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FOREWORD

The use of water-reducing admixtures and set retarders in concrete has
grown continuously since their introduction over 25 years ago, with a present
estimated usage in the production of 25 million cubic yards of concrete
annually in the United States alone. Further indication of current interest
is evidenced by the fact that ASTM Committee C-9 on Concrete and Con-
crete Aggregates and certain public agencies are actively drafting standard
methods of test and specifications to govern the purchase and performance
requirements of these admixtures for concrete.

The future of better concrete lies in an increased understanding of con-
creting materials and the best manner of combining them to produce the
maximum in strength and durability. It is with this in mind that Committee
C-1 on Cement and Committee C-9 have jointly sponsored this Symposium,
held during the Third Pacific Area National Meeting of the Society from
October 11-16, 1959, in San Francisco, Calif.

The Symposium consisted of ten papers and a summary. It is of interest to
note that four of the papers represent the joint contribution of four principal
producers of admixtures. The remaining papers were prepared by repre-
sentatives of consumer interests, research organizations, and the cement
industry.

The Symposium was held during two sessions on Wednesday, October 14.
Professors R. E. Davis and Milos Polivka, both of the University of Cali-
fornia, presided over the two sessions respectively.

The Joint Symposium Committee, representing Committees C-1 and
C-9, included the following members:

R. E. Davis, University of California (Chairman)

W. C. HanNa, California Portland Cement Co. (Vice-Chairman)
Miros Porivka, University of California (Secretary)

R. L. BraIng, National Bureau of Standards

Joserr E. Gray, National Crushed Stone Assn.

E. C. Hicocinson, U. S. Bureau of Reclamation

TroMas B. KENNEDY, Corps of Engineers

WiLriam LErcH, Portland Cement Assn.

W. J. McCoy, Lehigh Portland Cement Co.

Ricaarp C. MIELENZ, Master Builders Co.



NoteE.—The Society is not responsible, as a body, for the statements
and opinions advanced in this publication.
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SYMPOSIUM ON EFFECT OF WATER-REDUCING ADMIXTURES
AND SET-RETARDING ADMIXTURES ON PROPERTIES
OF CONCRETE

INTRODUCTION

By Bruce FosTER!

Admixtures for portland cement con-
crete are those ingredients which are
added to the primary constituents (port-
land cement, aggregates, and water) to
(1) improve or modify the properties of
the concrete, (2) compensate for some
deficiency in a primary constituent, or
(3) effect a reduction in cost. Some ma-
terials which we class as admixtures,
such as pozzolan and blood, were con-
crete ingredients used by the Romans.

Because the addition of another in-
gredient is very likely to require addi-
tional control and technical skill on the
part of the concrete producer and in-
spection agency, and extra facilities for
handling and proportioning, and because
admixtures in general were originally
frowned upon by the cement and con-
crete industries, these materials were for
many years slow in gaining general ac-
ceptance. However, the recognition of
the role of entrained air in imparting
frost resistance to concrete has led to al-
most universal acceptance of the value of
air-entraining admixtures and to de-
parture from the previously widely-held
concept that all admixtures were of
doubtful value.

Appreciation of the advantages in the
use of another group of admixtures, the
pozzolans, was evidenced by the “Sym-

1 National Bureau of Standards, Washington,
D.C.
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posium on Use of Pozzolanic Materials in
Mortars and Concrete’? which formed
an important part of the program of the
First Pacific Area National Meeting of
the ASTM held in San Francisco in 1949,

Further evidence of the new stature of
admixtures is found in the activities of
Subcommittee ITI-h on Methods of Test-
ing and Specifications for Admixtures of
ASTM Committee C-9 on Concrete and
Concrete Aggregates which prepared
specifications and test procedures for air-
entraining agents in 1950, for fly ash in
1954, for natural pozzolans in 1957, and
which is now preparing specifications for
accelerators, for set retarders, and for
water-reducing admixtures.

The last two mentioned, water-reduc-
ing and set-retarding admixtures, are the
subject of this symposium. As its name
implies, a water-reducing admixture,
when added to a concrete, permits a re-
duction in mixing water with no loss in
slump, or, if the water content is main-
tained constant, produces an increase in
slump. The name is not wholly descrip-
tive, however, because as will be brought
out during the symposium, the benfit in
strength at constant slump are normally
greater than would be expected from the
resulting reduction in water-cement ratio.

A set-retarding admixture reduces the

2 Am. Soc. Testing Mats. (1950). (Published
as separate publication ASTM STP No. 99.)

www.astm.org



2 SYMPOSIUM ON ADMIXTURES IN CONCRETE

early rate of hardening and so permits
the concrete to be handled and vibrated
for an additional period after mixing.
The principal agents now in use fall in
one of two classes: (1) lignosulfonic acids
and their salts and (2) hydroxylated
carboxylic acids and their salts. Both
classes of materials, when added to con-
crete, reduce the water requirement and
also retard the set. Modifications and de-
rivatives of these materials may retain
the water-reducing property of the ad-
mixture without modifying the harden-
ing rate, or may even accelerate the set.
The Symposium Committee repre-
senting Committees C-1 on Cement and
C-9 on Concrete and Concrete Aggre-
gates, planned to bring together informa-
tion on admixtures as follows: (1) the
mechanisms by which these materials
modify concrete properties; (2) the ef-
fects of the admixtures on the properties
of plastic and hardened concrete and the
variation of these effects depending upon
the other materials involved, the type of

concrete, and the existing temperature;
(3) the types of construction and the
conditions under which their use is par-
ticularly advantageous; (4) the problems
in control and application brought about
by their use; (5) the problems of prepar-
ing adequate purchase specifications; and,
(6) research under way to produce even
better and more reliable admixtures and
thereby better and more economical con-
cretes.

To accomplish this, contributions were
sought from a variety of sources includ-
ing universities and government agencies,
as well as the producers of portland ce-
ment, ready-mixed concrete, and ad-
mixtures. A great amount of laboratory
and field data are presented as well as
descriptions of field experience with the
use of the various products in a wide
range of applications. Of necessity, there
is some overlapping in the treatment of
the subject matter, but this will be found
to have more advantages than disad-
vantages.
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ACTIONS OF CALCIUM SULFATE AND ADMIXTURES
IN PORTLAND CEMENT PASTES

By W. C. HAnsEN!

Synops1s

This paper presents a mechanism to explain the ability of Ca(OH): and
CaS0, to prevent flash set in portland cement pastes and the ability of CaSO,
and other salts to accelerate the rates at which calcium silicates develop
strengths, The mechanism is developed on the basis of solid state reactions in
which ions from the liquid phase of a cement paste are chemisorbed by ions
in the surfaces of the crystals ¢f the cement minerals and then diffuse into
the crystals to produce the reaction products responsible for the setting and
hardening of the cement paste. The abilities of organic compounds to retard the
rates of these reactions, cause dispersion of the particles, reduce water require-
ments, and act as grinding aids are explained in terms of adsorbtion of mole-

cules and negative jons.

The purpose of this paper is to suggest
a mechanism whereby admixtures affect
certain properties of pastes of portland
cement and water. Very early in the de-
velopment of the cement industry (1),? it
was found necessary to use calcium sul-
fate with most clinkers to produce ce-
ments with satisfactory setting charac-
teristics. .

A given admixture may show different
behaviors with different clinkers, but it
is likely to show a consistent behavior if
the clinkers are ground with calcium sul-
fate as is done in making portland ce-
ment. This paper is, therefore, concerned
with the mechanism whereby calcium
sulfate influences the reactions of the
cement minerals with water and the

! Director, Research Laboratories, Universal
Atlas Cement Division of United States Steel
Corp., Buffington, Ind.

2 The boldface numbers in parentheses refer
to the list of references appended to this paper.

Copyright© 1960 by ASTM International
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mechanism whereby admixtures modify
these reactions and alter the physical
properties of the cement. It makes no
attempt to deal with reactions that
might occur with the portland cement
minerals in the absence of calcium sul-
fate.

Rankin and Wright (2) showed that, if
a portland-cement clinker consisted only
of Ca0, Al:O;, and SiO:, it would, at
equilibrium, consist of the three com-
pounds: 3Ca0-Si0;, 2Ca0-Si0;, and
3Ca0-AlLO; . Since that time, many
investigators have added information on
the roles of the minor oxides (Fe.O;,
MgO, Na;O, and K:0) in the constitu-
tion of portland-cement clinkers. The
various phases of the constitution of
these clinkers were reviewed in 1952 by
Jeffery, Nurse, Ordway, Malquori, Ci-
rilli, Newkirk, Insley, and by a number
of discussors of their papers (3).

www.astm.org



4 SYMPOSIUM ON ADMIXTURES IN CONCRETE

Those reviews show that the principal
compound of such clinkers, which is
3Ca0-Si0; in the Ca0-Aly04-SiO; sys-
tem, probably contains some MgO and
Al,O; and may have the composition
54Ca0-16S8i0,- Mg0- Al:O; . They show
that the 2Ca0Q-SiO; phase of the CaO-
Al,03-Si0; system may be a solid solu-
tion of 2Ca0-Si0s-23Ca0-K;0-125i0.
in portland-cement clinkers. Also, that
the ALO; may exist as 3CaO-AlOs,
8Ca0-Naj0-ALO; and as a solid solu-
tion of 2Ca0-Fey0; and 6Ca0-2Al,0;-
Fe:O;. The alkalies KO and NaO
combine with SOjs in the clinkers to form
alkali sulfates, and those in excess of the
SO; form the alkali-bearing phases
listed above.

EarLY STUDIES WITH CALCIUM SULFATE

Bates and Klein (4) and Bates (5)
studied several of the pure compounds
of the Ca0-Al,0s-SiO; system and found
that:

1. A paste of powdered 3Ca0O-AlLO;
and water steamed and hardened very
quickly;

2. The rate of this reaction could be
retarded by blending the powdered
3Ca0-AlO; with calcium sulfate and
that small amounts of calcium hydroxide
added to this blend increased the re-
tarding power of the calcium sulfate;

3. 3Ca0-Si0; augmented the retard-
ing power of calcium sulfate, probably
because of the Ca(OH); released by the
hydrolysis of this silicate;

4. 3Ca0-85i0; reacted fairly rapidly
with water and that the rate of this re-
action was accelerated by calcium sul-
fate; and

5. 3Ca0-Si0; and the other com-
pounds in portland-cement clinkers,
when mixed with water, did not require
any retarders for satisfactory placing in
molds.

Phillips (6), working with Bates and

Klein, studied the reactions of 3CaO-
Al;0; and water from the standpoint of
colloidal chemistry. He pointed out, as
earlier investigators had, that 3CaO-
Al:O; and the calcium silicates hydro-
lyzed in water with the splitting off of
Ca(OH); and the formation of less basic
aluminates and silicates. It appears from
his paper that he had reached the con-
clusion that 3Ca0-Al;O; in a paste with
water did not dissolve but reacted with
water to split off Ca(OH): and form a
dispersion of solid calcium aluminate.
He states:

“In the normal pastes, we should suppose
that the very fine material would be hy-
drated and dispersed to a sol which would
later coagulate to form a gel with elimina-
tion of water, while the coarse material
would very slowly hydrate and distend to
form a gel . . . The control of hydration is af-
fected to a considerable extent by the ad-
sorption of electrolytic ions . . . In examining
the aluminate we find a good example of
adsorption, for the treatment with water
changes the composition of the outer surface
only, a hydrated film being formed while the
interior is unchanged. Any ion activity will
therefore be confined to the surface...It
has been previously stated that lime water
effects a greater dispersion of the aluminate
than does pure water. This is due to the
fact that the positive calcium-ions of the
lime hydrate are adsorbed by the hydrated
aluminate. When the concentration of the
adsorbed ions becomes sufficiently great, or
when a sufficient number of ions have been
adsorbed, their charges repulse each other
and the aluminate is dispersed. In order to
get the repelling action we must suppose
that the positive calcium ions are adsorbed
more than the negative hydroxyl ions. The
results show that this occurs or, in other
words, there is a preferential adsorption of
one kind of ion.”

Roller (7), from his own work and that
of others, concluded that calcium sulfate
retarded the setting of portland cement
by a combination of two reactions.
First, it reacted with alkali hydroxides
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released from the cement to form
Ca(OH); as illustrated in Reaction 1,
where M is either or both K and Na.
Then, the Ca(OH), reacted with 3CaO-
AlO; as illustrated in Reaction 2.

CaSO4 + 2MOH = M50, + Ca(OH),...(1)
3Ca0-AL:O; + Ca(OH): + 12H:0
= 3Ca0-Al0,;-Ca{OH);-12H,0. .. . . .. 2)

It is well known (8) that 3Ca0O-Al;0;
reacts with water saturated with
Ca(OH); as shown in Reaction 3 and
with CaSOy in a solution saturated with
Ca(OH); as shown in Reactions 4 and 5:

3Ca0-Al0;s 4 6H:0 = 3Ca0-Al;0;-6H:0. . (3)
3Ca0-Al:0; + CaSO; + 13H.0

= 3Ca0-Al:0;-CaS0,-13H,0. ... ... .. (€]
3Ca0-Al;0; + 3CaSO; + 32H:0
= 3Ca0-Al;0;-3CaS0,-32H,0. . . . .. (5)

Since the publication by Roller, it has
been established (9) that 3CaQ-AlQ,-
Ca(OH)-12H,0 and  3CaO-AlLQ;-
CaS04-13H,0 form a complete series of
solid solutions and that 3CaO-Al;Q;.
3Ca(OH):-30HO0 and 3Ca0Q-Al;0;-
3CaS04:32H;0 also form a complete
series of solid solutions. These series
might be represented as follows:

3Ca0-Al;0; + XCaSO4 + ¥Ca(OH): + ZH.0
= 3Ca0-Al,0;- XCaSO,
-¥Ca(OH):-ZHO............ (6)

where X may vary between 0 and 1 and
Y may vary between 0 and 1 for the
first series, and where X may vary be-
tween 0 and 3 and ¥ may vary between
0 and 3 for the second series.

Roller believed that Reactions 3, 4,
and 5 would cause flash setting and that
this could be prevented by forming a cer-
tain amount of 3CaO-Al,O;- Ca(OH),-
12H,0O as illustrated in Reaction 2 on
the surfaces of the grains of 3Ca0-AL,O; .
Also, that Reactions 2 to 6, inclusive,

could take place without either the
3Ca0-Al:O3 or the reaction products
going into solution. In other words,
these could be considered to be solid
state reactions in which one of the re-
actants reacts as a solid with other re-
actants which are in solution to form
directly solid reaction products. This
conclusion was based on the observation
that extracts from cement pastes contain
only very minor amounts of Al;Os and
SiOq .

It is indicated in Reaction 1 that the
alkalies entered the liquid phase of ce-
ment pastes as hydroxides. It is now
known (10) that most of the alkalies
that enter the liquid phase during the
first few minutes do so as alkali sulfates.
However, since 3Ca0-Al;0s can react
very rapidly with CaSO,, the small
amount of SO; that enters as an alkali
sulfate is converted to CaSO4 by reaction
with Ca(OH): released from other ce-
ment minerals and is removed from the
solution very quickly. This leaves the
alkalies in the solution, in the absence of
added salts, as the hydroxides and Rol-
ler’s Reaction 1 is essentially correct
when it is recognized that the hydroxide
entered the solution principally as
Ca(OH)z .

Roller believed that work of others
had shown that calcium sulfate did not
retard the rate of reaction of 3CaO-
Al,O; with water. However, Bates (5),
working with pure 3Ca0-Al0;, states:

“Five per cent of plaster of Paris retarded
the steaming sufficiently to permit the mak-
ing of test pieces. Five per cent of plaster in
the presence of two per cent of hydrated
lime produced a much more marked retarda-
tion of the initial set but was accompanied
as before by an evolution of steam. Increas-
ing amounts of plaster produced increased
retardation.”

In analyzing the results of tests made
on pastes in which all reactants, except
water, are initially solids, it must be
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recognized that compounds such as
3Ca0-Al,0;z, 3Ca0-Si0;, and plaster
of Paris are unstable in water whereas
CaSO4-2H,0 and Ca(OH); are stable.
Hence, even if the ions of the last two
are capable of retarding the rate of re-
action of 3Ca0O-AlO; with water, the
3Ca0-Al,O; in a paste made from the
three solids may have undergone con-
siderable reaction before the other two
had dissolved sufficiently to exert a re-
tarding effect. However, when plaster of
‘Paris is used, it may dissolve fast enough
to be fairly effective as a retarder. It
seems that the experiments by Bates
show that both calcium sulfate and cal-
cium hydrozide can retard to some extent
the rate at which 3CaO-AlLO; reacts
with water and that calcium hydroxide
may be more effective than calcium sul-
fate.

Forsen (11), from a review of the liter-
ature and from extensive studies of his
own, makes the following statements:

“When portland cement reacts with
water, the components enter into solution
in the same stoichiometric proportions as the
water-free components have, forming solu-
tions which are supersaturated with respect
to hydrates as solids.”

This behavior of the cement minerals
probably was first postulated by Le
Chatelier (12).

This conclusion by Forsen was based
on experiments in which 0.2 g of a com-
pound was treated with a liter of water.
He states, however, that Flint and Wells
(34) “examined the behavior of 2CaO-
Si0; and 3Ca0-Si0; in water (20 g per
liter) and found that, even after short
periods of shaking, the proportion of
lime to silicic acid was higher in the solu-
tion than in the water-free components.”

It seems very unlikely that any of the
calcium silicates and aluminates of ce-
ment clinkers dissolve in pastes as For-
sen states.

““Most technical cements containing alkali
are quick setting without gypsum. Alkali
aluminates and silicates enter instantane-
ously into solution and coagulation between
silicate and aluminate occurs. The quick set
of such cement cannot be prevented by the
addition of lime, because the solubility of the
lime is low in the instantaneously formed
alkali hydroxide solution and because the
lime is dissolved much slower than the alkali
aluminate and the alkali silicate. The addi-
tion of readily soluble gypsum or other
calcium salts neutralizes the alkali hydroxide
because calcium hydroxide is less soluble
than alkali hydroxide. A saturated or super-
saturation of calcium hydrozide in a calcium
and alkali salt solution is formed and the
aluminates are immediately precipitated. A
protecting film is formed around the cement
grains, which retards the dissolution of the
components including the alkali com-
pounds.”

It is now well known that, generally,
a relatively large part of the alkalies in
cement occur as either KoSO, or NayS0O,
or as a solid solution of the two (New-
kirk (3)) and that it is these alkali salts
that are dissolved almost immediately
when the cement is mixed with water
(13). Within a minute after such clinkers
are mixed with water, the liquid phase
contains relatively high concentrations
of alkalies, lime, and sulfate but only
traces of alumina and silica.

