles is advised.)

The liquids employed in this test have differential rates of evaporation,
causing a progressive change in the specific gravity of the liquid mixture;
hence, periodic checking and adjustment of the specific gravity of the
mixture are necessary.

(b) Alcohol.--The alcohol used for rinsing the lightweight aggre-
gate fractions should be denatured alcohol conforming to formula 1,
12A, 28A, or 30, as defined in Title 26, Code of Federal Regulations,
Part 212. These documents may be obtained from the Superintendent
of Documents, Washington, D.C. /

3. Apparatus.--Thefollowing equipment is necessary to conduct this
test:

(a) Test Containers.--(1) Sand.--Five 2-liter stainless steel
beakers, each approximately 5 inches in diameter, and two No. 10 mesh
wire baskets with bail which will fit snugly, without binding, in the
beakers.

(2) Coarse aggregate.--Five 12-quart stainless steel beakers,
each approximately 10 inches in diameter, and two No. 10 mesh wire
baskets with bail which will fit snugly, without binding, in the beakers.

(b) Skimmers.--Two No. 10 mesh saucer-shaped wire skimmers,
2-inch diameter for sand and 4-inch diameter for coarse aggregate, both
with handles.

(c) Hydrometers.--Hydrometers accurate to 0.01 and suitable for
determining specific gravities of heavy liquid, alcohol, and petroleum
naphtha and hydrometer flasks of sufficient size for hydrometer measure-
ments.

(d) Balance.--Balance or scale accurate within 0.1 percent of the
test load at any point within the range of use.

(e) Drying Screen.--One 10-mesh wire screen tray, 18 inches by
36 inches by 1 inch deep, with legs.

4. Preparation of Samples.--Obtainrepresentative samples of approxi-
mately 1,000 grams of sand passing the No. 4 screen and retained on
the No. 8 screen and approximately 5,000 grams each of No. 4 to ¾-
inch and 3/6- to 11A-inch coarse aggregate size fractions. Wash as neces-
sary to remove contaminating materials.
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5. Test Procedure.--(a)Separation.--Placesample in appropriate wire
basket and immerse basket with sample in water and soak for 30 minutes.
(If the sample is already saturated, the soaking period will not be re-
quired.) Remove basket with sample and drain for 1 minute. Place
basket with sample in alcohol.:" Agitate sample by vertical reciprocating
motion of the basket for 1 minute. Remove basket with sample and
drain excess alcohol. Transfer sample from basket onto drying screen,
spreading sample one particle in thickness. Dry sample to saturated
surface-dry (SSD) condition (designation 9, sec. 3 or designation 10,
see. 4).

A saturated surface-dry condition exists when no free liquid remains
on the surface of the particles.:': Drying time to reach this condition may
be reduced by use of a fan. Weigh saturated surface-dry sample and
record weight. Place sample in wire basket and immerse in heavy liquid.31

Stir sample vigorously for 5 seconds, allow 15 seconds for turbulence
to subside, and immediately skim off the floating particles. Skimming
depth should be just sufficient to remove aggregate particles floating on
the heavy liquid surface. Care should be taken while skimming not to
create undue currents in the liquid which would disturb the settled
material. After skimming, allow excess heavy liquid to drain from the
skimmer back into the beaker.

Transfer skimmed float material to appropriate wire basket. Repeat
stirring and skimming sequence until all lightweight material has been
removed and transferred to the basket. Skimming should be completed
within 5 minutes from the time the sample is immersed in heavy liquid.

(b) Cleanup.--Immerse the basket containing the float material
in a beaker containing petroleum naphtha.:" Agitate float material in the
beaker of naphtha by vertical motion of basket for 3 minutes. Remove
basket from beaker and drain excess naphtha for 1 minute. Remove
remaining naphtha by agitating basket in alcohol for 2 minutes. "•1 Remove
basket and drain excess alcohol for 1 minute. The petroleum naphtha
and alcohol rinse liquids should be replaced Periodically to prevent ex-
cessive contamination (after 12 to 15 tests, depending on test conditions).
Transfer rinsed material to drying screen and dry to saturated surface-
dry condition as before, weigh, and record weight.

6. Calculations.--The percentage of float in the sample is determined
by the following formula:

s, Place basket of sand in a 2-liter beaker containing approximately 1.5 liters of
the liquid, and coarse aggregate in a 12-quart beaker containing approximately 2
gallons of the- liquid.

Caution: Care must be exercised to ensure that the sand samples do not contain
any free liquid when placed into the heavy liquids, as a film of liquid surrounding a
heavyweight particlemay cause it to float.
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where:

w,
Float, % ='× 100

W

W = total saturated surface-dry weight of sample, and
WI = saturated surface-dry weight of float.

RELATIVE HUMIDITY TESTS FOR MASONRY UNITS

Designation 42

1. GeneraL--Crackingin concrete masonry walls can be reduced by
minimizing moisture shrinkage in the wall. To do this, it is necessary to
preshrink the masonry units by adequate drying before they are placed
in the wall. The degree of dryness needed will vary, but for any given
locality the concrete should be in an air-dry condition corresponding to
the average annual relative humidity of the outside air for that locality.
This principle applies to all types of concrete masonry units regardless
of type of aggregate or method of curing used.

The test that was used for many years for determining the permissible
moisture content of concrete blocks failed to give a significant and realistic
indication of the moisture condition of the concrete relative to the local
air. The relative humidity method 33 overcomes this deficiency in that it
provides a reliable indication, in about 20 to 60 minutes, of the state
of dryness and potentiality for drying shrinkage of concrete blocks in
subsequent exposure to atmospheric conditions.

In addition to its simplicity of operation, the apparatus can be easily
calibrated or checked for accuracy and can be used under a variety of
conditions. For instance, it can be used to determine the moisture condi-
tion of a block soon after sample blocks have been selected, or if desired,
the test can be made at any convenient later time.

All concrete masonry units should be in an air-dry condition when
placed in the structure. Stockpiles should be carefully protected against
rain by storage under adequate cover and upon sufficient dunnage to
prevent exposure to moisture until used. The air-dry condition is intended
to be the moisture condition of concrete masonry units in a state of
equilibrium with the average annual relative humidity at the project site,
as established at the nearest U.S. Weather Station.

Upon delivery of concrete masonry units to the project site, representa-
tive samples should be selected from the stockpiles and tested for air-dry
condition at Government expense. A tolerance of 5 percent relative

"Moisture Conditionof Hardened Concreteby the Relative HumidityMethod,"
ASTM Designation C 427.
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humidity above average annual relative humidity should be allowed when
the ambient relative humidity of the air (before delivery) is above the
average annual relative humidity for the locality. No concrete masonry
units should be used when the relative humidity test shows them to
contain more moisture than this limit.

Test for air-dry condition is described in ASTM Designation C 427,
"Moisture Condition of Hardened Concrete by the Relative Humidity
Method."

2. HygrometerCalibration.--Before the apparatus is used for testing
concrete blocks for the first time, the hygrometer must be calibrated. It
must also be calibrated periodically later. (By calibration is meant testing
for accuracy and establishing any corrections to be applied to the scale
readings.) Calibration equipment consists of special saturated salt solu-
tions supplied by the Denver laboratories if facilities are available for
precision temperature control and complete calibration, or the instrument
can be initially calibrated by the Denver laboratories.

3. Procedure.--Thetests (whether on blocks or for calibration) should
be conducted in a room which can be maintained at a fairly constant
temperature during each test, that is, within 5 ° F of the average room
temperature. Preferably, the average room temperature should not be
less than 65 ° F nor more than 85 ° F.

Both the apparatus and concrete block specimens should be at the
average room temperature before the beginning of the test. Each block
specimen should be stored in a vaportight container (or wrapped in a
plastic sheet) to protect it from moisture change prior to test and during
the period required to attain room temperature.

The room should be provided with a table about 30 inches high, 24
inches wide, and 48 inches long, on which' the apparatus is placed during
test to facilitate reading and recording relative humidity and temperature
within the container. The top of the table should be of nonabsorptive
material and level in all directions.

A timer should be .available that tilts on its base for easy viewing and
that has a large readable dial, sweep second hand, and minute hand to
make readings at desired time intervals up to 60 minutes.

Data should be recorded and plotted in a systematic manner as illus-
trated in sample data sheets, ASTM Designation C 427.
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REFERENCE LIST OF INSPECTION ITEMS

The following inspection check list is adapted from the ACI Manual of
Concrete Inspection published by Committee 311, Inspection of Concrete.
The list is not intended to be used as an outline for daily check of work
items but rather as a means to develop an individual inspector's reference
list of items for an assignment in conjunction with particular specifications
requirements.

GENERAL CONCRETING WORK

Preliminary Preparation.
Study of plans and specifications:

Requirements and permissible tolerances.
Items of payment.

Rights-of-way where involved.
Review of contractor's plans, including equipment, methods, and

organization.
Establishment of method of keeping records and making reports.

Materials.

Aggregates:
Acceptance and control test evaluating grading, specific gravity,

absorption, organic impurities, silt, percent lighter than a certain
specific gravity, clay lumps, sodium sulfate soundness, Los An-
geles abrasion test, freezing and thawing resistance, alkali-
aggregate reactivity, and petrographic description.

Processing, including washing and screening, stockpiling and
handling.

Cement and/or pozzolan:
Inspection reports, mill and acceptance tests.
Storage facilities and protection.
Provision for identification.
Schedule for use.

Water:
Source and supply, chemical suitability• turbidity.

Admixtures: "
Type, use, tests and/or certification.