Schlapper (14), in discussing the retard-
ing effect of calcium sulfate states:

“According to Forsen, this is supposed to
prevent the precipitation of silicic acid by
the aluminates, which in turn is supposed to
retard the setting process. We were able to
confirm by our experiments that silicic acid
and alumina precipitate each other floccu-
larly, but, on the other hand, we also estab-
lished in accordance with the investigations
on equilibrium mentioned above that the
quantities of silicic acid in solution are very
slight; the question, therefore, arises whether
the quick setting of a mixture of 3Ca0-SiO,
and aluminate is caused chiefly by this de-
flocculation.”
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Forsen, in reply to a discussion of his
paper by Roller, states: ‘I have also
verified—analytically and synthetically
—the formation of a protective film of
tetracalcium aluminate when anhydrous
calcium aluminates react with limewater.
This fact was first established—micro-
scopically—by Assarson.”

Strelkov (15), in reviewing the work
carried out by Baikov during the years
1923 to 1932, states: “Baikov demon-
strated that the colloidal stage is com-
mon to all cementing materials. As an
intermediate stage, it brings about the
recrystallization of the initially formed
hydrates due to the chemical reactions
of cement particles with water without
their preliminary dissolution.”

In this theory, Strelkov believes that
both plaster of Paris and portland cement
react with water without going into
solution to form products with high
solubilities around the anhydrous grains.
These new products then dissolve and
form supersaturated solutions from
which the stable reaction products pre-
cipitate. He points out that probably
hydroxy! ions rather than water mole-
cules participate in the diffusion process.
He is proposing a mechanism involving
solid state reactions followed by rapid
solution of the reaction products.

When studying the reactions under-
gone by 3Ca0- Al,Os , it must be remem-
bered that this compound can react with
water to form hydrated compounds and
with calcium sulfate, calcium hydroxide,
and other calcium salts to form double
salts. Portland cements contain only a
few per cent of 3Ca0-Al:0;3, generally
well under 15 per cent. Pastes of many
powdered cement clinkers will steam and
harden almost immediately upon mixing
of the powder and water. This is gener-
ally referred to as flash set. The addition
of small amounts of calcium sulfate to
these clinkers usually gives products
which, when mixed with water, produce

oF CALCIUM SULFATE 7

pastes that heat up very slowly and
harden gradually. This has led to the
practice of calling calcium sulfate a re-
tarder. However, it appears from the
work of Bates that the retarding prop-
erties of this salt might not be great if
3Ca0-Si0; did not furnish Ca(OH); to
assist the calcium sulfate. On the other
hand, it appears necessary to conclude
that sulfate and hydroxide function as a
team in preventing flash set.

Several investigators found that the
early strengths of many cements were
increased with increasing amounts of
calcium sulfate. This indicated that this
salt played a role as -an accelerator as
well as a retarder.

Lerch (16) in 1946 published the re-
sults of a very thorough study of the
influence of calcium sulfate on various
properties of portland-cement mortars.
It seems very evident from that study
that calcium sulfate accelerates the rate
at which either or both 3Ca0-SiO; and
2Ca0-Si0; develop strength during the
early life of the cement paste. It is, of
course, possible that the calcium sulfate
also influences the rates at which other
phases contribute to strength. However,
in this paper, the discussion of the accel-
erating effect with respect to the develop-
ment of strength will be confined to the
two calcium silicates.

Many studies have been made to de-
termine the effects of salts, other than
calcium sulfate, and other compounds
upon the rates of setting and hardening
of cement pastes.* In most of these, no
effort was made to determine whether or
not an observed retardation or an ob-
served acceleration applied to the re-
actions of 3Ca0-AlO; or to those of the
silicates. One other confusing element in
the literature on setting is that some

3 In this paper, no attempt will be made to
indicate whether neat pastes, mortars, or con-
cretes are involved, since the reactions under
congideration pertain to cement-water systems.
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investigators worked with cements that
contained sufficient dehydrated gypsum
to cause what is classed as false set (1).
For these reasons, one should examine
carefully any report of work on acceler-
ators and retarders to be certain that the
author’s definitions of accelerators and
retarders are clearly understood.

It seems, from this review of the liter-
ature,® that the investigators who at-
tempted to explain the reactions of the
cement minerals with water very quickly
reached a point where they had to en-
large their explanation to include the
formation of precipitates on the surfaces
of the crystals. Phillips, Baikov, and
Roller particularly appear to have recog-
nized that the solution theory was inade-
quate. Much more is known today about
surfaces and reactions at surfaces so that
it may be possible now to overcome the
difficulties of these early investigators in
formulating a satisfactory theory. There-
fore, this paper is an attempt to explain
by means of solid state reactions the
mechanism by which calcium sulfate and
calcium hydroxide control flash set and
by which calcium sulfate accelerates the
strength-producing reactions of the cal-
cium silicates. The behavior of other
inorganic and organic compounds are
studied in the light of this mechanism.
For simplicity, the paper will refer to
retardation of flash set and retardation
and acceleration of the rates of silicate
reactions.

SoLIp STATE REACTIONS

The production of portland-cement
clinker probably is entirely by solid state
reactions. For example:

1. CaCO; is decomposed into CaO and
CO: and clay is dehydrated and decom-

4For a comprehensive review, see H. H.
Steinour, *The Setting of Portland Cement—A
Review of Theory, Performance, and Control,”
Bulletin 98, Research and Development Labora-
tories, Portland Cement Assn.

posed into SiO; and AlO; in the solid
states,

2. CaO combines with SiO., AlQO;,
and Fe;O; in the solid state to form the
solid cement minerals, and

3. After some liquid is formed by melt-
ing, CaO from the liquid probably com-
bines with solid 2Ca0-SiO; to form
solid 3Ca0-SiO; .

Most of the industries that use cata-
lysts are based on solid state reactions.
For example, Weyl (17) states: “We are
now standing at the threshold of a new
phase in chemistry, the chemistry of the
solid state. Recent progress in the atomic
structure of solids justifies the hope that,
soon, we shall be able to understand the
participation of solids in chemical re-
actions, including heterogeneous catal-
ysis.”

Some studies of solid state reactions
that seem particularly important to the
student of portland cement are set forth
below:

Jeffery (18) discusses a number of solid
state reactions and makes the following
statements regarding the reaction of
3Ca0-S5i0; with water:

“But even in this initial period when an
excess of water is present, it is not certain
that the hydrate is formed by precipitation.
Hansen has produced evidence indicating
that even in this case the reaction with
3Ca0-8i0, is really a direct transformation
of the anhydrous solid and not a precipita-
tion from solution. During the hardening
process, extending up to a year or more, it
is difficult to see how it can be anything
else.”

McConnell (19), from a study of the
transformation of natural bredigite
(@2Ca0-Si02) and natural larnite
(82Ca0-Si0;) to a gelatinous hydrated
phase similar to tobermorite (3CaO-
25i0;-3H,0), found that much of the
gel occurs as a homogeneous flint-like
sheath, up to 5 cm thick, around nodules
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of unaltered larnite and he concluded,
from a detailed study of the gel, that the
progress of hydration is a solid state re-
action which is effected by diffusion.

TABLE I—ANALYSIS OF CEMENT
PASTE ABSTRACTS AFTER MIXING OF
CEMENT AND WATER, g per liter.

7 min after mixing | 2 hr after mixing

Without| With | Without| With

Gypsum | Gypsum | Gypsum |Gypsum
Bi0z........ 0.000 | 0.002 | 0.000 | 0.002
ReOs........ 0.002 | 0.003 | 0.004 | 0.004
CaO........ 1.73 2.22 1.47 2.30
803 ........ 0.02 0.96 0.03 1.05
KO........ 0.07 0.06 0.59 0.06
Na0....... 0.02 0.02 | 0.09 0.02

Hansen (3) endeavored to show that
the following reaction was a solid state
reaction:

3Ca0-Al,0; + CaCl, + 10H:0
= 3Ca0-Al;0;- CaCls-10H:0. .. ... .. N

A cement clinker was reburned to re-
duce the SO; content to a low value.
The clinker, after reburning, had the
following composition in per cent by
weight:

CaO........... 65.2 MgO........... 2.6
AlOz. . ... ... 6.5 80;............ 0.06
FeOs.......... 3.0 KO........... 0.03
Bi0z. .......... 2.6 NaO.......... 0.09
MnO.......... 0.51

This was ground to a fine powder and

TABLE IL.—COMPOSITION OF FILTRATES FROM PASTES OF 200 ¢ CEMENT PLUS
150 ml OF CaCl; SOLUTION.

Composition of Filtrate, moles per liter Cla Combined,|CaO Released

. o G N

CaCl:moles per liter| moles ?)]erlﬁtet moles per liter

SOs (OH)2 Cl | CaO K:O Na:O

0.0075......... None | 0.0254 | 0.0017 | 0.0232 | 0.0013 | 0.0011 0.0058 0.0215
0.0150......... None | 0.0257 | 0.0039 | 0.0272 | 0.0013 | 0.0011 0.0112 0.0234
0.0300......... None | 0.0267 | 0.0143 | 0.0387 | 0.0013 | 0.0011 0.0157 0.0240
0.0600......... None | 0.0255 | 0.0442 | 0.0672 | 0.0013 | 0.0011 0.0158 0.0230
0.1200......... None | 0.0250 | 0.1014 | 0.1249 | 0.0013 | 0.0011 0.0186 0.0235

A number of investigators have made
quantitative analyses of extracts from
cement pastes at early periods after the
cement and water are mixed which show
the presence of only very minor amounts
of Si0: and A},O; in these extracts. For
example, Kalousek, Jumper, and Trego-
ning (13) obtained the data in Table I
from the extract at 7 min and 2 hr from
pastes of a clinker ground with and
without gypsum.

Similar data are obtained when the
extraction periods are reduced to less
than 7 min. These extraction studies
give no indication that the concentra-
tions of SiO: and Al:Os build up to rela-
tively high values as is common for
supersaturated solutions and then de-
crease as precipitation occurs.

pastes were made of 200 g of clinker plus
150 ml of a CaCl; solution. These were
shaken at room temperature for 1 min
and filtered immediately on a suction
filter, which gave a time of contact be-
tween the solid and liquid of a few sec-
onds more than 1 min. The filtrates were
titrated for (OH); content and analyzed
for SO;, Clz, CaO, K50 and Na,O with
the results given in Table IL

The values in the next to the last
column are the differences between the
Cl; content of the mixing water and that
of the filtrate. This, it is believed, is the
amount of Cl, that has combined as illus-
trated in Reaction 7.

The values in the last column are the
amounts of CaO released by the cement,
probably largely from the 3Ca0O-SiO..
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These are obtained by subtracting the
values for Cl; in the filtrate because the
CaO required by this C); was added in
the calcium chloride.

In accordance with Reaction 7, one
mole (270 g) of 3Ca0-ALO; combines
with one mole of CaCl;. In the solution
initially containing 0.06 moles of CaCl,,
0.0158 moles had combined. This indi-
cates that 270 X 0.0158 or 4.3 g 3CaO-
AlO; per liter reacted with CaCl; in a
period of slightly more than 1 min.

TABLE III.—GRAMS Cl; COMBINED
WITH 100 ¢ OF CLINKER FOR TIME
INDICATED.

Sample ' 1min | 5min | 15 min | 30 min
As Received. . ... 0.22 (1 0.28 | 0.34 | 0.36
Aerated 24 hr....| 0.08 | 0.14 ] 0.22 | 0.24
Aerated 48 hr....[ 0.03 | 0.11 | 0.22 | 0.26

On the assumption that all of the CaQ
released to the solution was released as
follows:

2(3Ca0-5i0y) + 3H.0
= 3Ca0-28i0,-3H,0 + 3Ca(OH),....(8)

two moles (456 g) of 3Ca0-SiO; release
three moles of CaO, or two thirds of a
mole (152 g) release one mole of Ca0Q.
This indicates that 152 X 0.0230 = 3.5
g of 3Ca0-SiO; per liter hydrolyzed in
slightly more than 1 min. This is equiva-~
lent to 0.9 g SiO, per liter that would
have been dissolved and precipitated
from the solution in this period of time
if the solution theory was correct.

The 4.3 g of 3Ca0-AlLO; that com-
bined with the CaCl, is equivalent to
1.6 g ALO; per liter. It seems impossible
for these quantities of SiO; and Al,O; to
go through the solution phase in a period
of 1 min when only traces of these oxides
can be found in the liquid phase. It
seems necessary, therefore, to conclude
that the major portions of the calcium
aluminates and silicates in portland ce-

ment do not react with water and calcium
sulfate by going into solution.

Further evidence of a solid state re-
action was obtained by Hansen (20) in a
study of aerated and nonaerated cement.
In this study, a clinker was ground to a
powder without added calcium sulfate.
This powdered clinker as ground and
after exposure in a thin layer to labora-
tory air for 24 and 48 hr was made into
slurries with a solution of calcium chlo-
ride, 200 g powder to 150 ml of solution
containing the equivalent of 3.0 per cent
Cl; by weight. The slurries were filtered
at 1, 5, 15, and 30 min intervals and
analyzed for Cl, with the results shown
in Table III.

The explanation for the decreased rate
of reaction with CaCl, after aeration
appears to be that the surfaces of the
grains of 3Ca0-AlO; reacted with H:O
and CO, from the air during aeration.
If the reaction with calcium chloride was
a solid state reaction in which this salt
is adsorbed from the solution onto the
surface of the crystals as will be explained
later, it is readily understood how the
previous adsorption of H:O and CO,
could interfere with this reaction. It is
not easy to believe that this adsorption
of H,O and CO; would so markedly re-
duce the rate at which the 3Ca0-ALO;
crystals would dissolve.

Brown (21) examined thin sections of
hardened cement pastes microscopically
and found that grains of CaO and of
MgO had hydrated to the hydroxides
without evidence of having gone through
a solution phase. This hydration n situ
is used to explain the ability of these
oxides to produce expansion in concrete.

Roller (22) and others have found the
flash-setting properties of cements could
be destroyed by treating the cement with
either steam or moist air.

Razouk and Mikhail (23) suggest a
mechanism for the hydration of MgO by
water vapor which probably is similar to
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reactions of cement minerals in cement
pastes. They state: ‘“Experiments on the
rate of hydration of magnesium oxide at
various temperatures and on the effect of
temperature on the sorption isotherms of
water vapor suggest that the initial stage
in the uptake of water vapor by the oxide
is essentially a rapid Van der Waals
physical adsorption, together with slower
chemisorption, and this is followed by a
diffusion process to the inside of the
solid. The present investigation indicates
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For most physical properties of a solid,
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Fic. 1.— Electronic Deformation and Ionic Rearrangement in a NaCl Surface. After Weyl (17).

Sodium chloride is to the left of the vertical line representing the crystal face. Small spheres rep-
resent sodium ions, large spheres represent chloride ions.

that the last stage in the hydration proc-
ess is the recrystallization of the mag-
nesium oxide water complex, formed by
the interaction of water molecules with
magnesium oxide crystallites (probably
through O~ ions) to yield the stable
magnesium oxide lattice.”

In suggesting that the reactions in a
cement paste are primarily solid state
reactions, it is, of course, realized that
some or all of the minerals will dissolve
to some limited extent. This has been
demonstrated by the analyses of extracts
from cement pastes which always con-
tain very minor amounts of SiQ, and
AlLO;.

He explained crystal structure in terms
of the three fundamental properties of
ions: namely, theéir charges, their size,
and their polarization properties.

The modern concept of crystals is that
they are made up of ions. For example,
in a crystal of NaCl, a sodium ion is
bonded to six chlorine ions by equal
forces. Attractions between ions of un-
like charges and repulsions between ions
of like charges are important for an
understanding of crystal structures.

The present concept of the atom is
that it consists of a positive nucleus and
a number of planetary electrons. The
atomic number assigned to an atom is
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the number of its planetary electrons
which equals the number of positive
charges in the nucleus. The atomic
weight is approximately the weight of
the nucleus. When an atom is converted
to an ion, it loses or gains one or more
electrons. The ions in the interior of a
crystal are mutually attracted and re-
pelled by each other. However, those on
the surface of a crystal are unbalanced
toward the atmosphere. Weyl illustrates
this in Fig. 1(a). He pictures this surface
as consisting of rigid spheres with excess
electrical charges. He states:

“However, the electron distribution prob-
ability of the surface ions cannot remain
spherical because the ions of high polariz-
ability, the Cl~ ions, must develop a higher
than average electron density towards the
interior of the crystal because their electron
clouds are attracted by the Na* ions. As a
resuit, they exhibit lower electron density
toward space. In a similar fashion, the elec-
tron distribution density of the cations
undergoes a change. Each surface Nat ion
is exposed to the attraction of a Cl- ion of
the lower layer but has no corresponding
anion on the opposite side which balances
this attraction. As a result of this one-sided
polarization, the electron clouds of the Na+*
ions are repelled towards the vacuum, a de-
formation which decreases their positive
potentials.”

Weyl represents this polarized surface
in Fig. 1(b). The heavier lines indicate
the spots of higher electronic density of
the outer electron shell. The length of
the arrow indicates the residual potential
field emanating from a surface ion into
space.

The atomic number of sodium is 11
and that of chlorine is 17. The larger
Cl- ion is polarized to a greater extent
than is the smaller Na* ion and, accord-
ingly, its surface forces are weakened to
a greater extent than those of the Nat
ion by polarization.

Figure 1(c) represents a rearranged
surface in which the Nat ions tend to
recede slightly so that they are more

completely surrounded by Cl= jons.
Weyl refers to this as a screening of the
Nat ions by Cl~ ions. This screening
gives a surface of lower surface energy
than that in Fig. 1 (). This surface has
also become predominately negative
whereas that in Fig. 1 (b) was predomi-
nately positive.

Polarization and screening as illus-
trated in Fig. 1 for NaCl must be im-
portant in the reactions of cement in the
water. In dealing with a material made
up of powdered crystals such as portland
cement, the freshly produced surface
might tend to exhibit the characteristics
of Fig. 1(a) but probably would very
quickly assume the characteristics of
either (&) or (c).

Much has been written (24) about de-
fects in crystals which play a prominent
part in solid state reactions. These may
play an important role in the reactions
in cement pastes and possibly the studies
that are being made in a number of
laboratories on the structures of the
cement minerals will eventually throw
light on this role. Also, the particles of
cement, except for the very finest, are
agglomerates of many fine crystals. The
following quotation from Weyl appears
pertinent in this connection: “Can a
polycrystalline aggregate of an oxide
ever be considered to be a precise stoichi-
ometric ratio, or are all grain boundaries
and internal surfaces the seat of ‘avail-
able electrons’ and do they represent a
potential source of O~ ions? Recent ex-
perimental work led us to suspect that
even apparently stable substances can
undergo an exchange of electrons with
adsorbed O, molecules which leads to the
formation of atomic oxygen. Grain
boundaries, interfaces, and surfaces are
the seats of these reactions.”

SURFACES OF CALCIUM ALUMINATE
AND SILICATE CRYSTALS

In accordance with the above discus-
sion, the surface of a calcium aluminate
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crystal would consist of Cat*, A+ and
O~ ions and that of a calcium silicate
crystal would consist of Catt, Sit++
and O~ ions. However, the smaller and
less numerous Al** and Sit++ jons,
atomic numbers 13 and 14 respectively,
would likely be screened by the larger
and more numerous Cat*+ ions and by
the more numerous O~ ions. Hence, the
ions in the surfaces of 3CaO-Al;O;,
3Ca0-5i0;, and 2Ca0O-SiO; are prob-
ably principally Catt and O~ ions and
will be so considered in the discussions
which follow.

If these surfaces were either polarized
or rearranged to the extent that they
were either predominately negative or
positive, the particles would repel each
other. Steinour (25) and others have
shown that particles of cement in water
tend to attract each other and form flocs.
Hence, it appears that the surfaces of the
powdered crystals of the cement minerals
carry approximately equal amounts of
positive and negative charges.

When either of these surfaces is ex-
posed to water, the positive ions Cat+
should attract the OH™ ions of the water
and the O~ ions should attract the H;Ot
ions of the water. As Razouk and Mikhail
suggest for MgO, the first step may be a
physical adsorption followed by chemi-
sorption and then by a diffusion of OH~
and H;0% ions into the crystal.

Physical adsorption, as suggested by
Razouk and Mikhail, must be a dynamic
process in which a Ca*t ion may tem-
porarily unite with a negative ion and
then release it to the solution and unite
with another negative ion. If these ad-
sorbed ions are able to migrate into the
crystal and cause a rearrangement of the
crystal, the process becomes chemisorp-
tion which means that the ions have
reacted chemically with the solid surface.
This chemical reaction, as in the case
cited by Razouk and Mikhail, has taken
place without the solid going into solu-
tion in water.

oF CALCIUM SULFATE 13
Wey! refers to the dynamics of a sur-
face as follows:

“Using models or sketches of atomic
arrays in order to bring out the importance
of geometrical arrangements, lattice, dis-
tances, etc. for chemisorption, carries along
additional information which can be mis-
leading. All pictures are necessarily static
but we do know that a surface is not only the
seat of constant motion and rearrangements,
but sometimes of very lively chemical reac-
tions. The work of E. R. S. Winter, as well
as that of G. A. Mills and S. G. Handin,
with O%, shows clearly that there is a con-
tinuous exchange of oxygen ions of the sur-
face layer of an oxide and the oxygen
molecules of the atmosphere.”

The rate at which the diffusion into the
crystal takes place should depend on the
crystal structure of the compound. Weyl
suggests. that crystal structure can ex-
plain the difference between the reactiv-
ity toward water of § and ¥2Ca0O-SiO,
and Jeffery suggests that the difference
between the reactivities toward water of
B2Ca0-Si0; and 3Ca0- Si0; may be ex-
plained by differences in crystal struc-
ture. Foreign atoms, such as MgO and
AlO; in the 3Ca0-SiO; crystal, may
markedly affect the reactivity of the
crystal in a solid state reaction.

One of the common arrangements of
Si0; in crystals is the SiOs-tetrahedron
and the formula for an orthosilicate such
as 2Ca0-Si0; is usually written as
Ca25i04 .

Jeffery (3) says regarding the pseudo-
structure of 3Ca0-SiO; : “The structure
is built from discrete SiOs-tetrahedra
together with separate oxygen and cal-
cium ilons—the main features of the
structure of 3Ca0-SiO; are the irregular
coordination of the calcium ions and the
‘holes’ adjacent to these ions. Since ir-
regular coordination gives rise to dis-
tortion of the electrostatic field between
ions, 3Ca0- SiO, necessarily has a high
lattice energy.”

Midgley (26) makes the following state-
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ments regarding the structure of $2Ca0-
5102 :

“The structure is built up of isolated
SiOs-tetrahedra and calcium ions. Although
the coordination of calcium ions is irregular,
there are no open spaces as in 3Ca0-SiO.
which would allow ready attack by hydroxyl
ions. This would account for the fact that,
although both compounds have valuable
cementing properties, 3Ca0Q-Si0; is very
rapidly hydrated and 2Ca0-SiO; only
slowly.”

The many investigations (18) on the
Ca0-Si0s-HyO system have not as yet
clearly defined the compositions of the
hydrated calcium silicates that exist in
the normal hardened pastes of mortars
and concretes. Some (27) believe that the
equilibrium compound is what may be
classed as tobermorite, 3CaQ-2SiO,-
3H,0. There is some evidence (27) that
afwillite, 3Ca0-2Si0:-3H;0, might be
formed in these pastes and there is con-
siderable evidence (18) that the product
mlght be 2Ca05102H20

Heller (28) studied the crystal structure
of 2Ca0-Si0z @ hydrate which is formed
at elevated temperatures. This work in-
dicated the silicon formed (SiQ3(OH)~——
tetrahedra in this compound and Megaw
(29) concluded that the silicon occurred
in the same manner in afwillite. Heller
concluded that the formula for the
2Ca0- Si0; a hydrate was Cas(Si0;0H)-
OH and Megaw concluded that the
formula for afwillite was Ca3(SiO;0H);-
2H,0.

The Cay(SiO;0H)OH could be formed
as follows:

Ca** + OH™ = CaOH*
$i0,0~~~~ 4+ HO* = Si0;0H-H,0~ ~~

That is, a Catt ion in the surface of
the crystal could chemisorb an OH~ ion
which could then diffuse into the crystal.

An O ion in the surface could chemi-
sorb an HzO* ion and form SiO;OH-

H:O——— from which the H;O% ion could
diffuse into the crystal. Both of these
chemisorption processes could be re-
peated over and over without the 2CaO-
SiO; going into solution but with a grad-
ual rearrangement of its crystal structure.

The reactions to form Caz(Si0;0H),-
2H,0 could be as follows:

Ca*t 4 20H~ = Ca(OH);
2(510,0)~ ~ ~ ~ 4 2H;0*
= 2(Si0;0H-H,0)~ ~~

In this reaction, one Catt ion in the
surface of the crystal chemisorbs two
OH- ions and splits off as Ca(OH): . Two
O~ ions chemisorb 2H3;0% ions to form
2(SiO;0H-H:0)~—— ions. The chemi-
sorbed H3;O* ions could diffuse into the
crystal and change the structure of the
crystal.

These reactions need not be limited to
chemisorption of ions. However, it seems
that, in solutions where ions are present,
ions would be chemisorbed in preference
to molecules of water. However, when
crystals of such unstable compounds as
3Ca0-AlyO; and 3Ca0- SiO; are exposed
to water vapor, they must react rather
rapidly with water as is indicated by con-
siderable experimental evidence. Typical
reactions might be as follows:

Catt + H,O = Ca(OH):
Si0;-0~~—~ 4 H;0 = Si0;-OH~~~ + OH~
Ca*t + OH~ = CaOH*

One reaction suggested for 3Ca0- 810,
in cement pastes is:
2(3Ca0-Si0z) + 6H0

= 3Ca0-2Si0;-3H.0 + 3Ca(OH):. ... .. (8)

If this reaction occurred only by the
anhydrous silicate dissolving congruently
and reprecipitating as the two reaction
products, one would expect the hydrated

silicate to have a uniform composition.
Also, one would expect, if the paste
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reached a stage in which liquid water no
longer existed, that the reaction would
stop and leave unreacted crystals of
3Ca0-Si0; . These crystals could con-
tinue their reaction later whenever liquid
water could contact them.

In the suggested solid state reaction, it
is visualized that the reaction could con-
tinue in the absence of free water, which
seems to be clearly established, and that
the composition of the hydrated calcium
silicate reaction product might vary
widely from what was originally the out-
side of a crystal of 3Ca0-SiQ; to the
center of that crystal. The degree to
which this product assumes a well de-
fined crystalline structure would be ex-
pected to vary. It can also be visualized
that Ca(OH), that splits out of the sili-
cate could exist physically within the
hydrated silicate in a finely divided
amorphous state. Similar reactions would
be expected for the other compounds,
such as 3Ca0-Al;0; and 2Ca0-SiO, .

In attempting to give a picture of the
mechanism of setting and hardening of
a cement paste, it is necessary to use
equations to illustrate reactions. Reac-
tions such as 5 and 8 are written to in-
dicate what might happen to crystals of
3Ca0- Al,0; and 3Ca0-Si0; in a normal
concrete. In such concrete, sufficient
OH~, Hs0* and SOs~ ions to destroy
the crystal structures of the anhydrous
crystals might migrate into the crystals
in relatively short periods of time but it
might require much longer periods of
time for a sufficient number of molecules
of water to diffuse into those partially
reacted crystals and cause the complete
rearrangement of the structures to those
of compounds such as ettringite and
tobermorite as indicated by Reactions 5
and 8. That is, one may visualize a hard-
ened cement paste to be a system which
is tending toward a certain equilibrium
but which may never reach that equilib-
rium in normal concrete.

It is not possible at this time to present
these reactions as more than possible
explanations of the solid state reactions
that might be responsible for the setting
and hardening of cement pastes. How-
ever, it does seem, from what is known
about reactions at surfaces and from the
evidence that indicates that the cement
minerals do not dissolve at rates required
by the rates at which cement pastes set,
that it is necessary to conclude that the
setting and hardening are caused by the
chemisorption and migration of OH™~ and
H;0% ions from water into the crystals
of the cement minerals. If this is true,
then the problem of controlling the rates
of these reactions becomes one of con-
trolling the concentrations of OH~ and
H;0* ions available to the surfaces of
the cement particles ‘and by controlling
the amount of surface available to those
ions. The latter has, of course, been found
to be effective by changing the fineness
of the cement.

RETARDATION OF FLAsH SET WITH
Sarts anp CarcioM HYDROXIDE

When 3Ca0-Al;O; is treated with a
relatively large amount of water, the
crystalline phases formed are 2CaO-
Al;03-8H.O and either or both 3CaO-
Al;03-6H,0 and 3Ca0- Al;0;- Ca{OH),-
12H,0 when the amount of CaO in
solution exceeds the ratio of 3 CaO to
1 Al,O;. This indicates that the first
reaction of 3Ca0-Al;0; with water is

3Ca0-AlO; + 9H,0
= 2Ca0-ALO;-8H:0 + Ca(OH)s...... (©)

In a cement paste with a limited
amount of water, this reaction probably
takes place as follows:

Ca*t 4 2(0H)~ = Ca(OH)2.....(10)
0O~ + KO0t =H,04OH ..... (11)

That is, a Ca** ion in the surface of the
crystal chemisorbs two OH~ ions and
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splits off as Ca(OH): and an O~ ion
chemisorbs an HzO* ion to form H;0O
and an OH™ ion. The H:O + OH~ then
diffuse into the crystal and the chemi-
sorption processes are repeated.

As the concentration of Ca(OH),
builds up in the liquid phase of the paste,
the 2Ca0-Al;0;3-8H;0 formed on the
surface of the crystal of 3Ca0- Al;0; can
chemisorb Cat+ and OH~ ions to form
either 3Ca0- Al;0;-6H.0, 3Ca0-Al0;-
Ca(OH);-12H,0, or 3Ca0-Al0;-
3Ca(OH)2-30H,0. The extent to which
these compounds can be formed is de-
pendent on Ca(OH); released in Reaction
9 unless Ca(OH): is furnished from other
sources, such as the hydrolysis of 3Ca0-
Si0; .

Phillips observed that, if a paste of
3Ca0-Al0; and water that had heated
up and stiffened, was reworked, it would
heat up and stiffen at a slower rate. This
indicates that the Ca(OH); released in
accordance with Reaction 9 during the
first period is capable of retarding the
rate of further reaction. This also indi-
cates that the formation of 3CaO- Al O;-
Ca(OH):-12H:0 on the surfaces of the
crystals of 3Ca0-AlO;s, as postulated
by Roller, cannot be the mechanism by
which flash setting is prevented.

The difference between the original
and the reworked paste is that the liquid
phase of the latter contained dissolved
Ca(OH); which the former did not. This
Ca(OH): represses the ionization of water
and the concentration of the Hz;Ot ions
is much lower in the liquid phase of the
reworked paste than in that of the orig-
inal paste.

If the reaction of Reaction 9 is a solid
state reaction, its rate depends upon the
rate at which O~ ions can chemisorb
H;0* ions. Since the liberation of
Ca(OH); by 3Ca0-Al:O; can retard the
rate of the reaction, it seems evident
that the concentration of H;Ot ions is
the governing factor and that the re-

action of Reaction 9 is the reaction
responsible for flash set. One might then
ask whether or not the addition of CaSO;
to the mixing water can retard the rate
of this reaction.

The addition of calcium sulfate to
water has very little effect upon the
ionization of water. Hence, from this
standpoint, it should neither retard nor
accelerate the rate of this reaction. How-
ever, the SO;~ — ion is fairly large and
the adsorption of it by the Cat* ions in
the surface of the crystal would interfere
with the adsorption of OH™~ ions. The
adsorption of Cat+ ions from the solution
by O~ ions could also interfere with the
adsorption of HzOt tons. There appears
to be no way at present of determining
the influence of these factors upon the
rate of this reaction, but one might ex-
pect that this would not be very great
unless the SO~ ions were very effec-
tive in screening the O~ — ions. Since
Bates found very little retardation by
CaS0, , it appears that the SO4~ ~ ion is
not very effective in preventing chemi-
sorption of H;O* ions by the O~ ions.
However, when solid calcium sulfate is
mixed with solid 3Ca0-Al:O;, the sait
cannot be effective until it gets into solu-
tion and, by the time an appreciable
amount has dissolved, a considerable re-
action between the 3CaO-Al,O; and
H,0 may have taken place. Hence, the
results obtained by Bates with pastes
with only minor admixtures of either
CaS0; or Ca(OH); or blends of the two
may not give a true picture of the retard-
ing powers of these materials.

When a cement is flash setting, the
paste heats up and stiffens very markedly
within one or two minutes after the ce-
ment and water are mixed. It is generally
believed that gypsum will prevent flash
set in most cements. This belief is based
on results with cements in which gypsum
was ground with the clinker but it neg-
lects the fact that, in many of the ce-
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ments, some or all of the gypsum prob-
ably was converted to either hemihydrate
or soluble anhydrite either during grind-
ing or storage. There are some clinkers
that will produce flash setting cements
when ground with gypsum but will pro-
duce normal setting cements when
ground with a blend of gypsum and
hemihydrate.

As pointed out earlier, most of the
alkalies enter the mixing water as sulfates
and not as hydroxides as believed by
Roller. Most clinkers combine with SO;
at a fairly rapid rate. As stated pre-
viously, Hansen showed that one clinker
combined with 0.22 g Cl; per 100 g of
cement in 1 min, which was calculated
to be equivalent to 0.74 per cent SO; by
weight of cement. Roller made his ex-
tractions 15 min after the paste was made
and his analyses showed very little SO;
in those extracts. He, therefore, assumed
that the alkalies had dissolved as hy-
droxides whereas they very likely dis-
solved as sulfates because his clinkers
contained from 0.23 to 1.02 per cent SO; .

Most of the hydroxide required for
Roller’s Reaction 1 comes as Ca(OH):
from the hydrolysis of the cement min-
erals, such as 3Ca0-Al;0; and 3CaO-
Si0: . It is true that the calcium sulfate
would tend to permit a larger amount of
Ca(OH): to remain in solution than
would be possible if the solution was pri-
marily a solution of alkali hydroxides
instead of alkali sulfates. However, if the
Ca(OH); is dissolved from the 3CaO-
SiO: for example, it would be available
to react with 3CaO- AlyO3 before it pre-
cipitated out as solid Ca(OH):. The
point that Roller and others appear to
overlook is that the reaction or reactions
that cause flash set are proceeding rap-
idly within seconds after the water comes
in contact with the cement.

It does not appear possible for 3CaO-
AlyO; to furnish the Ca(OH): required
to form a coating on itself of 3CaO-

AlO3- Ca(OH)e-12H:0. Hence, it ap-
pears, if such a coating is required to
prevent flash set, that the Ca(OH); has
to come from the hydrolysis of 3CaO-
Si0: . In that case, one would have to
explain why CaSO, accelerated the rate
of hydrolysis of 3Ca0-SiO,. This sub-
ject will be discussed later. However, it
does not seem likely that the retarding
power of CaSOy4 lies solely in its ability
to accelerate the rate of hydrolysis of
3Ca0- SiO: or of any of the other cement
minerals.

It seems necessary, therefore, to return
to the conclusion held by many inves-
tigators to the effect that some combina-
tion of SOz with 3Ca0O-Al:0; prevents
flash set. It is well known that SO; can
combine very rapidly with 3Ca0-Al,O;
without causing flash set. This indicates
that Roller was wrong when he postu-
lated that the formation of 3Ca0- Al:O;-
3CaS04-32H:0 caused flash set. How-
ever, as pointed out above, there are
cases in which a cement that combines
rapidly with SO; shows flash set when
the liquid phase of the paste is not sat-
urated with respect to gypsum but which
shows no flash set when the liquid phase
is supersaturated with respect to gypsum.
This indicates that some other reaction
of 3Ca0- Al;O; than the formation of one
or the other sulfoaluminate is responsible
for flash set and supports the conclusion
that Reaction 9 is that reaction.

If this is true, then what property of
CaSO0, is involved? Since increasing the
quantity of CaSO, in solution will pre-
vent flash set, it seems that the dissolved
CaS0, must interfere with this reaction.
Ii the rate of the reaction producing flash
set depends upon the rates at which the
Catt and O ions in the surfaces of the
crystals chemisorb OH~ and H;O* ions,
then calcium sulfate can interfere with
this reaction by the Cat* and SO4 —
ions of the calcium sulfate being physi-
cally adsorbed on the surface Catt and
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O~ and blocking these sites from OH~
and HsO" ions. Calcium sulfate hemi-
hydrate and soluble anhydrite are two
compounds that, when present to the
extent of a few per cent in a cement
paste of normal water content, can pro-
duce relatively high concentrations of
CaS0; in the liquid phase in a few sec-
onds because they are unstable in water.

So far as one can determine, the first
use of calcium sulfate for preventing
flash set was the addition of plaster of
Paris to the mixing water. This was fol-
lowed by grinding the clinker with plaster
of Paris and later by grinding with gyp-
sum. However, in the latter, the gypsum
probably was converted to plaster of
Paris either during grinding or storage.
If the first investigators had added
powdered gypsum to the mixing water,
they very likely would not have been
satisfied with the performance of their
concrete because their cements probably
contained relatively large amounts of
3Ca0-Al;0; and the addition of gypsum
probably would not have prevented flash
set.