Reinforcement steel:
Certification of tests.
Size, identification, and tagging.
Bending.
Surface condition.



APPENDIX 595

Other embedded material or equipment including anchors, water-
stops, conduits, cooling pipes, drains, etc.

Designof concrete mix.
Trial mix and adjustment including computations of batch quantities

and yield.
Requirements of materials control including quantities, identification,

acceptability, uniformity, storage, handling, waste, scheduling of
testing.

Preparation for Concrete Placement.

Lines and grades.
Excavation and foundations:

Class of excavation, location, dimensions, shape, surface prepara-
tion and drainage.

Forms:
Location.
Preparation of surface.
Alinement; allowances for finish tolerances; movement or settle-

ment.
Stability, bearing and support adequacy, tics, and spacers.
Inspection openings, size, spacing, and location.
Final cleanup.

Reinforccmcnt:
Size, diameter, length, bending, splicing, anchorage.
Location, number, minimum clear spacing, minimum coverage.
Stability, wiring, chair supports, and spacers.
Cleanness.

Fixtures location, stability, cleanness.
Openings.
Calibration of concrete control test equipment.
Calibration and checking of scales and batching equipmefit.
Mixer efficiency tests.
Provision for continuous operation.
Available protection against sun, rain, cold weather.
Adequate vibrating, finishing, and curing equipment including stand-

by equipment as needed.

During Concreting Operations.

Working conditions:
Preparations for weather conditions completed; adequate lighting
for night work; provisions for adequate accessibility to batch-
ing, mixing, and placing operations; safety requirements com-
plied with; sufficient personnel.

Batching:
Cement, aggregate, water, admixtures.
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Control of variations of free moisture in aggregate.
Check of batching devicesas operating.
Mixer charging operations and sequence.
Check yield of concrete batch.

Mixing:
Minimum time, overloading.
Schedule of mixing, batches delayed in mixer.

Control of air-entrained concrete:
Accurate measurement of air-entraining agent, tests for air content
of concrete, regulation of air content, adjustment of mix to com-
pensate for air content, avoidance of excessive mixing or vibra-
tion, avoidance of wet consistency.

Compensation for free moisture in the aggregates.

Control of consistency, observation, concrete control tests.

Adjustments as required.
Transporting and handling:

Methods, no segregation, no excessive slump loss, time limits.
Placing:

Uniformity, continuous operation, preparation of contact surfaces,
mortar bedding, vertical drop, means of introducing into forms,
little or no flow after depositing, depth of layers, bleeding, sys-
tematic and uniform vibration, removal of temporary ties and
spacers, deposition of rejected batches, any unusual require-
ments of deposition such as under water.

Consolidation:
Adequate vibrator equipment.
Specified vibrator frequency, sufficient size.
Adequate crew.
No overworking.

Construction joints:
Location, preparation of surface.

Expansion joints:
Joint material, location, alinement, stability, freedom from inter-

ference of subsequent movement.
Finishing of unformed surfaces:

Shallow surface layer of mortar, bleeding, no overworking, first
floating, alinement of surface, final hard troweling, hair checks,
protection from rain.

Finishing of formed surfaces:
Condition on removal of forms (honeycomb, peeling, ragged tie

holes, raggedform lines, sand streaks).
Schedule of acceptance test when required.
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After Concreting.

Protection from damage:
Impact, overloading, marring, traffic, spilling of oil on surface.

Excessive high and low temperatures, drying.
Time of removal of forms.
Minor repairs after form removal.
Curing:

Surfaces continuouslymoist, time of beginning curing, length of
curing period, protection from heat and freezing.

Tests of Concrete.
Consistency tests.
Percent of entrained air.
Unit of weight test of fresh concrete.
Temperature.
Test of mixer efficiency.
Strength tests:

Molding, storing, handling specimens (standard conditions, field
conditions), field tests, packing and shipping of specimens when
required.

Specimens of hardened concrete (cores, beams).
Other tests.

Records and Reports.
Records, materials (quantity, quality, and source), mix computations,

hatchingand mixing methods and equipment, placing and curing,
weather, other special items.

Reports:
Daily, summary.

Diary.
Photographs.

Special Work

Cold-Weather Concreting.
Limiting temperatures and times:

Outdoor air, enclosure, materials.
Heating materials, contact surfaces, and enclosure; protection from

drying ventilation; safety.
Removal of forms, protection from too rapid cooling.

Hot-Weather Concreting.
Available methods for lowering concrete temperature:

Cooling materials, prewetting aggregate, addition of ice, coveting
of work, evaporative cooling.

Scheduling of work.
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Ready-Mixed Concrete.

Plant:
Materials, batching, mixer capacityand condition,mixer efficiency

tests.
Construction site:

Elapsed time, mixer drum revolutions, tests for consistency and
air content, strength test, temperature, delivery schedule, short
waits, wash water, control, uniform discharge, no segregation,
conveying to form.

Shotcrete.

Materials (acceptability, quantities), conditions of equipment, pre-
liminary mixing, air volume and pressures, water pressure, prep-
aration of surfaces, application (thickness, bond, no sagging, con-
struction jointscleanup), surface finish, curing, tests.

Pumped Concrete.

Application to construction:
Methods, mechanical condition of equipment, cleanliness, capac-

ity, arrangement, agitation, pipeline.
Mix design:

Maximum size aggregate, percent sand, entrained air, slump.
Placing:

Temperature control methods, slump loss control, no segregation,
consolidation, scheduling delivery of concrete, curing.

Grouting Under Base Plates. '
Preparation of base, stiff mix, pack tightly, clearance,forms.

PressureGrouting.
Holes (depth, spacing, freedom from clogging).
Materials (acceptability, quantities used), cement storage and orderly
use.

Injection (sequence, pressures, times, completeness of penetration, no
damage to structure), leaks, calking material, equipment condition.

Reports.

Two-Course Floors.

Preparation of surface of base course, materials for top course, pro-
portions and consistency, uniform screeding, rolling or tamping,
first floating, final troweling, curing.

Terrazzo.

Thickness of layers, uniformity, curing.
Stucco.

Mortar, preparation of backing surface, bonding to backing surface,
uniform finish, curing each layer.
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Masonry.
Units:
Laboratory tests for strength and absorption.
Field inspection for size, shape, and soundness.

Construction:
Moisture content of units, completeness of bedding in mortar,

alinement compliance with building code (mortar, minimum
wall thickness, lateral support, bonding courses, supports for
beams, openings in walls).

Pipe.
Method of manufacture.
Laboratory control tests of materials curing.
Units:

Laboratory tests for strength, absorption, and watertightness.
Field inspection for size, shape, soundness, interior surface

smoothness; reinforcement (selected specimens); repairs.
Inspection reports.

Installation.
Alinement, bedding, joints (calking, filling, curing), backfilling,

protection from damage.
Field tests of completed pipeline.

Cast Stone.
Laboratory tests for strength and absorption.
Field inspection for soundness and uniformity (match sample).

Ornamental Concrete.
Location and neat joining of molds, surface coating to avoid sticking

or staining, curing.

Colored Concrete.
Pigments (integral or dust-on), matching of colors, thorough and

intimate mixing of integral color with cement, uniform application
and incorporation of dust-on color, troweling and finishing, curing.

Painting.
Cleaning surface, neutralizing surface, uniform, application, curing

portland cement paints.

LightweightConcrete.
Lightweight aggregates (acceptability, prewetting, prevention of
segregation).

Gas concrete (admixtures, timing of operations).
Test for unit weight.

Heavyweight Concrete.
Heavyweight aggregates (suitability, specific gravity, type, acceptance

tests).
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Mixing and handling same as conventional concrete; placing
requirements and conditions specialized; tests.

Mass Concrete.

Times and rates of placement, avoidance of high or nonuniform
temperatures, bonding of lifts, prevention of aggregate breakage
and separation.

Preplaced Aggregate Concrete.
Placement of coarse aggregate, void content, composition and control

of consistency of grout, sequence and pressures of grouting,
completeness of filling of voids, condition of equipment, standby
equipment, handling and measurement of materials for work.

Tiltup Construction.
Surface of casting platform, joints in sheet bondbreakers, timing and

uniformity of liquid bondbreakers, alinement of edge forms,
compaction of concrete at bottom comers, connections to columns,
provision for expansion (if specified), strength of concrete at time
of lifting, pickup points; avoidance of excessive pulling, jerking,
or jarring.

Underwater Construction.
Avoidance of flowing water, temperatures, continuous placement,

operation of tremie or bucket, minimizing of wash, protection
from flowing water for several days.

Vacuum Concrete.
Allowance for reduction in thickness of slabs, timing and duration

of application of vacuum, uniformity of processing, condition of
mats.