Flash setting can be eliminated from a
clinker by permitting the clinker to ab-
sorb moisture. Hansen showed that this
treatment greatly reduces the rate at
which the clinker reacts with calcium
chloride and sulfate. This indicates that
reactive sites on the surfaces of the
clinker have been blocked by chemisorp-
tion of moisture from the air. It seems
that it would be impossible to form
3Ca0-Aly0;-Ca(OH):-12H:0 by the
chemisorption of water by 3CaO-Al:Os
and, of course, no sulfoaluminate can be
formed on the surface. Hence, something
besides the formation of these double
salts has destroyed the false setting prop-
erties of the clinker.

From the standpoint of flash set, port-
land-cement clinkers vary widely. Some
show no signs of flash set when tested
without an admixture, some have mild
flash setting tendencies that are easily

controlled by small additions of gypsum,
and others have strong flash setting ten-
dencies that can only be controlled by the
addition of either hemihydrate or soluble
anhydrite. It is conceivable that salts
other than CaSQ,; might be effective in
preventing flash set with some clinkers
and not with others.

From the standpoint of the solid state
reactions proposed above, one might
predict that any salt with one large ion
might be effective to some degree, pro-
vided it did not react in some other way
with the cement minerals. Soluble mag-
nesium salts, for example, would react
with Ca(OH): and precipitate insoluble
Mg(OH); and yield a calcium salt. Alkali
phosphates would react with Ca(OH). to
produce insoluble calcium phosphates
and alkali hydroxides. Salts of these
types, Forsen classified as destroyers.

All evidence points to the conclusion
that the reaction of 3Ca0-Al,0; with
water starts at an extremely high rate
the moment that water comes in contact
with the crystals. Hence, any material
that is going to exert a retarding effect
upon this reaction must be able to dis-
solve at an extremely rapid rate and form
ions that are adsorbed by the O~ ions
sufficiently to block most of the O~ ions
against the adsorption of H;O% ions.
Plaster of Paris and soluble anhydrite are
two compounds that can dissolve at such
rates and 3Ca0- SiO; is a compound from
which Ca(OH); can hydrolyze at a rapid
rate. It appears that this combination of
an unstable calcium sulfate and 3CaO-
SiO, is required to prevent flash set in
cements containing relatively large
amounts of 3Ca0-AlO;. From this, it
seems evident that it would be unsafe to
generalize regarding the retarding powers
of salts.

ACCELERATION OF THE CALCIUM
SILICATE REACTIONS

As pointed out earlier, it is known that
salts, such as CaS0O, and CaClsy, acceler-
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ate the rates at which cements develop
strengths. This, it seems, must be due to
effects that these salts have upon the
rates at which 3Ca0-Si0O; and possibly
2Ca0-Si0O; react with water. Forbrich
(30) showed that calcium chloride in-
creased the rate at which a paste of
3Ca0-5i0: released heat.

As discussed under properties of sur-
faces, these silicates may react to form
minerals, such as 2Ca0-SiO:-2H.0;
afwillite, 3Ca0-2S10,-3H:0; and tober-
morite, 3Ca0-2Si04-3H;0. These re-
actions are explainable as follows:

Catt 4+ 20H- = Ca(OH),...... (10)

Ca** 4+~ OH- = CaOH~.......(11)
(8i0;-0)~~—~ 4+ H;0
= (SIOOH-HO) ~~........... (12)

In Reaction 10, a Ca*t ion has com-
bined with two OH™ ions to split out a
molecule of Ca(OH); . In Reaction 11, a
Catt ion chemisorbs an OH™ ion which
can then diffuse in the crystal to other
Catt ions. In Reaction 12, an O~ ion in
the surface of a silicate chemisorbs a
H;0% ion to form an (S10;0H-H;0)~——
ion. The adsorbed H3;O% ion can then
diffuse to other O~ ions.

Presumably, Reactions 10 and 11
could not progress to an appreciable ex-
tent unless Reaction 12 occurred simul-
taneously or vice versa. Hence, these
reactions are controlled by the concen-
trations of OH~ and H;O% ions in the
liquid phase of the cement paste. Since
3Ca0-Al:0; and 3CaO-SiO. split off
Ca(OH),, the liquid phase of the cement
paste almost immediately contains an
abundance of OH~ ions. These ions, al-
though required for Reactions 10 and 11,
act as retarders for Reaction 12 by de-
pressing the ionization of water. There-
fore, to increase the rates of Reactions 10,
11, and 12, it is necessary to offset the
depressing effect of the OH™ ions in the
ionization of water.

Roller removed extracts from pastes

of clinkers with and without added cal-
cium sulfate 15 min after the pastes were
made. The OH™ equivalents expressed as
milliequivalents per ml were 0.2320,
0.2638 and 0.3860 for three clinkers and
0.0730, 0.1030, and 0.1150, respectively,
for the clinkers with added calcium sul-
fate. These data demonstrate that salts
will have the effect of increasing the con-
centrations of H;Ot ions and, accord-
ingly, should have the effect of accelerat-
ing the rates at which the silicates
develop strengths.

Other calcium salts should have this
ability shown by calcium sulfate to pre-
cipitate calcium hydroxide from solu-
tions of alkali hydroxides and, accord-
ingly, increase the concentration of H;O*
ions in the solution. All such salts should
act as accelerators unless their anions
could block the surfaces of the crystals
against the chemisorption of HsO* ions.
This will be discussed in more detail in
the next section.

One might expect that SOs— ions
should screen much more effectively than
the Cl- ions and that CaCl; would be a
better accelerator than CaSO,. This
seems to be the case. However, since
CaCl, is much more soluble than CaSOy,
it might tend to depress the solubility of
Ca(OH); more than the latter does and
be a more effective accelerator because
of that.

ORGANIC MODIFIERS

According to Kennedy (31), the ap-
plication of dispersing agents in the ce-
ment industry developed from research
in a program of developing dispersing
agents for pigments in aqueous suspen-
sions. This led to the discovery that cer-
tain polymers of condensed naphthalene
sulfonic acid, when used in amounts of
approximately 0.1 per cent by weight of
cement, would almost completely dis-
perse the flocs of cement particles ob-
served in cement pastes when viewed on
a slide under a microscope. These studies
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were followed by studying derivatives of
lignin and finding that salts of lignosul-
fonic acids were effective dispersing
agents. Other experiments demonstrated
that a dispersing agent, when added to
the mills used in grinding cement, acted
as a “grinding aid” by increasing the
fineness of cement at constant rate of
grinding or by increasing the rate of
grinding at constant fineness. They also
showed that the amount of water re-
quired by a given concrete of a given
slump could be reduced when a dispers-
ing agent was added to the concrete. This
led to referring to these products as
“water reducers.” These products re-
tarded the rate at which concrete de-
veloped strength and, accordingly, be-
came known as “retarders.” From this,
it is seen that certain agents which can
counteract the natural flocculating proper-
ties of the powdered cement minerals
may be used as a grinding aid, as water-
reducing agents and as retarders. The
following is an attempt to explain the
mechanisms whereby water-reducing ad-
mixtures and set-retarding admixtures
function.

It should be pointed out that these ma-
terials, except when used as grinding
aids, were always used with cements,
clinker, plus calcium sulfate. Hence,
classifying them as retarders did not im-
ply that they were useful in preventing
flash set. Limited experience has shown
that the small amounts normally used
for dispersion and a moderate retarda-
tion of the rate of developing strength
will not prevent flash set with some
clinkers in the absence of calcium sulfate.
Forbrich (30) found that a dispersing
agent added to a paste of 3CaQ-Al:0;
plus 12 per cent gypsum delayed the rate
of evolution of heat. He found the same
effect. when the dispersing agent was
added to a paste of 3Ca0-SiO; that con-
tained no calcium sulfate. He found that
calcium chloride had very little effect

on the paste of 3Ca0-Al:O; plus calcium
sulfate but increased the rate at which
heat was liberated from the paste of
3Ca0-SiO; . Steinour (3) has shown that
many organic compounds retard the rate
at which pastes of 2Ca0-SiO, develop
strength.

Ernsberger and France (32) studied
the electrophoretic migration under a
microscope of particles of cement sus-
pended in water and in a solution of cal-
cium lignosulfonate. Cement particles
suspended in distilled water showed no
tendency to migrate toward either elec-
trode but they tended to flocculate.
In the solution of calcium lignosulfonate,
the cement particles tended to be dis-
persed and to migrate to the anode. This
indicated that they had acquired nega-
tive charges by adsorbing negative ions
from the solution. The existence of such
anions was demonstrated by applying a
potential to a solution of calcium ligno-
sulfonate in an electrophoresis cell which
caused the brown lignosulfonate complex
to move toward the anode and a precipi-
tate of calcium hydroxide to form at
the cathode.

Ernsberger and France determined the
adsorptions by portland cement of the
calcium salts of three lignosulfonic acids
of different molecular weights. At con-
centrations of 0.02 g per liter, the ad-
sorptions in mg per g of cement were
approximately 13.0, 4.2, and 1.8, respec-
tively, for the acids having average mo-
lecular weights of 9500, 2140, and 250 to
920.

These demonstrations led to the con-
clusion that the adsorption of the large
anion was responsible for dispersion,
water reduction, and retardation. How-
ever, no effort was made to explain the
mechanism by which the anion operated.

The oil well cement industry has used
organic materials, not for the purpose
of preventing flash set but of prolonging
the perio during which a cement slurry
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remains sufficiently fluid for transporting
by pumps at elevated temperatures.
Hansen (3) pointed out that the organic
materials used for this purpose generally
contained one or more CHOH groups
and Steinour (3) suggested that the ac-
tive group was the OH group. He pointed
out that compounds with OH groups at-
tached to benzene rings, as well as some
inorganic acids containing OH groups,
were effective retarders. This led him to
the conclusion that these compounds
were adsorbed by means of hydrogen
bonding on the surfaces of the crystals
of the cement minerals.

The principal organic materials used
as water-reducing and retarding agents
at normal temperatures are either the
acids or the salts and derivatives of ligno-
sulfonic and hydroxylated carboxylic
acids. Chemists are not in complete
agreement regarding the structures of
lignin compounds but cement technolo-
gists probably are safe in visualizing
lignosulfonic acids as being composed of
several of the following units:

HOCH,0C:H,CH;CHOCHHSO; .

This unit contains an OH group at-
tached to a benzene ring and an HSO;
group. The latter is a relatively strong
acid and ionizes to yield H;O" ions and,
accordingly, can combine with cations
to give the MSOj; group, where M repre-
sents a cation. For simplicity, a ligno-
sulfonic acid salt might then be written
(HORSOsM), which then yields
(HORSO;7), + XMt ions. For sim-
plicity, we may consider X to be 2.

The negative ions of these salts could
react as follows by ionic bonding with
the Ca** ions in the surfaces of the ce-
ment minerals:

Cat+ + (0,SROH-): = Ca(0;SROH):.

In hydrogen bonding, an O reacts as
follows with an OH group:

0 + HO = OHO.

Hence, these ions could react as fol-
lows by hydrogen bonding with O~ ions
in the surfaces of the cement minerals:

0~ + (HORSO;7): = O(HORSO;5):.

The unionized molecules could also
react as follows by hydrogen bonding
with the O~ ions:

0~ + (HORSO;M): = O(HORSO:M): .

There are a number of hydroxylated
carboxylic acids. Tetrahydroxy adipic
acid, for example, has the following for-
mula:

(HO),CH,(COOH): .

The negative ions of salts of this acid
could react as follows by ionic bonding
with Catt ions in the surfaces of the
cement minerals:

Ca*™ + (00C);H.C,(OH),~ ~
= Ca(00C),H,C,(OH), .

They could react as follows by hydro-
gen bonding with O~ ions:

0~ + (HO)CH(COO~ ).
= O(HO0),CH,(COO); .

The unionized molecules could react
as follows by hydrogen bonding with O~

ions:
0~ 4 (HO)CH.(COOM),
= O(HO),CH,(COOM); .

These hydroxylated carboxylated acids
may undergo what is known as chelation
by hydrogen bond formation (33)
whereby an OH group in one molecule
may react as follows with an OH group
in another molecule:

ROH + OHR = ROHOHR.

A number of molecules may be combined
in this way to give very large molecules.

Weyl has shown how the ions in the
surfaces of crystals may be rearranged
to lower the surface energy. It is not



22 SyMPOSIUM ON ADMIXTURES IN CONCRETE

possible with our present knowledge to
predict the arrangements of adsorbed
ions and molecules on the crystals of the
cement minerals. However, it is known
that some of these are arranged to give
particles that repel each other. Also, it
is known that certain adsorbed ions and
molecules retard the rate at which ce-
ment pastes stiffen. If the rate of the re-
action shown in Reaction 12 controls the
rate at which the cement reacts with
water, then the adsorbed ions and mole-
cules must retard the rate at which H;O+
ions can be adsorbed by O~ ions in the
surfaces of the cement minerals,

A large ion such as (HORSO; ), ad-
sorbed on Cat* ions might screen the O~
ions and in that way retard the rate at
which they can adsorb H;Ot ions. The
adsorption by O~ ions through hydrogen
bonding of ions such as (HORSO;™), or
(HO),CH,(COO™); or of molecules such
as (HORSO;M), and (HO),C.H,
(COOM); would block the O~ ions from
H;O" ions. These adsorbed ions and
molecules might go through some rear-
rangement by the action of polarizing
forces or they themselves might adsorb
other ions or molecules through hydrogen
bonding.

It is not within the scope of this paper
to attempt to differentiate either be-
tween classes of compounds or between
members of a given class in their ability
to influence dispersion, water reduction,
and retardation in cement pastes. How-
ever, it seems reasonable to believe from
what may be expected regarding the ad-
sorption of different types of ions and
molecules that the characteristics of the
surfaces produced by the adsorptions of
different classes of compounds on the
cement minerals will differ and that these
differences will be reflected in properties
of the cement pastes.

The retarding effect of these organic
retarders appears to diminish with time,
Flint and Wells (34) showed that 3CaO-

Al:O; could form the compounds 3CaO-
Al;0;- 3CaSiO;- 30 to 32H,0 and 3CaO-
Al;0;-CaSi03-12H,0 and that 3CaO-
Al:O; could form the compound
3Ca0-Al;0;-3Ca(OH);- 30H,0 as well as
the compound 3CaO-Al,Q3:Ca(OH).-
12H,0. They classified the compounds
in which one mole of 3Ca0-Al,03 com-
bines with 3 moles of another salt as type
I compounds, and the others as type II
compounds, and listed formulas for ten
of the type I and for nine of the type II
compounds, taken from work of other
investigators. It seems, from the work
reviewed by Steinour (9), that most of
the type I compounds will form complete
series of solid solutions with each other
and that most of the type II compounds
will form complete series of solid solu-
tions with each other.

It appears from these studies on these
type I and II compounds that 3CaO-
AlO; will form double salts with all
calcium salts. Hence, calcium salts of
both organic and inorganic acids should
be removed from the liquid phase of a
cement paste by forming a double salt
with 3Ca0-Al:O; .

Lerch, Ashton, and Bogue (8) showed
that the sulfoaluminate formed in pref-
erence to the chloroaluminate in a mixed
solution of calcium sulfate and chloride.
It seems that the least soluble double salt
should be formed first. Hence, if the
compound formed with the calcium salt
of an organic acid was less soluble than
the sulfoaluminate, it should form in
preference to the latter. If this occurred,
the organic salt might be removed rather
rapidly from the liquid phase of the ce-
ment paste and, accordingly, exert its
retarding power for a relatively short
period of time. It would seem, therefore,
that the length of time during which
such a retarder would function would de-
pend upon the 3CaO-Al:O; content of
the cement. Tuthill and Cordon (35)
found that 0.5 per cent of a retarder pro-
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longed the setting time of one cement
from 6 to 11 hr and of another from 6
to 14 hr. Lukyanova, Segalova, and
Rehbinder (36) found that the adsorption
of sulfite liquor by cement was a func-
tion of the 3Ca0-Al,O; content of the
cement and was an irreversible process.

In some cases, it is desirable to use a
dispersing agent to reduce the amount
of water required for a given conerete
without retarding greatly the rate of at-
taining early strength. In such cases, a
mixture, for example, of an organic re-
tarding agent and calcium chloride may
be used as the admixture. The large nega-
tive ions and molecules of the dispersing
agent are adsorbed and retard the rates
of the reactions. However, as its concen-
tration is reduced by reaction with the
3Ca0-Al;,0;, the added CaCl; can func-
tion to increase the rates at which the
silicates develop strength. This increase
might equal or exceed the retardation
produced during the life of the dispersing
agent.

SUMMARY

A review of the literature leads to the
conclusion that many investigators of the
setting and hardening of portland ce-
ment pastes recognized that the cement
minerals reacted with water without dis-
solving in the liquid phase of the cement-
water paste.

This paper considers the reactions in
such pastes in terms of 3CaO-AlLQ;,
3Ca0-8i0; , and 2Ca0- SiO2 . It suggests
a mechanism for these reactions based
on the chemisorption of OH~ and H;0*
ions from water by Ca*t and O~ ions in
the surfaces of the crystals in which the
chemisorbed ions diffuse into the solid
crystals and transform them into solid

reaction products. In this mechanism,
3Ca0-AlO; causes flash set by the fol-
lowing reaction:

3Ca0-AlLO; + 9H:0
= 2Ca0-ALO;-8H:0 + Ca(OH);.

Calcium salts accelerate the rate at
which pastes of the calcium silicates de-
velop strength by decreasing the concen-
tration of Ca(OH). in the liquid phase of
the cement paste by the following reac-
tion which causes Ca(OH), to be pre-
cipitated:

2MOH + CaR = MR 4 Ca(OH):

where M is either or both Na and K, and
R is an anion.

By decreasing the amount of Ca(OH),
in solution, the concentration of H;O*
ions is increased and thereby the rate
at which these ions can be chemisorbed
by O~ ions.

The dispersing, water-reducing, and
retarding properties of organic materials
are explained on the basis of adsorption
of the organic anions and molecules. A
large anion adsorbed by the Ca** jons
in the surfaces of the crystals will tend
to block the O~ ions in those surfaces
and, accordingly, retard the rates at
which they can chemisorb H;O* ions.
The charges in the adsorbed anion may
be rearranged in the surface to produce
surfaces which are predominantly nega-
tively charged and, accordingly, repel
each other. Similarly, the O~ ions may
adsorb by hydrogen-bonding anions and
molecules that contain OH groups. These
will block the O~ from H;O* ions and
may undergo rearrangement to produce
surfaces that are predominantly nega-
tively charged.
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DISCUSSION

MR. HaroLp H. STEINOUR! (presented
in writlen form)—As the author’s paper
shows, the past experimental work leaves
much uncertainty regarding the chemical
and physical events that take place in
portland cement paste before it hardens.
There are, of course, good reasons for
this. Portland cement is a very complex
material, and the paste is a thick suspen-
sion ill adapted to the study of what goes
on inside. Thus the evidence that we now
have is in large degree indirect or in-
complete.

To present a detailed picture on the
basis of present knowledge involves,
therefore, considerable speculation. Be-
fore we can eliminate the speculative ele-
ments we shall have to do much more
research. I know from discussion with the
author that he is fully as convinced as I
am of the great inadequacy of present in-
formation.

1 Assistant to Director of Research, Portland
Cement Assn., Research and Development Lab-
oratories, Skokie, Ill.

As is natural in so speculative an area,
the author shows that different investiga-
tors arrived at different interpretations.
He accepts a part, rejects a part, and
builds his own conception of things. The
foundation of his edifice is the assump-
tion of “solid state reactions.”

This is a bold move. Although, as he
shows, some others have also assumed
direct, or in stiu reaction, none has gone
into the detail that he has or been so
articulate about diffusion into crystals as
a major feature of the reaction mech-
anisms.

In thus presenting something new in
so controversial a field, I am sure that
the author did not expect, nor wish, to
avoid critical comment. Following his
own pattern, I am inclined to accept a
part and question a part of what he has
offered.

Retardation by Gypsum:

What I canaccept wholeheartedlyisthe
prominant role assigned to adsorption. I
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think of -this as formation of surface
layers or coatings (held by either physical
or “chemical adsorption and not limited
fo monolayers), which coatings act to
hinder further reaction of the underlying
solid. However, I think of these coatings
as forming by precipitation onto the re-
acting solids. My views are expressed in
a paper published in 1958 (1).2 Though
my ideas of mechanism differ from those
of the author, I agree with his conclusion
that in retardation by gypsum or other
form of calcium sulfate ““some combina-
tion of SO; with 3CaO-Al,0; prevents
flash set.” This product is called a cal-
cium sulfoaluminate. Experiments have
shown that a large proportion of the
gypsum retarder reacts within the first
moments of contact with water, forming
apparently such a product (2,3). This
sulfoaluminate apparently coats the sur-
faces of the tricalcium aluminate, thus
preventing ready access to the solution,
for the reaction with suifate drops ab-
ruptly to a very low rate. The paste re-
mains plastic, showing that flash set has
been avoided.

The coating isnot wholly protective, for
the tricalcium aluminate continues to re-
act slowly, but the reaction simply forms
more sulfoaluminate which can continu-
ally repair the coating as long as any
calcium sulfate remains. However, exper-
iment shows that the sulfate is eventually
consumed. There then occurs in some
cements the “delayed rapid reaction”
that Lerch (reference (16) of the paper)
demonstrated by means of the heat liber-
ation. This is apparently a rapid reaction
of the tricalcium aluminate that can
occur when no more sulfoaluminate can
form and calcium aluminate hydrate
starts forming.instead. Formation of this
new product-apparently breaks up the
coating, thus allowing the reaction to ac-
celerate. A point of special interest is

2 The boldface numbers in parentheses refer
to the list of references appended to this discus-
gion,

that in cements in which this delayed
rapid reaction develops use of ample
gypsum causes it to occur after final set.
Under such circumstances it is evident
that hydration of the aluminate is not
what caused the set. Indeed the very
fact that so rapid a reaction of aluminate
can occur in already set cement suggests
that the reaction cementing the mass to-
gether has been occurring at other than
the aluminate surfaces. In a case like
this, the set evidently occurs as a result
of the hydration of tricalcium silicate,
for experiments with pastes of this com-
pound show that they set in about the
same time as normal cement pastes.

Of course, when too little gypsum is
used, the control exercised over the re-
action of the tricalcium aluminate may
cease at a relatively early stage, with
relatively early onset of the ‘“delayed
rapid reaction.” If the cement has not
already set, this reaction of the aluminate
can evidently produce set much as in un-
retarded cement. The nature of the re-
action causing set is thus dependent on
the amount of gypsum used. However,
cements that contain what Lerch defined
as the optimum gypsum content should
apparently all set because of hydration
of the tricalcium silicate—the aluminate
reaction being sufficiently controlled.

Slowness of Solid State Reactions:

Returning now to the author’s theory
of solid state reactions, I regret that a
part of it is very difficult for me to accept.
He assumes that ions can diffuse with
great rapidity into the clinker compounds
at ordinary temperature. Moreover,
rough calculations indicate that diffusion
through many molecular layers would be
necessary to account by this mechanism
for the amount of reaction that he ob-
tained in 1 min. This rapid diffusion into
the solids is so basic an element of his
theory that I regret to dispute it, but to
me it seems very unlikely.

Qur laboratory library has several
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books and journal papers that review
solid state reactions. Examination of
these has confirmed my previous,impres-
sion that such reactions have nearly
always been studied at elevated temper-
atures for the reason that they do not
generally occur with sufficient or even
measurable rapidity at room tempera-
ture. The reference here is to solid re-
actions that require diffusion into the
solid, as distinguished from reactions
such as dehydrations that simply remove
a part of the crystal lattice and can open
up channels for further removal. T ex-
empt, also, reactions such as those of
zeolites, where the crystal lattices are so
open-structured that ions can move
through the channels as they might along
an exterior surface. Though the atoms in
the cement compounds may not all be in
the closest packing, the crystals certainly
contain no such channels as in the zeo-
lites. The densities of the cement com-
pounds are relatively high, and diffusion
of such ions as Hy0* and OH™ into the
crystals would apparently have to occur
by displacements such as occur in those
solid state reactions that proceed very
slowly or not at all at room temperature.
The author’s discussion is in terms of
diffusion into these original solids, but I
find that the diffusion that is generally
discussed in solid state reaction theory is
that through the layer of reaction prod-
uct that builds up. Indeed, it is hard for
me to see how there could be much dif-
fusion into the cement compounds since
the products are of greater volume, and
there would apparently be a breaking up
at the surface. If diffusion into the orig-
inal solids does not have to occur and if
the products (other than Ca(OH),) are
gels and thus relatively permeable, then
I can see more possibility of some kind
of direct, or in situ reaction, but the
author has assumed diffusion into the
original solids. Hence my discussion re-
lates to diffusion of this kind.

Since solid state reactions are studied
in the absence of a liquid phase, the per-
tinent literature relates mainly to reac-
tions between solids. My examination
disclosed one so-called reaction or “start-
ing” temperature as low as 160 C. Other
reactions were indicated to proceed be-
tween 200 and 300 C and others between
300 and 400 C. These seemed to be re-
garded as the lower ranges of tempera-
tures for solid state reactions involving
interaction of inorganic salts and oxides.

Tammann, an early experimenter in
this field, reported an approximate rela-
tionship between reaction temperature
and melting point of the solid. Welsh (4)
reporting in 1955 defined the “Tammann
temperature” as ‘‘very approximately
the minimum temperature at which the
solid may be expected to enter into a
solid state reaction of appreciable rate.”
He said, “Such characteristic tempera-
tures are only a general guide to solid
reactivity, but as such they are useful.”
For reaction involving lattice diffusion
he gives the Tammann temperature as
one half the melting point on the abso-
lute scale. For appreciable ‘‘surface mo-
bility of lattice units,” the corresponding
fraction is three tenths of melting point.
Since the major compounds in cement
clinker have melting or decomposition
points ranging from about 1400 C to
above 2000 C, the reaction temperature
on either basis would be far above room
temperature.

Hedvall, another extensive investiga-
tor in this field, found that for a number
of reactions involving calcium oxide the
reaction temperatures were all somewhat
above 500 C (4).

Viewed against this background, solid
state reactions involving diffusion into
the crystal do not appear to me to pro-
vide a sufficiently plausible explanation
of the rapid formation of reaction prod-
uct when portland cement first comes
into contact with water.
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Volume Considerations:

Support for this viewpoint can also be
drawn from the fact that the hydration
products occupy much greater volume
than the anhydrous solids. Even if the
calcium hydroxide that is split off is
thought of as dissolving and going else-
where, there is still a large volume in-
crease. This is true even for tricalcium
silicate, owing to the pore volume that
Powers (5) has found to be an essential
part of the hydration product, or cement
gel. Thus, if solid state reaction is the
correct mechanism throughout, the orig-
inal particle must obviously expand
greatly and can only do so by pressing
out against its surroundings. A similar
action evidently does occur in the case
of delayed hydration of calcium and mag-
nesium oxides, as the author has noted.
These, however, are disruptive and dis-
integrative reactions whereas the normal
hydration of portland cement is not.

Hydration by dissolution and precipi-
tation, which is the usual mechanism of
low-temperature reactions in the pres-
ence of a liquid phase, does not involve
this problem. Of course, as reaction pro-
ceeds and the cement particles become
enveloped with reaction product, reac-
tion by solution and precipitation must
become more involved. Presumably, sur-
face forces are then felt at all times.
Solution may then take on a somewhat
different meaning while still involving
the loosening of ions from their positions
in the crystal, with passage into a more
fluid film before being reoriented and de-
posited as part of a hydrate molecule.
Some hydrate could be deposited in the
space made available by the dissolution,
and some would evidently have to form
by transport of ions out through narrow
channels until spaces affording sufficient
room for deposition of product were
reached. Powers (6) has given consider-
able thought to matters of this kind.
Here, we are concerned with the early

reactions before this problem becomes
acute.

However, before leaving the subject,
it is of interest to refer to the observa-
tions of McConnell (reference (19) of the
author’s paper). McConnell found natur-
ally occurring nodules of dicalcium sili-
cate surrounded by pseudomorphic
sheaths of considerable thickness. In this
case, leaching of the original crystals
was a prominent feature of the mech-
anism for there were left only 6 silicon
and 5 calcium atoms in unit volume that
originally contained 8 silicon and 16 cal-
cium atoms. Thus, ample space was
cleared for the hydrate water.

Lack of Direct Data:

The author rejects the solution and
precipitation mechanism because he
thinks it could not operate fast enough
to give as much product as was formed
during the first minute. It might perhaps
be argued that the experiments on which
he bases this conclusion involved reaction
with calcium chloride instead of the usual
reaction with gypsum; however, I do not
raise this point because I believe, as he
does, that the usual reaction rate is com-
parable.

As T understand it, the autho is not
arguing, as a general truth, that reactions
of solution and precipitation cannot
occur so fast as the reaction that did
occur. This would be a very difficult posi-
tion to maintain, for it is common knowl-
edge that solution and precipitation can
progress with great rapidity. What he
finds impossible to believe is that the re-
actions of compounds containing silica
and alumina could occur so fast “when
only traces of these oxides can be found
in the liquid phase.”

Study of this qualification indicates
that the assumed impossibility of the
reaction reduces to assumed impossibil-
ity of the very high rate of transfer or
diffusion of ions through the solution
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which would be necessary if the concen-
trations during reaction stay so low.
Calculations could no doubt be made
that would establish the possibilities or
impossibilities more definitely, but I am
much more inclined to dispute the prem-
ise than the logic that is based on it.
That is, I do not believe that the con-
centrations did remain, during the ini-
tial minute of reaction, at such trace
amounts.

The only numerical data that the
paper presents on this point are for ex-
tracts taken at 7 min and 2 hr. But 7

o ——»Concentration in Solution

Time

. F16. 2.—Hydration by Solution and Pre-
cipitation.

min is too late a time to furnish a reli-
able indication of the situation during
the first minute, which is the period for
which the amount of reaction was deter-
mined. The author recognized this, for
he stated that similar data are obtained
for shorter reaction periods. I do not
doubt this, but I do doubt that data
that support his position have been ob-
tained within the initial 1-min period,
which is what is required.

In an earlier report (reference (3) of
the paper, pp. 318-321) the author used
the 1-min data of his Table I as indicat-
ing low silica and alumina concentrations
because rather good electrostatic bal-
ances of positive and negative ions are

obtained without counting these ions.
This indication, though more subject to
error than a direct determination, war-
rants attention, but it too does not take
us within the first minute. In other
words, it does not show how high the
concentrations may have risen during
the period of solution and precipitation
with which we are concerned.

Data for More Dilute Suspensions Suppor!
the Solution Theory:

I am not aware of any extraction data
having been obtained short of 1 min, but
extracts taken at longer time intervals
from more dilute suspensions give indica-
tions of what happens earlier in dense
paste such as cement paste. Whatever
the concentration of particles in the ini-
tial suspension, the concentration in
solution builds up toward a peak by
striving toward the solubility-concentra-
tion of the initial solid, and then as pre-
cipitation occurs it drops toward the
lower solubility-concentration of the
product. This course is indicated by the
accompanying Fig. 2. Decreasing the
concentration of solid in the suspension
naturally lengthens the time that would
be required to reach saturation if pre-
cipitation did not occur. Obviously, too,
it lengthens the time required to reach
the same height of peak when precip-
itation does develop. Owing to this
stretched-out time scale (which may
favor precipitation at less supersatura-
tion) the peak may not go so high, but
it is probable that the decline from the
peak will also be stretched out because
of increase of distance between precipi-
tation points. That is, precipitation prob-
ably occurs largely on the original par-
ticles and thus occurs less rapidly when
these are farther apart. On the whole,
therefore, it appears that for the more
dilute suspensions there would be a
rather general stretching of the time
scale of Fig. 2. Thus, it is indicated that
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TABLE 1IV.—SOLUTIONS DERIVED
FROM A PORTLAND CEMENT, 20 ¢ PER
LITER (FLINT AND WELLS).
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after this same period in less dense sus-
pensions, we may be confident that at
earlier moments relatively high concen-
trations were also developed in the dense
paste.

In the author’s experiments with cal-
cium chloride, he used 200 g of clinker
to 150 ml of solution, or 1333 g of clinker
per liter. In the work of Kalousek,
Jumper, and Tregoning (reference (13) of
the paper), for which the author reports
the 7-min and 2-hr data, a water-cement

: Ca0, | S04, | AlLO;, | SiO:,
Time of Contact g per £ per per per
liter liter iter iter
Imin..... ... .. 0.5168|0.3423|0.0064/0.0234
dmin.......... 0.5236|0.3414(0.0050|0.0208
Smin.......... 0.558610.3509)0.0052/0.0198
10min..... . .. .. 0.5634(|0.3358(0.0022(0.0216
3O min. ... .. ... 0.5744/0.3214/|0.0020(0.0202
lhr........... 0.6284(0.3317/0.0028|0.0154
2hr........... 0.7624/0.3095(0.0008(0.0102
S8hr........... 1.6125(0.1538(0.0025/0.0020
010 T T
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E:uo in Solution, g per liter
F1a. 3.—Solution Derived from B C:S and C;S (20 g per liter) (7).

high concentrations representing super-
saturation relative to the products will
be found at later times when the dilution
of the initial suspension is increased.
Making tests at a fixed period on sus-
pensions of progressively increased dilu-
tion would then be comparable in effect
to moving backward on the time scale of
Fig. 2. In any case, if concentrations are
permanently low after 1 min in dense
paste but are found to be relatively high

ratio of 0.35 was used, or 2860 g of clinker
or cement per liter. It is therefore of in-
terest to examine data of Flint and Wells
(7) which were obtained by shaking only
20 g of cement with 1 liter of water.
These data are shown in the accompany-
ing Table IV. At 1 min the concentra-
tions of Al,O; and SiO; may still appear
small, but they are much larger than the
3 mg and less shown by the 7-min data
of Kalousek and his associates. It is
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apparent also that the values diminish
with time, thus suggesting that at 1 min
the values were already on the wane. It
is to be noted, however, that the CaO
values are increasing with time. This is
owing to hydrolysis with production of
calcium hydroxide which is more soluble
than the other products. Thus, although
the other hydrates are already precipi-
tating, the calcium hydroxide concentra-
tion has not yet reached saturation. The
increase in calcium hydroxide concentra-
tion depresses the solubilities of the sili-
cate and aluminate hydrates and causes
their concentrations to drop more rapidly
than would otherwise be the case. In the
7-min Kalousek data, the CaO values
were high, which was sufficient reason for
the low values of SiO; and Al,Q; . Before
these high CaO values were attained, the
SiO; and Al;O; values would have been
higher because of the higher solubilities,
even had there been no supersaturation.

Valuable information is also provided
by Fig. 3 which shows data obtained by
Flint and Wells (7) upon shaking trical-
cium silicate and beta-dicalcium silicate
with water, using the same proportions
as for cement, namely, 20 g per liter.
Here the SiO, concentration is plotted
against the CaO concentration, and the
points are labeled to show the times at
which the extracts were taken. Dashed
tie lines connect the curves representing
the analyses of the extracts with a lower
curve that shows the equilibrium concen-
trations attained after precipitation oc-
curred in the extracts.

In the case of the slowly reacting di-
calcium silicate, the relative positions of
the 1-min and 5-min points indicates
that the SiO; concentration probably did
not go much higher than was found at
these times, namely, about 85 mg per
liter. But in the case of the tricalcium
silicate it is evident that the SiO: con-
centration may have gone considerably
higher than the 64 mg per liter found at

3 min. It is the rapid increase of the cal-
cium hydroxide concentration that has
forced this value down below that found
for the dicalcium silicate at 1 min. The
64 mg per liter is, however, a very high
value as compared with the value of less
than 1 mg per liter shown by Kalousek’s
7-min data reported by the author.

Forsen (reference (11) of the paper, pp.
208-363) reported work in which only
0.2 g of tricalcium silicate was shaken
with 1 liter of water. Even this very
weak suspension gave a l-min extract
containing 18.4 mg SiO; per liter. This
is 34.8 per cent of the total SiO: in the
sample. Although this percentage is sur-
prisingly large, comparison with data for
other periods indicates that if filtration
was adequate it is perhaps a fairly reli-
able result. Under the prevailing condi-
tions, the precipitation was small, for the
total amount of tricalcium silicate that
reacted was calculated as only 5.4 per
cent more, that is, 40.2 per cent. Here
then is evidence that exceedingly rapid
solution of tricalcium silicate may occur
when blocking by the product is reduced
to a minimum.

Forsen also reported that 0.2 g of tri-
calcium aluminate shaken with a liter of
water for 1 min gave an Al;O3 concen-
tration of 23.7 mg per liter, which is 31.2
per cent of the total Al,O;. It is a very
high concentration as compared with
that in the 7-min extract reported by the
author.

These various data lead me to believe
that the early reactions occurring in ce-
ment paste at ordinary temperature do
not depart from the usual rule but occur
mainly by solution and precipitation. It
is natural that in a cement paste these
initial reactions should largely cease
within a very short time since 1 min is a
reasonably adequate mixing period for
concrete, and a proper mixing period
must be long enough for establishment
of the conditions of retardation. With
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cessation of the reaction, the concentra-
tions of silica and alumina quickly ap-
proach the very low values that corre-
spond to the solubilities of the products.
The data indicate that at earlier mo-
ments the concentrations are much
higher. They may indeed be considerably
higher than any of the values reported,
since there is no reason to believe that
these represent the peak amounts at-
tainable in the paste.