Prestressed Concrete.
Strength of concrete at time of prestressing sheathing of reinforment

(if specified), accurate placing of reinforcement, avoidance of
obstruction or excessive friction, measurement of tension by means
of jack pressure and/or lengthening of steel, thoroughness of
grouting (if specified).
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Abrasion
aggregate, resistance, 56

test (Los Angeles machine), 122, 545
concrete, 12
forms, 273
heavyweight concrete,443
open-flowspillwaysurface, 374

Abrupt-typeoffsets, 372
Absolutevolume, 15 (see alsoSolid-volume)
Absorption

cmrseaggregate test, 121, 521,523
sand test, 518

Absorptiveform lining,354
Accelerators,71, 233

high early strengthobtainedby, 47
Acceptancetests

for air-entraining agents, 73
for water-reducing, self-controlling

admixtures, 586

Acids
effect on concrete, 9
washing with, 364, 460

Adiabatic curing (mass curing), 572
Adjustment of mixes, 131, 142
Admixtures, 211

acceleraton, 70, 233
air-entraining agents, 73, 235

dispenser,236
sampling, 578
tests in Denver hboratories, 128
types, 73
use, 211

aluminum powder
mortar for grouting, 475
mortar for prephcedaggregate

concrete,447

repain to concrete,406
hatching, 233
calcium chloride, 70

alkali-aggregate reaction affected
by,73

concrete strength affected by, 70
use, 70, 211, 259

colorpigments (floors), 465
diatomaccomearth (see Pozzolan)
polymermaterials,486
water-reducing,set-controlling,74, 21 l

dispenser,236
dosages, 74, 75
effect on entrained air, 75
effect on allyingshrinkage, 77
effect on durability,77
method of test and acceptance, 586
suitabilitytests, 128

Age
cement, 209
effect on strength of concrete, 358

Agent
air-entraining (seeAir-entmining agents)
water-reducing, set-controlling, 74, 211

(see also Admixtures)
Aggregate (see Sand, or Coarse aggregate)
Agitators, trucks, 240
Agitators, rail-car mounted, 245
Air booster (for pumping concrete), 290
Air bubbles, 353

Air content, 33, 73, 133
determination,550, 554
tests, frequency,211,254
tunnel lining,289

Air-entrainedconcrete(see Entrainedair)
advantages, 33, 36

605
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Air, entrained, factors affectingpercentage,
73

Air-entraining agents
acceptance tests, 73
dispenser, 236
investigationi in Denver laboratories, 128
sampling, 578
types, 73
use, 211

Air-free mortar, 239
Air gun

mix for (repairs), 407
multiple purpose, 265

Air meter operation, 554
Air-permeability (cement) testingapparatus,

49
Air voids in concrete, 34, 554
Air-water jets for washing (cleanup), 265,

268
Alkali-aggregate reaction

affected by
calcium chloride,73
pozzohns, 43, 52
reactiveaggregates, 55, 93

concrete, effect on, 8, 43
mortar bar test to determine, 123

Alkali in soil and water, effect on concrete,
10

Aluminum powder
mortar for grouting, 475
mortar for preplaced aggregate concrete,

447
repairs to concrete, 406

Analysis
of aggregate deposit data, 124
of soils, 128, 501
of water, 128, 501
screen (see Sereen analysis)

Approval of contractor's plant and
equipment, 181,212, 237, 281

Artificial aggregate (see Lightweight
aggregate)

Artificial coolingof concrete,81,255, 382
Attrition

of coarse aggregate, 63
of sand, 206

Automatic batching and recording, 213

Basalt, 88, 90
Base, for floor topping,460

Batch
splitting,282
trucks, 227
weights, 141,212

Batching, 212, 226
accuracy, 217
admixtures, 233
air-entraining agents, 236
central, 226
control, 212
equipment, 212, 226, 229
ice, 214
laboratory concrete, 562
order of (charging mixer), 239
scales--checkingand testing, 217
scales-weighing cutoffs, 212, 217
water, 233
weight vs. volume, 212

Bearing blocks, reinforcement support, 279,
314

Belt conveyors, concrete, 286
Beneficiation

aggregates, 203
elastic fractionation, 206
heavy media separation, 203
hydraulic jigging, 205
sand, 192, 206

Bituminous compounds
dampproofing, 375
for sealing rock foundations, 261

Blaine air-permeability apparatus, 49
Blast furnace slag, 54, 439
Blasting sand, requirements; 265
Blasting, vacuum, 461
Bleeding

entrained air, effect on, 36
fineness of cement, effect on, 49
pozzolan, 52
test, 556

Blending,sand, 89, 182
Bond, 278, 354

by use of epoxies, 409
construction joints, 262
floor topping to base, 460
foundation, 261
of repairs, 428

Breakage, aggregate, 63, 193
Buckets, concrete, 282

Calcareous material (aggregate coatings), 202
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Calciumchloride (admixture)
acceleratorfor repairs,421
alkali-aggregatereaction affected by,

73
batching,233, 235
cold weather, use in, 70, 383, 391
effect on concrete in sulfate soil, 72
effect on corrosion of reinforcing

steel, 279
effect on prestressedsteel, 279, 452
maximumquantity,70

Calcium compounds in cement (C•S,
C:,S, C•A, Cu•.F), 41

Calibrationof testingmachine, 580
Calyx drill (core drilling),499
Canal lining(conc/ete)

contractionjoints,325
masticfiller, 333

cracking, reductionof, 315
expansionjoints,334
mix, 313
placingmethodsand equipment,315

slip-formmachine (for large jobs),
320

slip-form machine (simplified de-
sign for small jobs), 320, 324

trimmingmachine, 325
reinforcement,314
subgrade,315
use of pit-runaggregates,320

Cans, test cylinder,252
Cappingof concretecylinders,569
Carbonated mineral water, effect on

concrete,70
Cars, concretetransporting,282
Casing, steel, test hole, 99
Cast-ironmolds,565
Cavitation, 12, 372
Cement

abnormalperformancein field, 208
abnormalset, 50
air-separated,210
alkali content,43
hatching,212, 226, 229
clinker,41
coefficientof expansion and contrac-

tion of paste, 18, 56
compoundcomposition,41, 47
compressivestrengthof varioustypes,

45
content, 132, 143

affected by
aggregate, 68
air content(entrainedair), 33
fineness modulus (F.M.) of

sand, 58
computations,552
test for, 550

contractionjointgrouting,210
deteriorationin storage, 210
economy, affected by aggregate gra-

dation,68
effect on concrete

creep and extensibility,40
durability,34, 50
elasticity,40
permeability, 36
resistance to erosion,36
strength, 40, 45
temperaturerise, 45, 46
thermalproperties,40
unitweight, 41
volumechange, 40
workability,33

expansive,48
false set, 127, 208, 210
fineness,49

air-permeabilitytest, 49
effect on concrete,49
turbidimetertest, 49

foreignmatter in, 209
free-limecontent,43
gel, 18
groutingmortar,474
heat of hydration of different types

of cement, 46
control,79

high-early-strength (type III), 47
inspection,field, 208
investigations, Denver laboratories,

127
loss, duringdry hatching,209, 227
low-alkali,43
low-heat (type IV), 45, 47
manufacture,41
modified(type II), 45
mortar coatings (see Cement-mortar

coatingsand linings)
portland,defined,41
portland-pozzolan, 48
potassiumcontent,effect of, 43
set-controlled,49
sodium content,effectof, 43
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specific gravity, 132
specific surface (fineness), 49
standard (type I), 43
storage requirements, 209
strengths from various types, 45
sulfate-resisting (type V), 45
temperature control, 210 -
tests, acceptance, 208
types, 43
weight variations, 209, 227
white, 49

Cement-mortar coating and linings
(steel pipe)

angles, bends, specials, 485
application, 478
curing, 479, 483
exterior coatings, 482
field coating of joints, 485
inplace mortar linings, 478
interior linings, 484
materials, 481
method of placing, 478, 482, 485
surface preparation, 479, 480

Cement-voids ratio (Talbot and Rich-
art), 39, 40

Central batching, 226
Chemical

attack of concrete, 8
composition of cement, 41
stains for colored floor finish, 465
suitability of aggregates, 93

Cherts, 88, 90, 93,205
Chloride salts, effect of, 70
Chutes, 286, 295
Cinders as aggregate, 439
Classification of rocks, 88 (see also

Aggregate and Rock)
Classifiers, sand, 184

hydraulic, 188
hydraulic sizer, 189
reciprocating rake, 187
spiral, 185

Clay, 90
burned, 54
expanded, 440
in aggregate, 55, 94, 202, 205

determination of lumps in aggre-
gate, 529

Cleaning
acid, use of, 364, 460
construction joints by wet sandblast-

ing, 263

formed surfaces, 364
preparations for repairs, 396
pump line, 291
reinforcing steel, 278, 354

Cleanup
air-water jet washing, 268, 396
construction joints, 265
inspection, final, prior to placing, 280
preparations for placing foundation,

261
vacuum blasting, 461

Clinker, cement, 41
Coal in aggregate, 94
Coal-tar distillate, effect on hardened

concrete, 9
Coarse aggregate (for tests, see Testing

methods), 53, 61, 62
abrasion resistance, 56, 122
absorption, 55, 121
alkali reactivity, 43, 55

control, 43
reactive types, 93
tests, 121

analysis of field and laboratory data,
124

analysis, screen (see Screen analysis)
artificial (see Lightweight)
attrition, 63
batching, 212
beneficiation, 203 (see also Benefi-

ciation)
blast furnace slag, 54
breakage, 63, 192
chemical properties, 55, 93
cinders, 440
classification of rocks, 89
clay (expanded), 440
clay in, 54, 202
coatings, 95, 202
cobbles, maximum size used, 62
coefficient of expansion and contrac-

tion, 18, 56
combined grading, 58
commercial, specifications and in-

spection, 207
composition, 54
contaminating substances in, 54, 93,

122, 202
control, 181

tests, 202, 206
cooling, 256
correction of defects in grading, 61
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specificgravity,57, 121
stockpiling, 192
stream, 57, 87
strength, 56
surface moisture
control,206
effect on slump, 246

test holes, pits, and trenches, 98, 105
tests, 121, 202 (see also specific test

concerned)
tunnel lining, 62
undersize, 63, 192
unit weights of, 125
volume batching, 212
volume change, 56
weathering effects, 54, 92
weighing equipment (field opera-

tions), 229
wood fragments in, 202

Coatings, cement-mortar, for steel pipe,
478

inplace, 478
shop-applied, 480

Cobbles, 62
Coefficient of expansion and contraction

aggregates, 56
cement paste, 18, 56
concrete, 18, 56
mortar, 56
rocks, 56

Coefficient of variation
controllablefactors, 173, 176
test data, 172
uncontrollable factors, 176