The reaction of tricalcium silicate is
peculiar in that the initial rapid reaction
is so quickly reduced to a low rate that
it does not cause setting and yet later on
the reaction again accelerates, is not
quickly damped, and does cause setting.
This course is followed even in pure tri-
calcium silicate paste, and the changes
in reaction rate are shown by data on
heat liberation (reference (30) of the
paper, pp. 161-184). This self-regulating
effect of tricalcium silicate has received
no satisfactory explanation. One may
assume that the initial reaction is cut
short by the blanketing effect of hydra-
tion product, but the reason why the
effect should later be overcome is not
clear. Some possibilities suggest them-
selves, but only further research can
provide a decisive answer.

Importance of Hydroxyl Groups:

I am glad now to turn from these con-
siderations to an area in which the author
and I are in rather complete agreement.
The author greatly advanced our under-
standing of the action of the majority of
organic retarders when, in 1952 (refer-
ence (3) of the paper, pp. 598-627), he
reported that most retarders used in oil-
well cements fall in three main classes
and that all three classes consist of com-
pounds that contain the atom group
HCOH. As he reports in the present
paper, I presented additional data which
indicated that the active factor is simply
the OH group, for OH groups attached

to the benzene ring appear to be effective
in this way also (reference (3) of the
paper, pp. 627-631). In tests of chemical
additions to pastes of beta-dicalcium sili-
cate I had found an apparent relation-
ship between degree of retardation and
number of un-ionized or undissociated
OH groups. It appeared also that OH
groups in some inorganic compounds are
similarly effective if they do not dissoci-
ate or ionize off. The most plausible
mechanism appeared to be that of ad-
sorption through formation of a hydrogen
bond. From the author’s study of cement
retarders, it seems clear that what was
found for dicalcium silicate can be ex-
tended to cements. Indeed, in cements
with good contents of gypsum in which
setting is due to hydration of the trical-
cium silicate, it is logical to assume that
in order to obtain further retardation it
is the reaction of the silicate that must
be slowed up. An agent that is adsorbed
on dicalcium silicate would presumably
be adsorbed on tricalcium silicate also.
There is also good reason to believe that
adsorption through hydrogen bonding
occurs on tricalcium aluminate. A com-
mon form of hydrogen bonding is attach-
ment to oxygen atoms, and all of the
major clinker compounds are combina-
tions of oxides. As the author has pointed
out, the lignosulfonates contain OH
groups. Russian investigators have made
extensive studies with the lignosulfonates
and report extensive adsorption on tri-
calcium aluminate (8).

The molecules of chemicals that con-
tain OH groups tend to form hydrogen
bonds with one another. Thus com-
pounds with more than one OH group
may perhaps form particularly stable
adsorbed layers owing to the ability to
form cross linkages. Perhaps this is one
reason for the apparent relationship be-
tween number of OH groups and effi-
ciency of retardation. As the author
pointed out in his 1952 paper, the fact
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that a compound contains an OH group
does not insure that it will be a retarder,
for there may be opposing influences.
However, a compound containing several
OH groups appears generally to be a
strong retarder. Ordinary sugar (sucrose)
is reputed to be a very destructive re-
tarder. It sometimes gives a very quick
set owing apparently to the amount of
reaction that can sometimes occur before
the retardation is established, but fairly
small amounts can seriously affect early
strength development. This compound,
C12H2041 , contains eight OH groups.

Mr. W. C. HANSEN (author)—I am
pleased that the case for the solution-
precipitation hypothesis has been pre-
sented. I cannot, of course, present data
to refute Mr. Steinour’s arguments be-
cause the same data are available to
both of us. In other words, as both agree,
there is need for experimental work in
this field.

This position by Mr. Steinour is some-
what surprising because he and T. C.
Powers (9) published a paper in which
they seemed to accept the previously
published hypothesis that grains of opal
encased in a hardened cement paste
could chemisorb alkali and hydroxyl
ions from the liquid phase of the hard-
ened paste and form solid alkali silicates.
It seems to me that the mechanism sug-
gested for the reactions between cement
minerals and ions from the liquid phase
of cement pastes is similar to that postu-
lated for the reaction of opal and alkalies.

After my paper was written, I obtained
a translation of a paper by Funk (10)
who reacted 8 2Ca0-SiO, with water
vapor at 100 C and obtained a product
that had an X-ray diffraction pattern
similar to that of the tobermorite-like
product obtained when 8 2Ca0O-SiO; is
hydrated in water. He states:

“Le Chatelier’s hypothesis is generally ac-
cepted as correct, namely, that 3Ca0-SiO,
and 2Ca0-SiO: go into solution during hy-

drolysis and that calcium silicate hydrate is
precipitated out of solution due to its low
solubility. Formation of the tobermorite-like
calcium silicate hydrate phase through ac-
tion of water vapor on 3 2Ca0-SiOz at 100 C
demonstrates that some other mechanism
may be at work during the reaction of H:0
with g 2Ca0-Si0,."”

Chemists long ago recognized that re-
actions occurred at the surfaces of solids.
In some cases, they were certain that
these were chemical reactions and used
the word chemisorption for such reac-
tions. When they were in doubt about
them being chemical reactions, they used
the term adsorption. However, they did
limit these reactions, at least by defini-
tion, to reactions of a solid with ions and
molecules from a liquid or a gaseous
phase. That is, the definition of adsorp-
tion did not include any reaction of one
solid with another as adsorption. The
solution-precipitation theory appears to
include a reaction between two solids
under the heading of adsorption. That is,
it seems to visualize, for example, the
precipitation of a hydrated calcium sili-
cate on the surface of a crystal of 3CaO-
Si0; as adsorption. I cannot visualize
this type of a process as one that should
be classed as either adsorption or chemi-
sorption. It seems that a precipitation
could occur in which the surface of the
3Ca0-Si0; would be covered with the
hydrated silicate without any interaction
between the two solids. The precipitate
could interfere with the further reaction
of the 3Ca0-Si0; and water by a more
or less blanketing effect.

A number of investigators have sug-
gested that the hydrated calcium silicates
formed by the reactions of 2CaO-SiO,
and 3Ca0-SiO; contained adsorbed
Ca(OH). . It was never clear whether
this was visualized as a case of one solid
adsorbing another solid or whether cal-
cium and hydroxyl ions were adsorbed
from solution by the solid hydrated cal-
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cium silicate. Recently, Brunauer, Kan-
tro, and Copeland (11), from their studies
and from studies of the work of others,
concluded that theadsorption of Ca{(OH),
on the surface of tobermorite must not
be appreciable. The results of their
studies also indicate that some Ca(OH),
would exist in hardened cement pastes
as amorphous or poorly crystallized
Ca(OH); . This, together with the evi-
dence that the other reaction products are
also either amorphous or poorly crystal-
lized, does not support the solution-
precipitation process,

One can also visualize the case in which
a hydrated silicate could crystallize on
the surface of a crystal of 3Ca0-SiO, by
using the 3Ca0-Si0; as a nucleus on
which to crystallize. This, it seems,
should not be called adsorption. How-
ever, if it did occur, there is the problem
of the mechanism whereby the 3CaO-
Si0; that acted as the nucleus reacts
with water for its final hydration.

Mr. Steinour argues against what I
have classed as solid state reactions oc-
curring at atmospheric temperatures.
However, he seems to have accepted the
idea that opal and sodium hydroxide can
react at such temperatures without the
opal going into solution. He likewise
accepts the reaction of MgO with water
vapor at these temperatures., I see no
reason for doubting the possibility that
minerals, such as 3Ca0-SiO; and 3CaO-
Al:Oz, can undergo a similar type of
reaction with water at atmospheric
temperatures.

Mr. Steinour cannot visualize these
solid state reactions occurring without
causing expansions. Our picture of the
structure of hardened cement paste is not
based on direct evidence. It is built up
primarily from sorption data. These data
may give a fairly accurate measure of
porosity of the paste. However, it does
not seem that they can possibly reveal
whether or not a crystal of 3Ca0O-SiO,

has reacted with water to give a cluster
of identical particles of a hydrated sili-
cate in which the porosity of the cluster
is uniform throughout. It seems that the
same sorption results might be obtained
if the porosity of that cluster varied
widely from the center to outside and
also if the amount of water combined in
the individual particles varied widely.
The picture as revealed by these data is
an average picture and, as such, cannot,
in my opinion, be used to furnish data
for calculating the volume change of any
given particle of cement as it reacts in a
cement paste. It is necessary to build
these pictures to help in research but
they should not be accepted as estab-
lished facts.

Mr. Steinour uses data in his Table IV
and Fig. 3, taken from work by Flint and
Wells, to support the solution theory. In
our laboratory we have made many ex-
traction tests on pastes with water-ce-
ment ratios of about 0.50 to 0.75. The
compositions of these extracts show that
generally the liquid phase of a cement
paste is slightly supersaturated with cal-
cium hydroxide at the 1-min period.
Therefore, it seems that the liquid phase
of the cement pastes in normal mortars
and concretes must be saturated with
respect to calcium hydroxide almost im-
mediately when cement and water come
in contact with each other. If this is
true, then attempts to study extracts at
periods of less than 1 min might not
yield information different from that ob-
tained from extracts taken approximately
1 min after mixing.

The data from Flint and Wells used
by Mr. Steinour were obtained from so-
lutions that were not saturated with
calcium hydroxide for periods of several
hours. These data show that the concen-
trations of SiQ; and Al,O; are each about
0.002 g per liter when the solutions are
saturated with calcium hydroxide. These
values compare with those reported by
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Kalousek, Jumper, and Tregoning for
7-min and 2-hr periods.

The data by Flint and Wells are more
meaningful when expressed in moles per
liter instead of g per liter. The 1-min
data in Table IV then become 0.0092,
0.0046, 0.00006, and 0.0004 for CaO,
SOz, Al:Os, and SiO; respectively. Sub-
tracting the 0.0046 for SO; from the
0.0092 for CaO to give CaSO4, there
remains 0.0046 CaO to combine with
0.00006 Al,O; and 0.0004 SiQ;. The
ratio of CaO to Al;O; is 80 to 1 and for
CaO to SiO, is about 12 to 1.

The data from Fig. 3 for 3Ca0-SiO,
at 1 min show a ratio of moles of CaO to
SiO; of about 5 to 1. The ratio for 2CaO-
SiO; at the same period is about 4 to 1.
The data of Table IV and of Fig. 3 show
one of the following:

1. The compounds 3Ca0-SiO, , 2Ca0O-
Si0s, and 3Ca0-Al,0; do not dissolve
congruently, or

2. If the compounds dissolve congru-
ently the reaction products precipitate
from the solution within the first minute
after mixing.

If the compounds do not dissolve con-
gruently, then solid reaction products
are formed without the anhydrous crys-
tals going completely into solution. This
is what I have called a solid state reac-
tion. It seems to me that most of the
evidence when thoroughly analyzed fa-
vors some mechanism other than a solu-
tion-precipitation process; for example
Chapelle (12) states “But Le Chateliers
theory as given is still insufficient to ex-
plain why hydrated cement pastes reach
such great mechanical strengths.”

Mr. Steinour qualifies this theory by
saying:

“Of course, as reaction proceeds and the
cement particles become enveloped with re-
action product, reaction by solution and pre-
cipitation must become more invoived. Pre-
sumably, surface forces are then felt at all

times. Solution may then take on a some-
what different meaning while still involving
the loosening of ions from their positions in
the crystal, with passage into a more fluid
film before being reoriented and deposited as
part of a hydrate molecule.”

Messrs. R. C. MIELENZ aND R. B.
PEPPLER? (by letter).—The author’s con-
tribution constitutes a body of very in-
teresting postulations of solid state reac-
tions in cement hydration, which extends
but is grounded in modern thinking. It is
difficult to determine what is generally
accepted by cement technologists as the
most probable mechanism or mechanisms
of cement hydration, but it seems likely
that it will be agreed generally that
mechanisms similar to those postulated
by the author govern all but the early
hydration reactions. It is the author’s
contention that solution mechanisms
play only a negligibly smail role even in
these very early reactions, that is, in the
first few minutes of cement-water con-
tact. This and certain other theories of
the author are open to some criticism.

The author observes the relatively
small concentrations of silicate and of alu-
minate ions in solution in the filtrates of
cement pastes taken a few minutes after
mixing the cement and water and further
observes the evidence which indicates
that hydration of the cement has pro-
ceeded to a relatively great extent in this
short time interval. From these two ob-
servations, the author concludes that the
mechanism of hydration in this time in-
terval must be solid state reactions rather
than solution reactions. Such a conclu-
sion is not supported adequately by
available data.

The kinetics of solid state reactions
such as the author postulates are gov-
erned by rates of diffusion of ions into
crystals, among other things. Although

2 Director of Research and Assistant Director

of Research, respectively, The Master Builders
Co., Cleveland, Ohio.
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data on the particular diffusion rates
under consideration are not available, it
seems more reasonable to suppose that
the postulated solid state mechanisms
would be slower, not faster than solution
mechanisms.

The absolute magnitude of the con-
centrations of the aluminate and of the
silicate ions in solution at a given time
are not important in this context. The
solubility of calcium aluminate hydrates
and of calcium silicate hydrates, respec-
tively, in saturated calcic solutions is
very slight and a concentration of sili-
cate or aluminate ions which is small in
absolute magnitude may yet represent
supersaturated solutions of the corre-
sponding hydrates.

The author points to the fact that
prehydrated and carbonated C;A reacts
more slowly than unaltered C;A, as in-
dicating that hydration of C;A is by
solid state reactions rather than by solu-
tion mechanisms. On the contrary, it
seems to be reasonable that surface layers
of highly insoluble calcium aluminate
hydrates and calcite should slow down
further hydration of the underlying C;A
crystals, if such occurred by solution
mechanisms.

Perhaps the most controversial state-
ment of the author is to the effect that
C;A will form sulfoaluminate analogues
with all calcium salts, including salts of
high-molecular-weight polymers. This is
difficult to imagine since it is well known
that ettringite is composed of close-
packed layers of O and OH, with em-
bedded Ca, S, and Al (13). Formation of
compounds isostructural with the sulfo-
aluminates and containing such large
anions as lignosulfonate would violate
the fundamental principles of substitu-
tion into crystal lattices. Molecular
weights of lignosulfonates range from
2000 to about 100,000 (14). This may be
contrasted with a molecular weight of
186 for calcium propionate. Therefore,

the extrapolation of the fact that sulfo-
aluminate analogues based upon calcium
propionate have been reported, to the
presumption that similar calcium ligno-
sulfonate analogues will form, is un-
warranted.

It would appear also that retardation
of C3A hydration as effected by materials
like lignosulfonates might better be ex-
plained in terms of adsorption of ligno-
sulfonate anions upon C;A grains or of
precipitation of insoluble highly calcic
lignosulfonate around the grains of CsA.

Although formation of reaction prod-
ucts of C;A and lignosulfonates, isostruc-
tural with sulfoaluminates, probably is
impossible, one should not conclude that
no chemical reaction occurs between
C:A and lignosulfonates.

Mr. HaNsSeEN.—Messrs. Mielenz and
Peppler suggest that the solid state
mechanism would be slower than a solu-
tion mechanism. I did not suggest the
solid state mechanism because it seemed
to be required by the rates at which re-
action products are formed. This mech-
anism was suggested because there seems
to be no evidence that shows that the
calcium silicates and aluminates dissolve
congruently and then react with water to
form hydrated products and because
this mechanism seems to explain the be-
haviors of portland cement pastes much
better than does the solution mechanism.

I did explain the retarding effect of
lignosulfonates on the basis of the ad-
sorption of either the lignosulfonate
anions or the lignosulfonate molecules.
However, I suggested that this adsorp-
tion became chemisorption with respect
to 3CaO-Al:O; and, in that way, the
lignosulfonate was rendered inactive as
a retarding agent. Mielenz and Peppler
seem to feel that it would be sufficient
to say that the lignosulfonate anions
were adsorbed by the 3CaO-AlyO; .

I visualize that the lignosulfonate re-
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tards the rate at which 3Ca0-SiO; re-
acts with water as well as the rate at
which 3CaO-AlO; reacts with water.
Also, I visualize adsorption as a reversi-
ble process in which the adsorbed mate-
rial moves back and forth from the
adsorbing surface and the solution. Ac-
cording to my concept of these mech-
anisms, 3CaO-Al;O; can, by chemisorb-

ing the lignosulfonate, but not by
adsorption, remove this material so it no
longer retards the rates at which the
3Ca0-Si0; and 3Ca0-AlyO; react with
water. Since the lignosulfonate is not
chemisorbed by 3Ca0-SiO; , the amount
originally adsorbed becomes less and less
as it is chemisorbed from the liquid phase
by the 3Ca0O-Al:O;.
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STRUCTURAL AND LEAN MASS CONCRETE AS AFFECTED BY

WATER-REDUCING, SET-RETARDING AGENTS

BY GEORGE B. WALLACE! aAND Erwoop L. Ore!

SyYNoOPSIS

Several commercial water-reducing, set-retarding agents of the lignin and
hydroxylated carboxylic acid classes are explored as to their effect on mix
design and on the many properties of fresh and hardened concrete. Their
benefits and limitations are explained so that the agents may be intelligently
and confidently utilized. Methodology consisted of comparing various con-
cretes containing water-reducing retarding agents with similar concretes with-
out agent. Results of several hundred laboratory and field tests conducted
over the past 5 years show that optimum dosages of many agents on the market
today will increase the compressive, tensile, and shearing strength of mass and
structural concrete and improve its resistance to freezing and thawing and
sulfate-induced expansive forces. The principal contribution of water-reducing
retarding agents toward improved workability is through their ability to ex-
tend the length of time in which concrete can be consolidated by vibration and
thus reduce the risk of obtaining cold joints. They do not, however, improve the
ease of handling concrete as gaged by the slump test, and in a few cases will
increase the rate of slump loss. Volume change due to wetting and drying, and
permeability of mass concrete are not affected by water-reducing retarding
agents in amounts sufficient to warrant changes in design and construction
considerations. However, reduced temperature rise and savings in cooling
mass concrete may be achieved as a result of lower cement requirement at-

tendant to their use.

New ideas and improved techniques
have characterized the concrete industry
during the spectacular growth of heavy
construction in America at midcentury.
This symposium study is a part of this
activity focused on establishing a body
of knowledge necessary for rational selec-
tion and use of water-reducing retarding
agents. The Bureau of Reclamation ex-
periences in the past few years have aided
in establishing criteria as to when and
how to use water-reducing retarding
admixtures to achieve economical im-
provements in the quality of concrete.

! Engineers, Concrete Laboratory, United
States Bureau of Reclamation, Denver, Colo.
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These experiences indicate that many
agents on the market today will produce
satisfactory results. The effects of such
admixtures on the many properties of
concrete must be known if intelligent se-
lection procedures are to be followed.
Understanding their benefits and accept-
ing their limitations will reduce the num-
ber of unsatisfactory experiences with
these agents and accelerate the growth of
confidence needed for their full utiliza-
tion.