Cold joints, 72, 301,303
Cold weather precautions

accelerator, use of, 70
curing, 383
form insulation, 385
mixing, 256
placing, 71,383

Colored floor finishes, 465
Colorimetric test, 122

sand, 531
Compaction by vibration, 290, 308,

335, 348, 350, 456
effect on cold joints, 303

Compaction, precast concrete pipe, 343
Compounds, sealing, 299, 376

application, 376
Compressive strength (see Strength,

compressive)

Concrete (see also more specialized
subjects)

constructiondata, 165
control

definition,147
importance,78, 245
of placing, 280
report forms and narrative, 165,

167
temperature,79

definition,1
face, 300
harsh, 5
impacthammer for testing, 253
interior,300
materials,85, 181
mixes, 5, 131
precooling, 81
prestressed, 449
properties,3, 33

effectof variousfactors,33
qualitycontrol,245, 253
segregation,detrimentaleffect, 78
selected references pertainingto, 600

Conductivity,thermal,32, 40
Conglomerates,91
Consistency, 5, 132, 246 (see also

Slump)
meters, 248

Consolidation(see also Compactionand
Vibration)

canal lining, 350
duringplacement, 292
importance,36, 79
mass concrete, 301
precastconcretepipe, 343
tunnel invert, 309
vibrators,350

Constructionjoints
bond and requirements.262
cleanupoperations,262
definition, 262
formed,treatment,270
grooves, 277
longitudinal, 309
mortarlayer, 292
tunnel inverts, 309
watertightness,262. 292

Constructionprogressreports, 165
Contaminating substances
in aggregate,54, 93, 122, 202
in water, 68
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crushed rock, 53, 192
workability, 65

deleterious substances in (see Con-
taminating substances)

density of, 125
Denver laboratories investigations,

121
deposits

alluvial fan, 89
commercial, 97
designation, 116
estimating quantities, 96, 124
exploration, 98

core shovel, 101
data required, t 16
information for Denver labora-

tories, 96, 116
information for specifications,

116
methods, 98
preliminary sampling and re-

ports, 96
reverse circulation drilling ma-

chine, 102
rotary boring machine, 100

field investigations, 85
fluvial' glacial, 87
geology, 87
glacial, 87
gradation, 109
reports, 116

effect on properties of concrete, 18
field test (frequency), 201
finish screening, 63, 196
freezing and thawing tests, 123, 207
friable particles in, 529
geology of, 87
glossary of mineralogical and litho-

logical terms, 90
gradation (grading), 53, 57, 62

combined with sand, 59
concrete affected by, 61, 65
gap, 58
strength affected by, 65
workability affected by, 65

handling operations, 63, 192
heating, 259
heavyweight (see Heavyweight aggre-

gate and Heavyweight concrete)
information available in Denver lab-

oratories, 85

investigations (see Field investi
tions)

Denver laboratories, 116
lightweight (see Lightweight

gate and concrete)
maximum size, 62

canal linings, 313
concrete pipe, 335
effect on properties of
for pumping, 62
recommended for various

construction, 136
selection, 132

miscellaneous tests, 207
oversize, 63
particle shape, 54, 57, 192

workability affected by, 57
pea gravel, 63, 313
petrographic examination, 123
physical properties, 55, 121
plant, approval, 181
preplaced aggregate concrete,
processing, 181
production, 181, 192

control of, 181
prospecting, 85, 95
quality, 53, 121
quality affected by, 53, 93
quantity estimate, 124
reactive (alkali-aggregate reac

55, 93, 123
requirements estimate, 125, 136
resistance to abrasion, 56
rock ladders, 193
rock quarries, investigation, 98
rock types, 89
samples, preparing for test, 491
sampling, 96, 109, 201, 212
scales for large batching plants,
screen analysis, 57, 109, 201, 5(
screen sizes, 57, 62

U.S. standard, 506
screens (for field test), 109
segregation, 65, 192
selecting, 53, 125
shale, expanded, 440
silt in, 94
size, recommended maximum,
slag, expanded, 440
solid volume, 137
soundness, 55
sources, 85, 96
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Contraction joints
canal linings, 325
cement for grouting, 210
minimum width for grouting, 81

Contractor's plant and equipment
approval, 181,212, 237, 280

Control
aggregate production, 181
alkali-aggregate reaction, 52, 127
concrete

definition, 147

importance, 78, 245

seepage conditions, 305, 421

Control cylinders (see Test cylinders)

Control limits for air-free unit-weight

variability,558
Conveying equipment,281
Cooling

artificial, 81,382
concrete pump lines, 382

Core drilling, 496
Cores, compressive strength of typical,

19
Corn syrup, effect on concrete, 9
Corrosion of concrete, 9
Corrosion of embedded parts, 278
Cost of concrete affected by use of

pozzolans, 52
Coverage of reinforcement, 278
Cracks in concrete

cause, 8, 18, 255, 383
control, 17, 47, 77, 79 338

canal linings, 315
repair of transverse, 423

Crazing, 78, 383
Creep of concrete, 28

affected by
air and water content, 40
,stresses in concrete, 19

effect in prestressed concrete, 453
Crepitation, 12
Cribbing, test pits, 106
Crushed rock, used as aggregate, 53,

65, 182, 192
Crushed sand, 53, 182
Crystal growth, 10, 55
Curing,375

cement-mortar coatings, 479, 483
cold weatherprecautions,.383
curingcompounds,377, 379, 380, 583
effect of dryheat, 389
effect of drying,24, 389

effect on
abrasion resistance and strength,

79
watertightness, 16

epoxies, 420
floor topping, 464
form removal to permit early curing,

359
hot weather precautions, 382
importance, 79, 375
moist, 9, 375
period, 376
pneumatically applied mortar, 470,

473
on steel pipes, 473

protection from
freezing, 383
sun and dryouts, 376

repairs, 425, 428
standard moist, 19
steam, 381,389
temperature, effect on strength, 255,

381
test cylinders, 161,568

field, 568
fog room, 164, 568
laboratory, 161,568
moist sand, 164, 568
water tanks for, 161,569

tunnels, 82
water (laboratory), 161,569

Dampproofingof concrete, 375
Data, test, 172
Deformation of concrete under stress,

28
Deleterious substances in aggregate, 202

(see also Contaminating sub-
stances)

Denver laboratory
facilities, 116
investigations, 127
reports for, 96, 116

Depositing concrete (•ee Placing)
Design

concrete mixes, 151
forms, 271

Deterioration
cement, 208
hardened concrete, 8, 298

Diamond drilling, 497
Diatomaceous earth,52, 126, 439
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Diatomite,91, 439
Dicalcium silicate (C.oS), 41
Diffusivity, thermal, 32
Disintegration (see Deterioration)
Dispenser for air-entraining agent, 236
Dispenser for water-reducing, set-con-

trolling agents, 77, 236
Dolomite, 88
Drainage of structure surfaces, 69
Drainage under concrete, 305
Drop chutes, 286, 295
Dry-pack method of repairing concrete,

394, 399
Dry processing sand, 191
Drying shrinkage

affected by water-reducing, set-con-
trolling agents, 77

cause, 40
effect of mix proportions, 38
grouting mortar, 474
preplaced aggregate concrete, 446

Durability, affected by, 7
aggregate, 54
air content, 34
alkali-aggregate reaction, 8
cement fineness, 50
consolidation, 36, 79
mix proportions, 131
moisture variations, 11
temperature, 7, 255
vibration, 36
volume change, 16
water-cement ratio, 35, 36
water-reducing, set-controlling.agents,

77
watertightness, 7

Dust storms, effect on finishing, 299

Earthfoundations,preparation,261
Economy,. affected by

aggregate, 54, 68, 126
field control, 78

Efflorescence, cause, 10
Elastic fractionation, separation of ag-

gregates by, 203, 206
Elasticity of concrete, 26

air content, effect, 40
water-cement ratio, effect, 40

Embedded parts
corrosion, 279
injury to bond by too early form

removal, 355

inspection, 278, 280
Entrained air (see also Air-entraining

agents)
advantages, 33
factors affecting percentage, 73
mix proportions affected by, 132
properties of concrete affected by, 33,

132
recommended percentage, 73, 405
tests, Denver laboratories, 127

Entrapped air, 353
Epoxy

application procedure, 412, 413, 414,
415

Federal specifications for, 410
mixing, 411
mortar, proportions of, 410, 411
pot life, 411
protective clothing for use of, 420

Epoxy repairs
color considerations, 423
curing, 420
precast pipe, 425
precautions in use, 420, 421
preparation, 397
procedure for uses of epoxies

as bonding medium, 409, 412, 428
mortar applications, 411, 414, 428
safety precautions, 420