Both laboratory and field tests are
described herein to show the influences of
various water-reducing retarding agents
(WR agents) on mix design, workability,

www.astm.org
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TABLE I.— CHEMICAL AND PHYSICAL PROPERTIES OF CEMENTS.
Type I Type II
Laboratory Number...... o v v o
21818 gl5/§8|8 /8|88 88
S |s|= |22 |=2|2|=2|=8|=%|8|=
Specific gravity....... 3.13| 3.15{ 3.16| 3.20[ 3.20| 3.17| 3.17{ 3.17| 3.18] 3.19( 3.13| 3.17
Time of set, hr:min
Initial............. 4:40( 3:10( 4:00| 3:50( 4:05] 4:50| 4:15| 3:40| 4:00| 4:30; 3:30| 3:55
Final. ... .......... 8:20( 5:15 6:50) 7:30; 7:15| 7:10| 6:45 6:25| 7:10} 6:45} 6:00] 6:30
Falseset............. no | no | no |yes | no | no | no | yes | yes [ no | no | yes
Blaine fineness, sq cm
perg............ 3116| 3363 3240 3484| 3484| 3426| 3360| 3376] 3520| 3314| 3407| 3541
325 sieve, per cent pass-
ing.............. 88.0 [89.5 {92.4 |96.5 [94.6 {94.1 |90.9 (94.0 [96.1 (93.4 [94.2 194.6
Air, pereent.. ........ 9.2 9.8 8413.2(9.5]9.119.5{10.7 |11.0 12.0| 9.3 | 8.1
Chemicals, per cent
BiOz............... 21.34{20.42(21.56|22.54|21 60122 .70(22.72|24 .83(23.24(22 . 27123.2 |{21.74
AbOg. ..o L. 5.49] 6.63] 6.20 4.80] 5.11] 4.81/ 4.70} 3.13!1 5.45/ 5.44} 4.6 | 5.18
FeOg. ............. 2.55( 3.50| 2.29| 4.54| 4.85| 3.56| 3.28| 2.67| 3.75/ 3.80 2.3 | 3.96
CaO............... 63.20164.44|65.19|62.37)62.86|62.81|62.86)65.41|64.15)63.46/63.8 162.90
MgO.............. 2.16| 1.12] 1.46{ 1.25] 1.50| 2.24| 2.69} 1.32] 0.81| 1.08| 2.45| 2.67
SO3.......0 oo 2.21| 2.24| 1.84| 1.78| 1.81{ 1.84} 1.86| 1.61{ 1.75[ 1.72( 1.9 | 2.32
NaO............_. 0.15| 0.15{ 0.08} 0.13{ 0.27| 0.22| 0.23| 0.14| 0.14| 0.07 0.05| 0.10
KO............... 0.51) 0.27{ 0.64] 0.62] 0.61) 0.47] 0.41) 0.14| 0.46| 0.48( 0.55| 0.56
Ignition loss, per
cent............. 2.06f 0.98 0.93| 1.74| 1.06| 1.25 1.28/ 1.12| 1.10{ 1.32| 1.4 | 0.85
Insolubleresidue, per
cent........... .. 0.13| 0.21| 0.13} 0.22]| 0.14] 0.17| 0.11] 0.08| 0.18] 0.12} 0.07| 0.35
Compounds, per cent
CaS..o 48.2 151.1 |51.3 (38.7 [45.3 (40.5 |41.60(48.1 {37.5 |42.1 |42.0 {43.69
CS..... 24.9 [20.0 [23.2 |35.5 |27.9 |34.6 |33.84/35.0 |38.4 [32.1 [35.0 |29.45
CiAF .. ... .. ... 10.7 |10.6 | 7.0 {13.8 (14.7 [10.8 | 9.97| 8.1 |11.4 [11.6 | 7.0 (12.04
[ O 10.2 11.6 12.6 { 5.6 1 5.3 6.7 | 6.911 3.8 1 8.1 {8.08.07.04
CaSO4............. 3.713.8(3.1{3.0{3.1]3.1}3.162.7 3.2 (3.94
TABLE II.—CHEMICAL AND PHYSICAL PROPERTIES OF POZZOLANS.
Laboratory Number. ..................... M-2017 | M | M-3233 [M-s0s3| M-3ses M-3337| op | M0 [ M0n
Physical properties:
Grinding time, hrimin........... 0:30{ ... 0:55| 0:45( 0:17| 0:35
No. 325 sieve. per cent passing...| 88.0| 91.2 94.1| 94.3 94.7| 96.4| 96.8| 99.0] 99.4
Air permeability surface, sq cm
POT B o e e 18 140| 2930 3496) 5772) ... 9484] 9403| 8417 9450
Specific gravity.. ............ ... 2.44] 2.52 2.531 2.39 2.54| 2.36] 2.38| 2.35] 2.35
Water requirement, per cent. . . .. 110/ 91.2| 94.0 [100.5| 101.0{101.3{107.2{100.5{100.5
Shrinkage at 28 days, per cent....| 0.108/0.065|—0.014]0.004|—0.005/0.024|0.018/0.017/|0.019
Reduction of reactive expansion
at 14 days, percent........... 93 70 63 69 73 78 76, 82
Chemical properties:
8i0;, FesO3, Al:O;, per cent. .. .. 72.69(70.0 | 86.76 |[85.14( 93.54 |86.9486.2485.47/85.47
MgO, percent................ 1.6 1.56 | 0.96] 2.35 1 0.20{ 0.21} 0.59| 0.59
Loss on ignition, per cent. . ... ... 0.67; 0.8 2.59 | 5.06 0.28 | 4.73{ 5.05; 3.79} 3.79
SOz ,perecent. ... ............. 1.7 2.38 | 0.01| 0.33 | 0.01| 0.04( 0.06( 0.06
28-day alkali release, per cent.. ..| 0.30] 1.07] 1.03 | 1.05] 0.84 ) 1.56| 1.26) 1.49| 1.49
.Moisture, percent............ 0.25 0.34 | 0.17] 0.01 { 1.35| 0.58 0.38| 0.38
Compressive strength of 2- by 2-in.
cubes:
Mass cure, 28 days, psi. ......... 5110 5780 5433 | 5558] 5967 | 6742| 5697| 6650 6400
Mass cure, 90 days, psi.......... 5670 58%0! 6433 | 5975| 6425 | 6825| 5625 6792 6508
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strength, durability, volume change,
adiabatic temperature rise, and permea-
bility of concrete. Laboratory test results
provide valuable indications of the po-

SyMposIUM ON ADMIXTURES IN CONCRETE

Laboratory Tests:

Physical and chemical properties of the
materials used in the laboratory series of
mixes are recorded in Tables I, IT, III,

TABLE IIL.—SAND AND AGGREGATE GRADINGS, EXPRESSED
AS PER CENT RETAINED.

Sand Aggregate
5 p
Series ‘gg’ Slalsl = g 3| »|8& » 53:
2212 | T2 |7 (5208« 33 |5 |Ees| < o |58
EgIPeleig |2 |85|85| 22|55 |FES|S |2 |F (2|0 (58588
52 28 5| 5| g (2222 B2 |88 |2ET T T | 4|7 | £ |4S|2=8
s S |z|2 sl @TRIE [&|<8 |e|lx|2li|B8 & |2
I (Clear Creek....| 114 | 38 | 18| 30| 30| 13| 8[2.58/2.66] 0.60| 20| 33| 47| o o[2.64] 0.70
II (Monticello (| 344 18| 32 17| 15| 14|2.63(2.66| 1.10| 40| 60] 0| 0] 0[2.65 1.10
Dam).......... 134 | 4 | 18| 32| 17| 15| 14/2.63!2.66] 1.10] 22| 33] 45/ 0] 0/2.65| 1.10
3 4 | 18] 32| 17| 15| 14/2.63{2.66| 1.10| 15| 25| 28| 32| 0]2.65| 1.10
II Ainsworth Ca-
nal.............. 114 | 1 [ 12| 35/ 23] 18] 11{2.78/2.64( 0.30; 22! 33] 45/ O 0(2.40| 3.30
III (Monticello
Dam)........... 6 4 | 18} 32| 17| 15| 14/2.63[2.66| 1.10] 10} 16| 20| 26| 28/|2.65| 1.10
III Kirwin Dam¢®...{ 6 3 [ 17] 35| 25/ 14| 6(2.48(2.63| 0.20| 6| 20| 25| 25| 24/2.62| 1.20
III Glen Canyon 6 6 | 20, 28| 12| 16| 18[2.66[2.62| 0.84| 11| 20| 30| 26| 13{2.59| 0.57
Dam........... 24 | 5 | 20 24| 14| 19| 18|2.76(2.63| 0.84| 13| 18| 33| 36| 02.62| 0.37
III Gross Dam. . . .. 6 5 | 12| 23| 30| 23| 7|2.75/2.67 23| o| 19| 28| 30/2.69
III Flaming Gorge
Dam............ 6 3 | 20| 30| 16| 18| 13/2.65/2.64] 0.71] 8| 12| 20| 30| 30/2.63) 0.65

% Crushed limestone coarse aggregate with natural sand.

TABLE IV,
Agent Description of Agents

A .. Ammeonium lignin sulfonate solution
B...... Ammonium lignin sulfonate solution
C...... Calcium lignin sulfonate solution
D...... Hydroxylated carboxylic acid solution
E. .. ... Ammonium lignin sulfonate powder
F.. .. .. Ammonium lignin sulfonate powder
G...... Calcium lignin sulfonate powder
H...... Calcium lignin sulfonate powder
I...... Calcium lignin sulfonate solution

J.. Calcium lignin sulfonate powder

K. ... .. Caleium lignin sulfonate powder with

accelerator
L...... Caleium lignin sulfonate solution

tential behavior of an agent under con-
sideration. However, it is desirable to
supplement these tests with field tests
using project materials under project
conditions before selecting an agent for
extensive use.

and IV. Mixes were designed, test speci-
mens fabricated, and tests performed in
accordance with appropriate standard
procedures (1).2 The terms nominal dos-
age, overdosage, and severe overdosage
are used herein to mean additions of WR
agents in approximate amounts of 0.3,
0.5, and 1.0 per cent, lignin solids or hy-
droxylated carboxylic acid solution by
weight of cementitious materials.
Laboratory mixes used in this investi-
gation are grouped into three test series:
Series I —This was designed to deter-
mine the effects of seven commercial
water-reducing agents on retardation of
set, water reduction, strength develop-
ment, and durability of concrete con-
taining 13-in. maximum-size aggregates,

2 The boldface numbers in parentheses refer
to the list of references appended to this paper.
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TABLE V.—SERIES I—SUMMARY OF MIX AND RETARDATION DATA AND
COMPRESSIVE STRENGTH RESULTS.

A S Time to Reach C ive Strength, psi/
' Agent, £ plerr é @ Water, mcei_t 1me to Reac! ompressive Strength, psi
Mix pe:u a:,‘ bt:en!:1 ‘.I:,)E b pt;lr b per' ; o0
cen yvol-| 8% |cuy 500 psi, © [4000 psi,* | 4000 - | 28 - | 180-
Z | ume § B cuyd hr:pmsiln hr: lgsl:l psif 2-day | gy day | day | day
Type I CEMENT M-2598
" No AceENT CoNTROL
No.1....... l none Iz.s‘ 6.0 ' 0.51] 239 [ 463 | 7:05 | 9:55 } 110[ 1190 |2200|3270|3780‘3800
AcENT E, M-2578
No.2....... 0.5 |3.2| 8.0 | 0.45[ 211 | 460 | 10:25 | 13:30 | 120| 1550|3270|4520|4780|5240
No.3....... 0.3 |2.4/ 5.5 | 0.50] 237 | 467 7:08 9:55 | 120| 1750(3450,4680(5320(|5480
AGENT F, M-2432
No.4....... 0.5 [1.0] 5.5 | 0.45| 217 | 475 | 14:50 | 18:30 | 130| 1320]3750{5280|6360[6010
No. 5....... 0.3 |1.9] 3.5 | 0.52| 248 | 471 9:00 | 12:10 | 150| 1470|3270]|4710|56550|5550
AGENT G, M-2194
No.6....... 0.5 (2.2] 5.6 | 0.47| 223 | 470 | 13:40 | 17:30 | 150 1440 3810:5040 6210|6080
No. 7....... 0.3 3.0 3.7 | 0.53| 248 | 465 8:35 | 11:00 | 140| 1430 3220|4680 5430(5510
AceNt D, M-2211
No.8....... 0.5 (2.3| 5.7 | 0.51| 239 | 463 |+ 30:00{—45:00| 460 650|29504670/5070|5520
No.9....... 0.3 |3.2] 6.2 | 0.51]| 239 | 462 11:15| 15:00; 210| 1360]2800/3860|4550|4780
TypE I CeEMENT M-2592
No Aeent CoNTROL
No. 10...... l none \2.51 4.0 \ 0.55| 259 | 474 ‘ 4::10‘ G:lOI 90! 1550|3040|4960\4670i4650
AGceENT E, M-2578
No.11...... 0.5 (2.4| 7.4 | 0.47] 217 | 465 5:45 7:30{ 90| 2000{3950(5400 5650‘5950
No.12...... 0.3 |2.8( 5.5 { 0.51| 241 | 470 4:35 6:45| 110( 1810(3570|5280 5750‘5810
AGENT F, M-2432
No.13...... 0.5 (2.2 5.2 | 0.49] 230 | 471 7:15 9:40| 90| 1970/4020]/6170/6700/6870
No.14...... 0.3 |2.5| 4.3 | 0.53] 247 | 469 5:20 7:55| 130 1780|3700(5390/6210{6100
AGENT G, M-2194
No.15...... 0.5 |2.5| 5.5 | 0.47] 223 | 472 7:15 9:40{ 130{ 2000(4350!5890|6650 6710
No.16...... 0.3 |2.6| 4.2 | 0.52] 244 | 470 5:20 7:25{ 170| 1860(3820(5320{6280|6440
AGENT D, M-2211
No.17...... 0.5 2.1 5.0 | 0.52| 242 | 468 7:55! 10:00| 100| 174013560 4950'5540 5780
No. 18...... 0.3 (3.1 4.6 | 0.54| 253 | 472 5:50 7:55( 100| 1580/3230|4610(5350)5180
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TABLE V.—Continued.
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2
Agent, | A[::;': o‘);‘i Water,| Ce- Time to Reach Compressive Strength, psi/
Mix pert g.‘ bcentl s‘;_.‘ 1b peé ﬂ:epn;'
cent? yvol-| 88 [cuy 500 psi, € |4000 psi,® | 4000 7- | 28- | 90- | 180-
5)'5 ume ; g cuyd hr:npfiln hr:ﬁxl) psid 2-day | 4oy | day | day | day
Type II CEMENT M-2610
No AceEnt CoNTROL

No.19...... none 13. 1] 5.4 [ 0.52i 238 | 456 | 5:45[ 8:20| 100‘ 910|2060|3900[5040]5320
AGENT E, M-2578

No.20...... 0.5 [3.3|21.0 | 0.42] 185 | 434 11:05] 16:55 130, 820/1990;3390/4020/4020

No.21...... 0.3 |2.9| 7.5 | 0.51] 234 | 452 6:15 9:15| 120 1030(2290(4180|5320(5080
AGENT F, M-2432

No. 22...... 0.5 |1.5} 6.9 | 0.44| 204 | 460 16:10! 23:35| 120] 470,2470(5190(6590(6080

No.23...... 0.3 |2.4/ 5.5} 0.50( 232 | 461 8:00| 11:45! 100| 650|2110{4480(6020|5650
AGENT G, M-2194

No. 24. ..... 0.5 |2.2| 7.6 | 0.43| 197 | 456 26:15| 53:15| 80| ... {1290/4710 5830|6060

No. 25...... 0.3 [2.9| 5.7 | 0.50| 230 | 458 8:05| 12:20{ 90| 630:2140|4820|6120;6340
Agenr D, M-2211

No.26...... 0.5 |4.0| 5.6 | 0.49| 226 | 461 26:05 31:00| 160| 420(2080(4610;6120/6450

No. 27...... 0.3 |3.0| 5.5 | 0.50 230 | 460 11:20] 14:20| 130 930|2250,4890{6080|6260

Type II CEMENT M-2595
No AgeENT CONTROL

No.28...... none }2.21 5.2 I 0.52[ 263 i 502 ] 5:30\ 7:45| 110) 1310!2900‘5120\5800‘5860
AGeEnT E, M-2578

No. 29...... 0.5 |3.2{13.0 | 0.42| 185 | 439 11:35| 16:15| 90| 890/2000/3480/3840|3930

No. 30...... 0.3 (3.0 8.2 | 0.44| 202 | 461 7:10 9:50| 90| 1440(3220|5100|5570}5850
AGeENT F, M-2432

No.31...... 0.5 |3.9) 8.0 | 0.42| 196 | 465 15:00| 33:05| 110[ 460/2580|5050 6090'6120

No.32...... 0.3 |2.1; 4.6 | 0.45] 216 | 476 7:45| 10:15( 90| 1580{3720{6260(7260/7430
AGENT G, M-2194

No.33...... 0.5 |3.6] 8.5 | 0.41] 190 | 461 22:50/ 48:00| 200 510%|20604690 5470'5390

No.34...... 0.3 |2.0{ 4.8 | 0.49} 232 | 472 8:05 11:10| 100/1520 (3600/6150/6760|6920
AGgent D, M-2211

No.35...... 0.5 (3.0[ 5.3 | 0.49] 234 | 473 23:20[ 26:30; 90 700'2440'5140 5710'5870

No.36...... 0.3 3.3 5.5 | 0.50 239 | 472 12:15 14:55 130 116012820 5090/5660|5650
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TABLE V.—Concluded.

o
.| Aird| Time to Reach c ive Strength, psi/
Agent, | .B ];::r o"é Water, Ce»t e e ompressive i
Mix per | & | cent | % {Ib per g‘e";
cent® | & [byvol-| € |cuyd mp;d 500 psi, | 4000 psif| 4000 | 5 qoo ! 7- | 28- | 90- | 180-
& | ume | o hr:min | hr:min | psid day | day | day | day
Tyre II CEMENT M-2400
No AGeENT CoNTROL
No.37...... [ none 3.5| 5.3 | 0.531 248 | 470 I 6:45] 9:15| 97[ 1200|2500|4160’5160|5370
AcEnT H, M-2997
No.38...... 0.5 |2.8] 5.0 | 0.44] 206 | 470 | 13:35| 16:05| 106| 2160/4460/6300|7110|7440
No.39...... 0.3 2.2 4.3 | 0.47| 224 | 475 | 8:00] 11:00| 120{ 1975/3780|5850/6770|6930
Acent I, M-2889
No. 40...... 0.5 |2.3] 8.0 | 0.41] 195 | 474 | 13:05| 16:50 89| 1520/3890/5720/6540|6440
No. 4L...... 0.3 2.5 4.5 | 0.48| 235 | 489 | 10730 12:35| 174| 1780|3850/5820(6450|6840
Acent J, M-2077
No.42...... 0.5 13.4] 3.5 | 0.47 221 | 475 | 13:00| 16:45| 112| 1500[3680|56306550(6870
No.43...... 0.3 |2.8 5.3 | 0.49| 227 | 464 | 11:25| 14:40| 184 1550/3460/5200|6280(6520
Tyepe II CEMENT M-3100
No AcenNT CONTROL
No.44...... | none lz.z‘ 4.1 | o.52| 245 | 470 ‘ 4:40| 7:05| 55| 1270|2710]4530‘ |
AGeENT H, M-2997
No.45. .. ... l 0.3 lz.gl 4.9 l 0.50' 207 | 458 { e:5o| 9:10| 109| 1720'3420[4990[ |
Acent K, M-3451
No.46...... ‘ 0.5 |2.5[ 4.7 ‘ 0.50‘ 228 i 459 l 4:10| 6:15| 64l 228013700{5080| [

o By weight of cement; solid basis (except agent D).
b Per cent by volume of concrete; 1{-cu ft air meter. .
¢ Time in hours and minutes when wet screened mortar shows resistance of 500 and 4000 psi to

penetration by standard Proctor needle.

d Compressive strength of 6- by 12-in. concrete cylinders when companion wet-screened mortar

has reached a penetration resistance of 4000 psi.
¢ Three days.