Equipment
aggregate exploration, 98
aggregate processing, 181
air boosters, 290
air-gun, 256
air meter, 143
air-suction gun, 407
automatic weigh batchers, 212
batching, 212

field, 212
laboratory, 562
testing, 217

canal lining, 315, 320
cement, mortar lining (for pipe),

479, 483
chipping hammer, 396
consistency meter, 248
conveying, 281
core-drilling, 496
core shovel, 101
dispenser (liquid), 77, 236
field laboratory, 159
heavy media separation, 204
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mastic joint sealer placing, 333
mixing, 237
placing, 282
in water, 356

pneumatic, 286
reverse-flow drill (aggregate explora-

tion), 102
rotary boring machine (aggregate ex-

ploration), 100
sand-blasting, 263
saw-tooth bit, 397
screens, 109, 505
transporting, 281

belt conveyor, 286
buckets, 282
cars and trucks, 282
chutes, 286
pneumatic, 286

• pumps (concrete), 288
tunnel lining, 307
vacuum-blasting,461
weighing, testing of, 217

Erosionof concrete
causes, 12
mix proportions,effect on, 36

Evaluationof test data, 172
Expandedclay, 440
Expandedshale, 440
Expandedslag, 440
Expansion (see also Volume change)

coefficient of, 18
Expansionjoints, canal lining, 334
Extensibilityof concrete, 28, 30
entrainedair, effect •n, 40

Exterior coatings, cement-mortar, for
steel pipe, 482

False set, 50, 127, 208
Ferrosilicon, use in heavy media sepa-

ration,204
Field control, 26, 78, 147
Field laboratory
curingfacilties, 161
equipment,159
purposes, 153
sizes and types, 156

Field separationproportions,converted
to clean separation(mix), 170

"Fill planes," 262 (see also Construc-
tion joints)

Fine aggregate (see Sand)

Fineness, cement, 49 (see also Specific
surface)

Finenessmodulus (F.M.) of sand, 58
effect on concrete, 58
test, 507

Finish (finishing) (see also Floating,
Screeding, Troweling)

classes of surface
formed, 359
unformed, 369

colored, 465
floor, requirements, 462
formed surfaces (F,, F•, F•, F•, F6),

360
grinding(floor), 463
high-velocity water flow, require-

ments, 371
nonslip, 465
pneumaticallyappliedmortar,467
sack-rubbed,363
sand grading,effect, 58
sandblast,363
stair risers, 362
stoned, 361
stonedsand, 362
surface imperfections.353
surfaces subject to cavitation, 373,

374
terrazzo,466
unformed surfaces (U•, U•, U•, U•),

369
vacuum-processed,364, 453

Finish screening, 63, 196
Flints, 88
Floating,370, 458, 462
Floor topping
bonded, 457
finish requirements,457
monolith,457
proportioningandmixing, 458

Flow, plastic (see Creep)
Flow test for mortar making properties

of fine aggregate,543
Fly ash (pozzolan), 52. 126
Fog roomcuring, 164
Formedsurfaces, types, 359
Forms
absorptivelining, 354
concrete quality affected by. 79, 271
design, 271
inspection, 272
insulation, 385
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materials, 271
metal, sticking of concrete, cause and

prevention, 273
oil for coating, 273
openings, access and inspection, 275
painting, 353
pressure, 271
removal, 357, 358, 361,406

bond of embedded parts injured by
too early removal, 355

repairs to concrete, 403
resetting for succeeding lifts, 276
siphon, 275, 312
softening of concrete by tannin in

excess, 273
steel-lined, 360
sticking to concrete, 273
ties, 277
time of removal, test specimens for

determining, 358
tunnel lining, 275, 307
ports in, 275, 307

vacuum-type,354, 455
vibration,405

Foundations
earth,261
mortarlayer for bonding, 292
rock, 261

Free lime in cement, 42
Freezing and thawing, 7• 55, 123
Freezing, prevention of, 256, 383 (see

also Protection)

Gap gradingin aggregates, 58
Geological occurrences of pozzolans,

126
Geology of aggregatedeposits, 87
Glossaryof mineralogicaland lithologi-
cal terms, 90

Glucose, effect on hardened concrete, 9
Gneisses, 91, 92
Go-devil, 291
Gradation(see under material in ques-

tion)
Granite,90
Graphicrecorders,221
Gravel, 53 (see also Coarse aggregate

and Sand)
Gravimetric method of determiningair

content, 550
Graycuringcompound,377
Grindingconcrete floor, 463

Grooves
canal lining, 325
constructionjoints, 277

Grouting
machinebases, 477
minimumwidthof joint, 81
mortar,474
cement, 210, 476
nonsettling,types, 475
settlement,factors affecting, 474

tunnel lining, 309
Gunite (see Pneumaticallyappliedmor-

tar)
Gypsum (calciumsulfate), 42

Hammermill, 182
Handling operations, (see also Trans-

portingequipmentI
gravel gradationaffected by, 63, 192
methodsand equipment
aggregate, 192
cement, 208
concrete, 251,280

precautions(concrete), 251
segregationduring,281
slump loss during, 281

Hardener,liquid, floor, 464
Heat generation,47, 52, 79
Heat of hydration, 81
of various types of cement, 45
volume change affected by, 19

Heating
concrete, 383, 389
effect on durability and strength,

385
materials,256
reinforcementsteel, 278

Heavy media separation of aggregates,
203

Heavy media test for lightweight par-
ticles in aggregate,586

Heavyweight aggregate and concrete
aggregate types, 443.
barite, 443
iron products, 443
mineral ores, 443

concrete, resistance to weathering or
abrasion, 443

definition, 443
High-early-strength cement (type III),

47
High-silica cement, 476
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High-velocitydischargein lining tunnels,
286

High-velocityflow
cavitation,372
offsets and grinding tolerances, 371
surfaces subject to, 371

Hoppers (concrete), 284
Hot-phte method of testing, 523
Hot weather precautions

mixing, 255
placing and curing, 382

Humidity control, curing room, 164
Humus in aggregate, 54
Hydrationof cement, 47 (see alsoHeat

generation)
Hydraulicclassifiers(sand processing),188
Hydraulicjigging,separation of aggregates

by, 203, 205
Hydraulicsizers (sand processing),189
Hydroseparator,185

Ice in m/x, 81, 214, 256
Impact test hammer, 253
Imperfections, surface, 353
Impermeability, 36
Inorganic salts, effect on hardened

concrete, 9
Inplace mortar linings for steel pipes, 478
Inspection, 147
daily reports and diary, 148
final, prior to placing, 280
general concreting work, 594
reference list of inspection items, 594
special work, 597
supervisor, 148

Inspector, 147
Insulation

forms, 385
slabs and canal lining, 387

Interiorlinings, cement mortar,for steel
pipe, 384

Investigation
field

aggregate deposits,85, 87, 95, 96
exploration, 98
prospecting, 95
samples and reports, 96

water, 68
laboratory

Denver, 121

iron oxide in cement manufacture, 41

Jackson turbidimeter, 576
Jets (air-water) for cleanup, 268
Joint filler, sampling, 584
Joints (see Cold, Construction, Contraction,

and Expansion joints)
Joints, mortar lined or coated pipe, 485

Laboratory
batching and mixing, 562, 564
curing, 161,568
Denver, investigations, 121, 127
field, 153

Laitance, 95, 262
Lava, 92
Layers (lifts), concrete phcing, 295, 300,

301
repairs, 401

Leachingof concrete, 9
Lifts (see Layers)
Lightweight aggregate and concrete, 439
aggregate, 54, 439
concrete, 439

construction control, 442
Lightweight material in coarse aggregate

(test), 536
Lightweight material in sand (test), 535
Lightweight particles in aggregate, test for,

586
Lignosulfonic acids, 74,
dosages,74
effect on entrained air, 74

Lime (free), in cement, 42
Limit of accuracy of testing machines, 583
Linings (see Canal lining, Inplace linings,

Interior linings, Mortar linings, Tunnel
lining)

Linseed oil treatment of concrete, 437
Liquids, hatching, 233
Litholegy of aggregate, 90
Los Angeles (abrasion) machine, 122, 545
Low-alkali cement, 47
Low-cost (simplified) canal linings, 320
Low-heat cement (type IV), 47

heat generation reduced, 81

Machine base grouting, 477
mixture for, 477

Magnesium oxide, 41
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Magnetite, use in heavy media separa-
tion, 204

Maintenance of testing machine, 579
Marble, 92
Marking dates, in concrete, 277
Masonry units, relative humidity tests

for, 590
Mass concrete, 295, 300

acceptance test for water-reducing,
set-retarding agents, 586

cold joints (treatment), 303
consolidation, 301
mix for face of concrete dams, 300
mixing and placing, 300

Mastic joint filler (contraction joints),
333

Materials
cement-mortar coatings and linings,

481
concrete (seeConcrete materials)

Maximum irregularities in surfaces, 359
Maximum size of aggregate, 63, 136

canal linings, 313
concrete pipe, 335
effect on concrete, 62, 65
pumping, .63
repairs, 430
selection, 132
sizes recommended for types of con-

struction, 136
Measuring, concrete ingredients, 141,

212, 226, 229
air-entraining agent, 233, 236

Mechanical screen shakers, 109, 505
Metal detector,501
Metal parts, supports and spacers, 279,

314
Metamorphicrocks, 92
Meters

consistency,248
water, 233

Methods of test (see Testing methods)
Mica in aggregate,54, 90
Milk, effect on hardenedconcrete,9
Mineral pigments,465
Mineralogicaland lithological,glossary

of terms, 90
Mineralsin aggregate,90, 93
Mix (see also Mixing)

adjustments,131, 142
admixturesuse, 211
, hatching, 233

aggregate
maximum size, selection, 132, 136
specific gravity, effect, 137

air content
computations, 137
concrete for small jobs, 144
required percentages, 73
tests required, 211

air suction gun (repairs), 407
batch-yard ratio, 141
batch yield, 141
canal lining, 313
cast-in-place concrete pipe, 348
cement content, 134
central batching by weight, 226
control

by slump test, 246
facilities, large jobs, 212

converting field separation propor-
tions to clean separation, 171

dams (concrete), richer mix for face,
300

dry-pack (repairs), 401
efficient (maximum), 297
floor topping, 458
ice, use, 214
mortar for plugging seepage holes,

421
mortar replacement (repairs), 407
nailing concrete, 444
oversanded, 298
oversize aggregate, 170
proportions, 131, 137, 143
reports, 149, 165
sand content, optimum percentage,

137
sawdust concrete, 444
selection (of mix proportions), 132
series, 144
slump

control, 246
estimated by observation, 248
selection, 133, 249
tests (field), 251

small jobs, 144
tables, 133, 137
test data, use, 143
trial

adjustment,131, 142
aggregate,maximumsize, 136
assumptions,134
computations,137
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design procedure, 132
properties of concrete determined,

143
sand content, 137
slump selection, 133
strength, compressive, for various

water-cement ratios, 136
water-cement ratio selection, 135
water content, 132, 138, 550

tunnel lining, 306
undersize aggregate, 170
unit weight, importance as control

test, 254
water-cement ratio, 132, 135
water content, 132, 135
water reduction by use of agent, 74

Mixer
charging (order of batching), 239,

243
efficiency requirements, 239
Performance test (use), 244
performance test (variability of con-

stituents), 558
segregation during discharge (limits),

239
truck (requirements), 240
types, 237
turbine, 239

uniformity tests, 239
Mixing

central batching by weight, 226
charging (order of hatching), 239,

243
cold weather precautions, 256
control by slump test, 246
cooling during, 255
delayed (mortar), 475
floor topping, 458
groutingmortar, 475
heating during, 256
hot weather precautions, 255
ice, use, 214, 256
laboratory, 562
lightweight concrete, 442
nailing concrete, 441
nonsettling mortar, 475
overmixing, 239
period, 239
plant, preliminary approval, 237, 281
plant reports, 165
pneumatically applied mortar, 469
premixing, 475

prepackedconcrete (mortar),446
prolonged(mortar), 475
recorders, 213, 221
sawdust concrete, 444
segregation during discharge (limits),

237
time, 239
trucks, 240
water, 233, 246

Modified cement (type II), 45
Modulusof elasticity, 26 (see also Elas-

ticity)
Moist curing, 375
combined with sealing compounds,

380
Moisturecontent
control, 246
determinedby electricalmethods, 206
slumpaffected by, 246
test, 523

Molasses, effect on hardenedconcrete, 9
Molds
can, 252, 567
cardboard,253
cast-iron,565
cylinder capping,569.

Monthlyreports,165
Mortar
air-free, 239
coating, thickness, 484
coefficient of expansion and contrac-

tion, 56
determination of consistency, 292,

449
dry-packrepairs,394, 401
encrustation,295
grouting(see Grouting mortar)
layer (for bonding), 292, 404
nonsettling,475
pneumaticallyapplied, 395, 407, 427,

467
prepackedconcrete, 395, 446
replacement,method of repairs, 395,

407
sand grading,effect, 58
special finishes, 369
topping,deficiencies, 457

Mortarlinings
application,478
definitionand uses, 478
inplace linings, 478
shop-appliedlinings, 480
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thickness,478, 484
Mortar-making properties of fine aggre-

gate (test), 541

Nailing concrete, 444
Nomograph, for determining

compound composition of cement, 44
free moisture in fine aggregate, 525

Nonsettling grouting mortar, 475
Nonslip finish floors, 465

Obsidian, 439, 441
Offsets

grinding of abrupt type, 373
tolerances, 373

Oil, form, 273
Opal, 91
Opaline materials, 52
Openings in forms, 275, 308
Organic impurities

in mixing water, 68
in sand (test), 531

Over-and-under indicator scales, 229
Overheating of fresh concrete, 259
Overmixing, 239
Oversanded mixes

concrete surfaces affected by, 369
determination, 298

Oversize, adjustments of mix, 170
Overwet concrete, 132

Paint for concrete, 375, 436, 465
removal of stains, 364

Painting
concrete, 465
forms, 353

Parameters (air void system), 36
Paste (matrix)

coefficient of expansion, 56
effect on volume change, 10

Pea gravel, 63, 313
Perlite, 441
Permeability, 15, 36, 52 (see also Wa-

tertightness)
Petrographic examination of aggregates,

123, 510
Petroleum oils, effect on hardened con-

crete, 9
Pigments (floor coloring), 466
Pipe

cast-in-place, 348
precast concrete, 334, 381

cast, 335
centrifugally spun, 339
tamped and packerhead, 340
repair of, 425

prestressed, 347
roller- compacted asbestos- cement,

347
steel, mortar coatings (see Cement-

mortar coatings and linings)
Pipelines

concrete pump, 288, 307
hot weather protection, 382
rust stains on concrete, 368

Pitting, 353
Placing (concrete)

air gun, use of, 307
canal lining, 315
cold weather precautions, 72, 256,

383
columns, 296, 300
communication methods in, 281
concrete replacement, 403
consolidation (see Consolidation)
construction joints (see Construction

joints)
contractor's responsibility in placing

low-slump concrete, 298
dating sections to show time, 277
depositing, 295
dry-pack (repairs), 394
durability methods for improving,

298
embedded parts (inspection), 278
equipment, 280
floor topping, 460
forms, introduction into, 292
hot weather precautions, 255, 382
inspection, final, prior to placing, 280
inverts, 275, 306
layers, depth, 301

concrete replacement (repairs),
403

dry-pack (repairs), 401
mass concrete, 295, 301
mortar replacement, 409

mass concrete, 295,301
mortar layer (for bonding), 292, 404
pneumatic methods, 286, 470
ports in forms (location and size),

275, 295, 307
preparations, 261, 280, 299, 304, 382,

396, 460, 468
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preplacedaggregateconcrete• 446
rain, in, 299
rate, 81,300
reinforcementsteel (inspection), 278,

280
reports,148
segregation during (cause and pre-

vention), 292
severe weather, in, 382
siphons, 275, 309
slopes, 297, 310, 315
structuralconcrete, 270, 292
surface imperfections,reduction,353
temperature effect on durabilityand

quality,255
tunnel lining, 307
use of air gun in, 307
vibration(see Consolidation)
water, in, 356

Plant layout andmethod, 181,280
Plaster,finish for, 631
Plastic flow (see Creep)
Plasticity, as measured by slump test,

251 (see also Slump)
Plugging leaks (repairs),421
Pneumatic methods of transportation,

286, 307
Pneumatically applied mortar (see

Shotcrete)
Polymermaterials,486
Porousconcrete, 445
Porous underdrains(foundations),.262
Portlandcement (see Cement)
Ports in forms, 275, 295, 307
Posttensioningof concrete, 450
Potassium in cement, effect on con-

crete, 43
Pozzolan and pozzolanicmaterials
definition,51, 91
propertiesand use, 51, 53
prospectingfor, 126
tests and analyses, 127

Pozzolanic filler (preplaced aggregate
concrete), 447

Precastconcrete pipe, 334, 381
methodsof repair,423

Precoolingof concrete, 8 I
Prematurestiffening, 50
Premixing,groutingmortars,475
Preparationsfor placing, 261, 280, 299,

304, 382, 396, 460, 468
Preplacedaggregateconcrete, 409, 446

Preshrinkageof groutingmortars,475
Prestressedconcrete
advantages,45 I
definition, 449
mixes, 452

Pretensioning,452
Procedure for repair of precast con-

crete pipe, 425
Productionof aggregate, 181, 192
Projectmonthlyreports, 165
Properties
aggregates (physical), 55, 121, 441
concrete
determinedby trial mix, 131
various factors affecting, 33

pozzolans, 51, 127
Proportions and proportioning (see

Mix proportions)
Prospecting

aggregate,85, 95
pozzolan and pozzolanic materials,

126
rock quarries,98
sand and gravel deposits, 96

Protection
embeddedmetals, 279, 355
fresh concrete, 382, 464
old concrete against weathering, 433

Proving ring (testing machine calibra-
tion), 580

Pumice, 91,440
Pumicite, 91
Pumpingconcrete, 287
cooling lines, 382
mortarfor prepackedconcrete, 446
size of aggregate,63
tunnel linings, 288, 307

Pycnometertest
absorption and specific gravity of

sand, 518

Quarries,rock, 98
Quarteringsamples. 494
Quartz,91
Quartzite,91, 92

Radioisotopes for locating steel rein-
forcement in concrete. 501

Rain, placing concrete in (precau-
tions), 299

Rate of placement, 81,300
Rebound, 407, 468
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Reciprocating rake sand classifiers, 187
Recommended maximum size of aggre-

gate, 136
Recommended maximum slumps, 133,

442
Record of waste concrete, 355
Recorders, graphic, 221

inspection of, 221
Reference list, inspection items, 594
References, selected, pertaining to con-

crete, 600
Reinforcement steel

bond, 278, 354
canal lining, 314
cleaning, 279, 354
clearance and spacing, 279
corrosion, 279

calcium chloride, 279
coverage, 279
detector, 501
exterior mortar coatings, 482
field bending, 278
inspection, 278, 280
precast concrete pipe, 342
removal of rust, 278
splices, 279
supportsi 279, 314
test samples, 279

Relative humidity test (masonry units),
5:90

Removal of forms, 357, 561,406
time, test specimens for determining,

358
Repair of concrete,393

by replacement, 395
cleanup for, 396
curing, 401, 420, 428
epoxy-bonded, 409, 425
epoxy mortar, 414
forms, concrete replacement, 403
methods, 394

concrete replacement, 394, 425
dry pack, 394, 397, 399
epoxies, 393, 395, 399 (see also

Epoxy and Epoxy repairs)
mortar replacement, 395, 399,

407, 426
pneumatcally applied, 395
preplaced aggregate concrete, 395
thermosetting plastic (see Epoxy)

mix and consistency
concrete replacement, 405

dry-pack,399
mortar replacement, 399
preplaced,443

precast pipe, 425
preparation, 396, 426
seepage conditions, under, 421
time for making, 394
transverse cracks, 423
unformed concrete, 406
weathering, protection against (lin-

seed oil), 433
Reports and report forms

aggregate
deposit, 96, 116
mixing plant, 148, 165
processing plant, 148, 165

concrete construction data and nar-
rative, 165

daily inspection, 148
monthly, 165

Resistance
abrasion, factors affecting, 56, 79
acids, 9
chemical attack, 8
erosion. 12, 36
weathering, factors affecting, 7

Resistance thermometers, installation,
278

Retarder, dispensers for, 237
Retarding agent, 211
Reverse-flow drilling method, 102
Revibration, 352
Rhyolite, 88
Rock

classification, 89
coefficient of expansion and con-

traction, 56
crushed, as aggregate, 53, 65
foundations, 261
ladders, 196
pockets, 296
quarry investigation. 97
reactive, 93
types, 89

Rod mill (for sand production), 182
Rust removal from reinforcement steel,

278

Rust stains
curing, 270
reinforcement bar supports, 280

Sack-rubbed finish, 363
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Salt (sodium chloride), effect, 71
Sample splitter, 494
Sampler tube, 493
Sampling

aggregate, 491
preliminary deposits, 96

air-entraining agent, 57•
cement, 208
devices, 246, 578
fresh concrete, 245, 495
hardened concrete, 496
mastic joint filler, 334, 584
pozzolan, 126
sealing compound, 380, 584
soils, 128, 501
.water, ` 128, 501

Sand, 58, 182 (see also Coarse aggre-
gate)

alkali reactivity, 55
alluvial, 89
analysis, screen, 57, 201,505
attrition, 206
hatching, 212, 226
beneficiation, 206
blasting, for cleanup, 263
blending, 89, 96
blow (wind-blown), 89
chemicalsuitability, 94
classifiers, 185
clay in, 54, 94, 202
coatings, 95, 202
combined grading with coarse aggre-

gate, 57
contaminating substances in, 54, 94,

202
content, 137, 300, 406
control, 181,206

tests, miscellaneous, 207
correctionof grading defects, 61, 181
crushed, 53, 182
density of, 124
deposits, 95 (see also Coarse aggre-

gate deposits)
drainage of stockpiles, 207
dry processing, 191
field tests (frequency), 201
fineness modulus (F.M.), effect, 58
floor topping, 458

gradation, 57, 18 I
curve, 59
effects, 53, 57
gap, 57

limits, 61
strength affected by, 60
workabilityaffected by, 57

heating, 259
manufactured, crushed, 182
moisture (surface), 206, 246
natural, 87, 182
optimum percentage in mix, 133, 300
particle shape, 53, 57, 182
pneumatically applied mortar, 467
preplaced aggregate concrete, 446
production and processing, 182, 190
prospecting, 85, 95
quality, 121
reactive (alkali-aggregate reaction),

55, 93, 121
reports, 149, 167
samples, 98, 201
screen analysis, 57, 201
screen sizes, 61,505
segregation of dry, 191
silt in, 54, 94
sizer, hydraulic, 189
soft particles, 202
sources, 87
specific gravity, 207
stockpiling, 184
strength, structural, 541
surface moisture, 206
surface texture, 61
tests, 121 (for procedures, see Test-

ing methods)
unit weight of, 125
washing, 184, 190
weighing equipment (field opera-

tions), 229
Sand streaking, 49, 271, 354
Sandblast finish, 363
Sandblasting, 265,363, 396
Sandstone, 88
Sawdust concrete (nailing), 444
Scales (see also Batching equipment)

batching plant, 212
checking, 217
over-and-under indicator, 229
small, portable (wheelbarrow-type),

231
weighing, cutoff, 212

Schists, 91, 92
Scoria, 91,440

Screeding
floor topping, 462
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slabs on slope, 297
Screen

analysis, 57, 61, 109, 201
aggregate, test, 509
sand, test, 505
specification limits, 61

classifier, 185
mechanical shaker, 109, 506
sizes, 57
U.S. standard, 57, 506

Screening, finish, 63, 196
Sealing compounds for coring

application, 378, 420
properties, 377
sampling, 379, 583
testing, 128

Sedimentary rock, 92
Sedimentation test, sand, 532
Segregation

aggregate, 63, 192
concrete

detrimental effects, 78
during handling, 281
during mixer discharge (remedy),

240
during placing by pneumatic

method, 286
during placing, methods of avoid-

ing, 292
Settlement shrinkage, 15

reduction, in mortars, 474
Shale, 55, 92

expanded, 440, 441
in aggregate, 205

Shotcrete, 467
definilion and use. 467
equipment, 470
mixing, 469
placing and curing, 470, 473
preparation of surfaces to be treated,

468
pressures, 471
rebound, 468
sand, 468
test samples, 474

Shrinkage, 15, 40, 52, 325, 453, 474
Shutting down operations. 355
Sieves (see Screen)
Silage juices, effect on hardened con-

crete, 9
Silica

in aggregate, 55, 93

in cement, 41
in pozzolans, 126
opaline, 93

Silt in aggregate, 54, 94
removal, 185
test, 532

Simplified concrete canal lining, 320
Siphons (monolithic), 275, 309
Slag, 54

expanded, 440, 441
Slates, 91
Slip-form (lining machine), 315, 319,

320
Slump, 5, 246, 249 (see also Consis-

tency)
aggregate surface moisture, effect on,

246
canal lining, 313
estimated by observation of mix, 248
floor topping, 458
hot weather, effect on. 382
lightweight concrete, 442
loss, 281

between mixer and forms, 251
due to abnormal set, 50
during handling operations, 281
in truck mixing, 242

maximum recommended, 6, 133, 442
replacement concrete, 405, 406
sampling for, 496, 548
selection, 133, 249
temperature, influence of, 6, 382
test, 5, 249, 548
tunnel lining, 288

"Snowshoes", 262. 264, 303
Soda ash, 421
Sodium hydroxide test, organic impur-

ities, 531
Sodium in cement, effect of, 43
Sodium sulfate test, 122. 537
Soil

foundations, 261
sampling for chemical analysis, 128,

501
sulfate (alkali) investigations. 128

Solid volume, 137
Soundness (aggregate), 55, 122

test, 537
Spacing

contraction joints (canal lining), 325
Special cement, 48,476
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Specific gravity
aggregate,57, 137, 207

test, 121,518, 521,523
cement and pozzolan, 127, 131

Specific heat, concrete, 127
Specific surface, cement, 49, 94
Stains

causes, 280, 365, 376
prevention, 280
removal, 364

Standard
deviation (test data), 174
screens, 57, 506

Steam curing, 381, 389
Steel pipe, curing mortar coating, 476

Steel reinforcement (see Reinforce-
ment)

Step method of concrete placement, 302
Stockpiling, 184, 192
Stoned finish, 361
Storage, cement, 209
Strain meters, 278
Strength, compressive, 19, 251

average, for various mixes, 136
development, 45
drill cores, comparison with control

cylinders, 19
factors affecting, 40, 176
form removal based on, 358
frequency distribution of test results,

179, 180
frequency of cylinders, 252
impact hammer test, 253
lightweight concrete, 439
mass concrete, 20
porous concrete, 445
relation to flexural, shearing, and

tensile strength, 25
test cylinders, 572
test cylinders,a measure of concrete

quality, 172, 251
test results, 172
uniformity,a measure of field con-

trol, 26, 172
Strength,compressive,affected by

age, 19
aggregate, 54
air content,40, 132
calciumchloride,70
cement

content,65, 134
fineness,49

type, 25, 45
consolidation,79
curing, 572

temperatures,24, 255
cylinderheight and size, 573
maximumsize of aggregate,65, 69
mix proportions,132
sand, finenessmodulus(F.M.), 60
sodiumchloride,70
steam curing,381
sulfate in water, 70
vacuumprocess,454
water-cementratio, 19, 134, 136
water-reducing,set-controllingagents,

77
wet screening, 572

Strength,flexural,25
Strength,high early, 47, 70
Strengthof aggregate,56
Strength,shearing, 25
Strength,tensile, 17, 25
Stress in concrete,causes, 17, 19, 27
Stress-strainrelation, 28
Subgrad¢ preparation and protection,

261, 315, 384
Sulfate

attack, 10
in groundwater, 11, 128
in mixingwater, 70
sulfate-resistingcement (type V), 48

Sulfideminerals,94
Sulfurcapping,569
Summarizingtest data, 168, 172
Supportsand spacers, 280
Surface (concrete)

cleaning,364
colored,465
dampproofing, 375
finish,359, 369
floor, 457
formed, types and treatment,359
irregularities

maximumallowable,360
subject to high-velocity flow, 372

painting, 37.5, 466
pittingand imperfections,353
protection againstweathering,369
screeded, 370, 462

Surface moisturein aggregate
control,206
tests, 523
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Surface preparation for cement-mortar
coatings, 479, 480

Suspended solids, water, 70
Sustained load, effect, 28
Swiss hammer (see lmpacV test ham-

mer)

Talus deposits, 87
Tanks

curing, 161
mixing water, 233, 243

Tannic acid, 9
Tar distillate, effect on hardened con-

crete, 9
Temperature

cement, effect on mass concrete, 210
concrete, computation, 578
curing, effect on concrete, 255, 381

control, 161,381, 568
drop, 385
placing, control, 79, 81,243, 255
variations, stress, 81
wet-bulb, 384

Tensile stress, 27
Terrazzo floors, 466
Test (see also Testing methods)

compression, f a c t o r s affecting
strength, 572

cylinder
capping, 569
curing, 19, 161,252, 568, 572
molds

cans, 252, 567
cast-iron, 565
pneumatically applied mortar,

274
number required, 252
packing and shipping, 569
significance, 252
storage and handling, 567

data, 172
criteria for strength, 173
statistical analysis of, 172

holes (aggregate deposits), 98, 102,
116

cased, 99
uncased, 102

pits (aggregate deposits), 98, 105,
116

pozzolanic materials, 126
trenches (aggregate deposits), 98, 113
unit weight, 254, 528

Testing machine maintenance and cali-
bration, 579

Te sting methods (designations 1
through43 )

abrasion (Los Angeles test) of coarse/
aggregate, 545

absorption
coarse aggregate, 521
sand, 518

acceptance test for water-reducing,
set-retarding agents, 586

aggregate (see also specific test for)
content of fresh concrete, 550
fine (sand), mortar-making prop-

erties of, 541
air content of fresh concrete, 550,

554
air-entraining agent, sampling, 578
batching for-machine-mixed labora-

tory concrete, 562
bleeding of concrete, 556
capping, cylinders, 569
cement content of fresh concrete, 550
clay and silt in sand, 532
friable particles in aggregate, 529

colorimetric test (sand), 531
compressive strength of concrete (cyl-

inder tests), 572
concrete (fresh and hardened) (see

specialized subjects)
consistency and slump, fresh con-

crete, 548
cylinders, casting in

cans, 567
cast-iron molds, 565

false set in cement, 512
gravel (see Testing methods, aggre-

gate)
Jackson turbidimeter, turbidity of

water, 576
lightweight material in coarse aggre-

gate, 536
lightweight material in sand, 535
lightweight particles in aggregate

(heavy media separation), 586
Los Angeles (abrasion) test, 545
mastic joint filler, sampling, 584
mixer performance test, 558
mixing in laboratory, 562
mortar-making properties of fine ag-

gregate, 541
organic impurities in sand, 541
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passingNo. 200 screen, 533
petrographic examination of aggre-

gate, 510
relative humidity test for masonry

units, 590
sand (see more specialized subjects)
sand contentof fresh concrete, 550 :
screen analysis

coarse aggregate, 508
combinedfine and coarse, 509
sand, 505

sealingcompound,sampling, 583
sedimentationtest, sand, 532
silt and clay in sand, 531
slump and consistency,concrete, 548
soil and water, sampling, 501
soundness (sodium-sulfate) test of

aggregate,537
specific gravity

coarse aggregate, 521
sand, 518

strength (compressive) concrete, 572
surfacemoistureof aggregate, 523
turbidity(water), 574
unit weight

aggregate, 528
fresh concrete,550

variabilityof mortar (mixer-perform-
ance), 558

volume
fresh concrete,550
hardenedconcrete,553

water contentof fresh concrete,550
water-reducing,set controllingagents,

586
water, turbiditytest, 583

Tetracalcium alumino-ferrite (CIAF),
41

Thermal
coefficient of expansion and contrac-

tion, 18, 56
conductivity, 32, 40
diffusivity of concrete, 32
properties of concrete, 32

determination, 127
factorsaffecting, 33

Thermometer, wet-bulb, 384
Thickness of mortar lining and coating

of steel pipe, 478,483
Time between placement of lifts, 301,

405

Time of form removal, 359

Time of mixing, 239
Topping,floor (see Floor topping)
Tramp iron in cement, 208
Transitmixers,240
Transportingequipment, concrete (see

also Handlingoperations)
belt conveyors,286
buckets, 282
cars and trucks, 282
chutes, 286
dry batches, 22•/
plant layout, 281
pneumatic methods,286
pumping,288

air "boosters", 290
coolinglines, 382
prepackedmortar,448
size of aggregate,63,288
tunnel lining, 306

truckmixers and agitators,240
Transversecrack repair, 423
Tremie, for placingconcrete under wa-

ter, 356
Trenches (aggregate exploration), 98,

113
Trial mix, 131, 137, 142, 143
Tricalcium aluminate (C.•A), 41
Tricalcium silicate (C:,S), 41
Trimming machine (canal lining), 320
Troweling, 370, 463
Truck mixers and agitators, 240
Trucks

concrete transporting, 282
dry batch, 227• 282

Tube sampler, 493
Tufa, 91
Tuff, 91, 126, 440
Tunnel lining, 304

grouting, 309
high-velocity discharge, 287
inverts, 305, 309
maximum size of aggregate, 62, 288
placing, 307
protection fromdryout, 82
seepage water control, 305 :
tights, 305

Turbidimeter
cement fineness test, 49
Wagner, 49
water analysis (Jackson), 574

Turbidity, limits of, for mixing water,
70
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Underdrains,foundations,262
Undersize, adjustments of mix, 170
Unformed surfaces, types of finish, 369

repair, 394
Uniform concrete, importance, 3

methods of insuring, 226, 245
Unit water content

effect on drying shrinkage, 40
Unit weight

aggregate (test), 137, 528
coarse aggregate, 124
concrete, 33, 41,254, 550

factors affecting, 33, 41
sand, 124

Unit weight method for determining air
content, 550

Vacuum blasting, 461
Vacuum, cause of cavitation, 12
Vacuum-processed concrete, 453

surface pitt•g reduced, 354
Variability, mortar (mixer-performance

test), 239, 558
Vegetable oils, effect on hardened con-

crete, 9
Vermiculite (aggregate), 91,441
Vibration, 296, 301, 308, 320, 335, 348,

456
effect on cold joints, 352
effect on durability, 34
frequency, 350

method of determining, 350
test cylinders, 565

Vibrators
capacity, 350
for mass concrete, 350
form, 308
gang, 302

Voids, 15 (see also Air content and
Water content)

determination, 550, 554
surface, 353

Voids-cement ratio, 40
Volume batching, 212
Volume change, 16, 56

affected by
air, cement, and water content, 40
pozzolan, 52
temperature variations, 17
thermal properties, 32
wetting and drying, 11

control, 475

cracking in concrete, 16, 56
durability, affected by, 16
mortar, 474
stresses in concrete, 16, 56

Volume, concrete materials per cubic
yard, 124, 134

Volume, solid (or absolute), 15, 137

Wagner turbidimeter, 49
Wash-water sprays for aggregate, 197,

202
Washing

aggregate, 197, 202
with acid, 436
with air-water jet, 270
with solvent, 367

Waste concrete, 355
Water

alkali, 11
analysis, 128
batching,. 233
content, 33, 134, 139, 197, 550 (see

also Moisture content)
affected by

aggregate size, 65
entrained air, 33, 40

effect on
shrinkage, 40
slump, 248
unit weight, 41

curing, 68, 128, 161,375
erosion of concrete, 9
gain (bleeding), 49, 556
heating, 259
investigations, preliminary, 128
jets, 270
meters, 233
mixing, 68, 128, 210, 233, 239

method of measurement, 233
requirements for hydration, 15, 375

quality, 68, 210
sampling, 128
seepage control, 305
stops, siphons, 311
sulfate, 70
tanks for curing test cylinders, 161
turbidity

limits, 70
test, 574

wash, 197, 202
wash, removing from rock surfaces,

261
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weight at various temperatures, 134
Water-cement ratio (W/C)

concrete properties affected by, 33,
36, 40

gap grading, effect on, 60
recommendedmaximum, 135
selection, 134, 406, 469
variation in, 142

Waterproofing, 371,421
Water2reducing, set-controlling agents

(see Admixtures)
Watertightness

affected by
cement fineness, 49
curing, 15
entrained air, 15, 34
water-cement ratio, 15, 34

control, 262, 292
durability, affected by, 34

Waxing concrete floors, 466
Wear

abrasion test (Los Angeles), 545
factors affecting, 34
wear-resistant floors, 457

Weather conditions, precautions
cold weather, 256, 383
dust storms, j 299
hot weather, 255, 382
rains, 299

Weathering
methods of avoiding, 298, 420, 433
portions of structures most suscepti-

ble, 298
resistance, 7 (see also Durability)
richer mix for faces of concrete

dams, 300

Weighing equipment, field, 226, 229
Weight (see a/so Unit weight)

aggregate, 125
hatching, 226
cement, 209
concrete, 32, 439
sand, 125
vs. volume batching, 212
water, 13,•

Wet-process screens, 190
Wet processing sand, 185
Wet sandblasting {cleanup), 263
Wet screening €oncrete, 496, 572
Wetting and drying, effect on volume

change, 10
Wire
brushing, 273
tie, 279

Wood fragments in aggregate, 54. 202.
205

Workability, 3
affected by

aggregate grading, 58, 65
cement fineness, 49
crashed aggregate, 54,65, 192
entrained air, 33
particle shape, 57
pea gravel, 65
pozzolans, 52
sand, fineness modulus (F.M.), 60
undersize gravel, 193, 198
water content, 7, 246

control, 246
slump test, an indication, 5, 548

Yield point, 27
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