! Average of two 6- by 12-in. eylinders at each age.

when added in various dosages with a
variety of cements at a constant cement
factor. Results of this series are shown in
Table V.

Series IT.—In this series 4 lignin-type
and 1 hydroxylated carboxylic acid WR
agents were used in concrete containing

3. 13- 3-, and 6-in.-maximum-size ag-
gregates of relatively good quality. A
single type II cement was used, with and
without pozzolan replacement. Effects of
the agents on compressive, tensile, and
shearing strengths were determined from
concrete containing various size aggre-



4

gates and having various water to ce-
ment-plus-pozzolan (w/c + p) ratios.
Also, the use of a lignin-type agent with
aggregates of marginal or poor quality

SYMPOSIUM ON ADMIXTURES IN CONCRETE

the mass concretes, series III, reported
in Tables VIII and IX. The effect of the
agents on volume change, temperature
rise, and permeability, considered to be

TABLE VIL—SERIES II—CONCRETES CONTAINING 1}4-IN. AGGREGATES.
With and Without Pozzolans at Various w/¢ + p Ratios

o Con ive strength, psi
ggﬁ:ﬁt Agent® & _§' o 2 Standnrdnégll::gs ls-el:isy rfiign‘ c?l?nders”
Mix R7ti_&'1_or = At gl 88
wet | p B3 8%l s | 7 | 8| 90 [180-
Ratio ce;l;: Type g g g E & day | day | day | day | day 1-yr | 2-yr| S-yr
MonTiceLLo DamM—CeMeNT, M-2005—PozzoLan, M-2017
No PozzoLan, No AGENT
No.47.......... 0.45 2.4 5.0 190 0 {1590/2130|3720/|4850/5220|5590{5530/|6030
No.48.......... 0.51 2.3| 5.3| 188 © [1040(1810/3260(4100{4130(4520|4280{4880
No.49.......... 0.58 2.2| 5.7\ 188; 0 | 890/1380|2580|3390/3750(3780{4010{4100
No PozzoLaN AND AGENT A
No.50.......... 0.45 0.1l A | 1.5/ 4.4/ 169] 0 [1630(2620/3940/4790[5680|5730(65820/6610
No.51.......... 0.51 0.1] A | 1.3} 4.3| 176| 0 |1390|2030|3650,4500/5040]5500/5330)5480
No. 52. 0.58 0.1 A | 1.8 4.8 174/ 0 (1000{1450(2700/3620/|3790(3810/4210|4300
PozzoLaN, NO AGENT
No.563.......... 0.45 1.8| 3.0/ 220/ 30 |1380(2210;5050|5490(5720|6400|5950,6900
No.54.......... 0.51 1.9| 4.0] 219| 30 | 960/1590/3740|5000{4540|4950|5740(5700
No.565.......... 0.58 2.8] 6.9] 210 30 | 510/ 790|2410{3250/3510]|4000|3960/3960
PozzoLAN AND AGENT A
No. 56. . .|, 0.45 0.1] A | 1.2| 3.5 197| 30 |1320|2180 4730I5750 6010/660016530,7220
No.567.......... ©0.51 0.1 A | 1.5] 3.8/ 197| 30 | 930/1460|3680(4750/5120(5060(5610/5870
No.568.......... 0.58 0.1 A | 1.6] 4.2| 196/ 30 | 650{1010/3020(4020!4600(4640 4960|4990
AINSwWORTH CaNAL (MARGINAL AGGREGATE)—CEMENT, M-1700
No PozzoLan anp AGENT G

No. 59.. 0.51 ... ... 2.8] 6.0] 199/ © .. 2140'34203840
No.60.......... 0.53 0.2| G | 2.2/ 8.0|] 182 O ..12080|3160| ...
No.61.......... 0.52 0.4 G | 2.2/ 6.4 180 © . 2530'3900

o Per cent agent by weight of total cementitious material, solid basis.

& Air per cent by volume, air meter.

¢ Per cent by weight of total cementitious materials.
4 Average of two 6- by 12-in. cylinders at each age.

was studied. Results of this series are
shown in Tables VI and VII. ’
Series I111—One hydroxylated car-
boxylic acid WR agent and several lig-
nin-type WR agents with good water-
reducing effects were selected for use in

particularly important properties of mass
concrete, was determined. In addition,
effect of these agents on workability,
strength, and durability of mass concrete

. was determined.
Cylinders 18 by 36 in. in size contain-
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WALLACE AND ORE ON EFFECT ON STRUCTURAL AND LEAN Mass CONCRETE

ing full mass mix materials from Monti-
cello Dam, Calif.; Denver Water Board’s
Gross Dam, Colo.; Kirwin Dam, Kans;
Flaming Gorge Dam, Utah; and Glen
Canyon Dam, Ariz., were made for com-
pressive strength tests up to 5 yr of age.
However, results of tests on specimens
at 5 yr of age are presently available for
only the first two projects.

TABLE X.—COMPARISON OF FIE
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meet coarse aggregate specifications, is
being used in the concrete lining of Fre-
mont Canyon power conduit near Cas-
per, Wyo. The continuous tunnel-lining
method is being used here and initial
retardation is desirable to avoid cold
joints. Observations were made to deter-
mine the effects of a WR agent on ap-
pearance of the completed tunnel lining,

LD CONTROL TESTS WITH AND

WITHOUT LIGNINS.
Clear Creek Tunnel | Glen Canyon Dam F;:g::l’tggg‘){ﬁn Navajo Dam
Properties
2%-in. maximum 244-in.maximum 1%4-in. maximum 24%-in. maximum
Control | Agent H | Control | Agent G | Control | Agent G | Control
. e B s Fp R SE |5
Compressive strength, psi - . 2 ¢ ) " -
0, [ e (g . 1@
3~ e e e g
< 5 3
S| [BRE ER R FEE K
7 daysofage.......... 1 11920] 1 |2745]...]... 2(2770! 69|2370| 502800
28 daysofage..........[...|...[...|... 22|4750(186|4340| 734090 304190
90 daysofage..........[...[...[...]... .| seoof ]
Coefficient V, percent. . .. ..l .. [.. .. .. 7.31...19.8...115.9.. 113.7
Control, per cent........ o L. 91.3 102.4 125.1
Slump................. 6.3 5.0 4.7 5.0 4.0 4.4 4.7 5.3
Air (meter), per cent..... 4.2 4.4 3.3 3.5 4.2 4.5 3.0 3.8
Temperature, deg Fahr.. .| 46 53 68 70 56 67 64 74
Water.................. 233 221 225 206 283 262 256 224
Cement................ 487 454 441 401 531 500 446 432
Water-cement ratio. .. . .. 0.48 0.49 0.51 0.51 0.53 0.52 0.57 0.52
Sand, per cent. .. ....... 27 27 36 | 36 45 45 34 34
Water reduction, per cent. 5 8.4 7.4 12.5
Cement reduction, per
cent. . ............... 7 9.1 5.8 3.1

Field Tests and Observations:

The ability of a lignin-type WR agent
to improve the pumpability of concrete
placed in the diversion tunnels at Glen
Canyon Dam, Ariz., was studied by ob-
serving the frequency of plugged lines
and the power required for pumping
comparable concretes with and without
an agent. Also, observations were made
of the influences of WR agents on the
finishing characteristics of concrete
placed in floor slabs exposed to the desert
climate of this project.

Crushed tunnel muck, processed to

as well as the ability of the agent to con-
trol the set of the concrete.

Recently, tests were made to deter-
mine whether a WR agent could prevent
an aggregate-induced rapid slump loss in
tunnel concrete being placed at Prine-
ville Dam, Ore. Other tests to determine
the effects of WR agents on slump loss
were performed at Navajo Dam, N.
Mex.; Flaming Gorge Dam; Fremont
Canyon power conduit; and Clear Creek
tunnel, Calif.

At Anchor Dam, Wyo., a 375-cu-yd
block of mass concrete was placed with
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one half containing, the other half omit-
ting a WR agent. This permitted an
evaluation of the agent under field con-
ditions. Field control tests of concrete
with and without WR agents used on

SyMPoSIUM ON ADMIXTURES IN CONCRETE

requires a series of laboratory or field
trial mixes under job conditions. Trial
adjustments may be minimized by fore-
knowledge of the effects of a given agent
on other project materials. The value of

"o (Agent D Type I Cement M—-2598)
- Maximum Waler Requiremean!
§ [
100
- 10 Tests —J ? !
-] AL ] 1
- v [)
§ Average F‘D\ 10 Tests 6 Tests —
5 90 } Agenls C,D,E and + 1
~ ) ]
6 Tests ——u \ :
-3 T — '
H : —t—— :
€ 80 ‘Mﬁ,‘
£ L E-—s Tests '
H —
& 10 Tests. H
- 70 +
2 H
2 y———
Minimum Waoter Requirment _ _ "
60 (Agent £ Type II Camen! M-2595)
500 Maximum Air Content
(Agent € Type I Cement M-2610) 1
1
1
5 [ E
L »
S / ¢ 6 Tests '
= 300 : \"I
s / L,s Tesis :
i Average H H
. | Agents ¢,0, £.end F -] ; 4
g 20 %
- —_'_,--—' H
2 /N — ,
© 8 Tosts ——sf__ =" L1l Tests 10 Tests—}
a 100
8 Tests
| | 7
Minimum Air Content—"
° (Agen! D Typa I Cement M-2598)
0 0.3 0.5 1.0

Agent, per cent
Fic. 1.—Influence of Lignin and Hydroxzylated Carboxyic Acid Agents on Water Requirement

and Air Content of Structural Concrete.

Four different cements—four different agents—114-in. maximum size—Clear Creek, Colo., aggre-

gate.

several Bureau of Reclamation projects
are reported in Table X,

Mix DESIGN

Economical proportioning of concrete
mixes containing WR agents to meet
specified limits of slump, air content,
time of set, and strength development

such information is apparent in light of
the wide variations in water and air con-
tent that may be produced, as shown in
Fig. 1, by various agents used with dif-
ferent cements.

In general, partial doses of air-entrain-
ing agents were necessary and were
added to the mixes containing nominal
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dosages of WR agents, to raise the air
content to that of the mixes without a

51

duce the air content by the use of an air-
detraining agent.

1o
Agent 2
105
Air, 6.2 perceﬁf‘—_______t____.—/
i00 _ }
Air, 4.6 percent r
95
Air, 5.5 percent \
90 =
Air, 5.5 percent *
85 \_K T\Type I Cement M-2598
80 L
° “-Type O Cement M-2610
t 75 B e
S Type I Cement M-2592
s 70 S
t Type I Cement M-2585
8 es|— - ~
o
o 60
P,
§ 'O agent £
£ o5
= Air, 5.5 percen
5 100 Air, 75 percienf ]
. | Type I Cement M-2598 J
2 95 - .
§ ";’:’éfcfnr Type I Cement M-26/0
90— . —
Type I Cement M-2592
80 |————— - -
Air, 8.2 per cent A B
75 -
70 ———— b
Type II Cement M-2595 —
65 —
60 ) ‘
o] 03 0.5

10

Agent, percent by weight of cement
Fic. 2.—Influence of Lignin and Hydroxylated Carboxylic Acid Agents on Water Requirements

of Structural Concrete.

114-in. maximum size—Clear Creek, Colo., aggregate—four different cements.

W R agent (control mixes) which utilized
a normal amount of air-entraining agent.
On the other hand, several lignin-type
WR agents entrained excessive amounts
of air when used alone, that is, without
addition of an air-entraining agent. In
these cases, no attempt was made to re-

W ater Content:

Water reduction resulting from the
use of nominal dosages of the four WR
agents used with four cements in struc-
tural concrete, based on 16 comparisons
in mixes Nos. 1 through 36, ranged from
0 to 23 per cent of the water require-
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ment of the control mixes. In general,
the lignin-type agents were most efficient
in this respect, producing greater water
reductions than the hydroxylated car-

SymposiuM ON ADMIXTURES IN CONCRETE

Figure 2 shows that the ability of a
WR agent to reduce water is markedly
affected by the particular cement with
which it is used. For example, nominal

105

100

sacks Cement plus ¥

sack Pozzolan

4

95

AN

N

y

».

90

7
22—' sacks Cement

T

™~

85 '

Water Requirement, per cent of control

80

(s 500
Air Content (Use Left Or’dinofe)

1o N 2 sacks Cement plus 5 sack
// \( Pozzolon Z"

105 — AZZI sacks Cement - —1 ——— 400

100 ——

95 \ 300

90 R AL T f—_

Air

Entraining Agent (Use Right Ordinate)

Air Content, percent of control

Air Entraining Agent, cc per cubic yord

85 \\ 2 sacks Cement plus 24 sack Pazzalan —| 200
\ \( 2 2‘ sac/rs Cement

80 L2 —
! !
| |

75 - \\ ——] 100

70

65 0

0 0l10 0.20 0.30 040 0.50 0.60 0.70

Agent, per cent by weight of cement
Fic. 3.—Influence of Lignin Agent on Water Requirement and Air Content of Mass Concrete.
Wahweap Creek aggregate—6-in. maximum size—type II cement M-3100—pozzolan M-2942B—

agent G.

boxylic acid agent in comparable con-
cretes having essentially equal air con-
tents. The average reductions for
nominal dosages of the lignin-type and
hydroxylated carboxylic acid agents were
approximately 6 per cent and 4 per cent,
respectively.

dosage of 0.3 per cent agent E gave a
large water reduction when used with
cement M-2592, but was much less effec-
tive with cement M-2598. Both of these
mixes contained type I cement and 5.5
per cent air.

The average water reduction produced
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by optimum amounts of lignin-type
agents used in the mass concretes for
various projects represented by mixes

53

Air Content:

Figure 4 shows that the amount of air
entrained by a given amount of a WR

160
Agent 0
150
140 ]
Type I cement M-2592
130 \\
120
// Type IT Cement M-2610
1o yd
'
100
(Type.ﬂ' cement
s 90 S~ M-2595
[-3
.5. 80
Lx]
s Type I Cement M-2596]
= 70
S  eo
g so0
Agent £
< 450 "]
£ Type IT Cemen! M-2610~—_| /
§ 400 S
< 350 7Z Type I
Cemen! M-2595 f
300 / )
25
° / /( Type I Coment M-2592
200 F / /
150 s /
// N 1yper cement M-2598
100
50
o]
0 Q3 0.5 LO

Agent, per cent by weight of cement

F16. 4.—Influence of Lignin and Hydroxylated Carboxylic Acid Agents on Air Content of Struc-

tural Concrete.

1}4-in. maximum size—Clear Creek, Colo., aggregate—four different cements.

Nos. 80 through 117, Table VIII, was
about 8 per cent. Water requirement, air
content, and air-entraining agent require-
ment using Glen Canyon Dam aggregates
in mass mixes with various amounts of a
lignin agent are shown in Fig. 3.

agent varies considerably when used
with different cements. To maintain de-
sign air content, the normal air-entrain-
ing agent requirement of control mixes
wasreduced 60 to 100per cent in the mixes
containing nomina! dosage of lignin-type
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agents and 0 to 25 per cent for mixes
with hydroxylated carboxylic acid agents.

Objectionably high air contents were
obtained with overdosages of all lignin-
type agents. The same trend was not
noted when hydroxylated carboxylic acid
was used in overdoses or severe over-
doses, indicating that the latter agent
can be safely used in large quantities
when extended retardation is desired
without fear of entraining an excessive
amount of air. On the other hand, where
prolonged retardation is required and
obtained through the use of large quanti-
ties of lignin-type agent, a defoaming
agent added at the batch plant would be
required to control the amount of air en-
trained.

WORKABILITY

The influence of WR agents on the
workability of concrete is often discussed
by producer representatives and con-
sumers alike in a very intangible way.
Actually, workability characteristics are
tangible properties of concrete, measur-
able by tests of fresh concrete and ap-
pearance of the concrete upon completion
of the work. Characteristics include: (a)
mobility of concrete as measured by
slump and flow tests; (b) pumpability as
measured by frequency of plugged lines
and power consumption; (¢) ease with
which concrete can be screeded, floated,
and troweled, plus appearance of the
finished concrete surfaces; and (d) length
of time concrete can be handled and con-
solidated by vibration, as measured by
rate of hardening tests.

All four of these characteristics have,
to some extent, been investigated to de-
termine the influence of various WR
agents on the workability of concrete.
The chief benefit to workability accruing
from the use of WR agents lies in their
ability to extend the time that the con-
crete can be vibrated. This is a very im-
portant contribution, not fully appre-

ciated by a consumer who also expects a
reduced rate of slump loss through use
of WR agents. This does not occur.

Retardation:

The terminology, nominal dosage,
overdosage, and severe overdosage is very
descriptive of the degree of retardation
of structural concrete, as induced at 70 F
by the majority of WR agents studied
(without accelerators), when added in
amounts 0.3, 0.5, and 1.0 per cent, re-
spectively.

Average and limiting rate of hardening
curves for the structural concretes of
series I, plus 5 additional tests, are shown
in Fig. 5. Nominal dosages of the lignin
and hydroxylated carboxylic acid agents
extend the average time to reach vibra-
tion limit about 25 per cent and 40 per
cent, respectively, beyond the average
vibration limit of the control concretes
shown in Fig. 5. However, the range of
time intervals to reach vibration limit
produced by various WR agents with
different cements is very broad, ranging
from 4% to 122 hr for concretes with lig-
nin agents and from 5§ to 17 hr for
concretes with the hydroxylated carboxy-
lic acid agent. Hydroxylated carboxylic
acid agents may be better adapted for
occasions requiring extended retardation
because they have not been observed to
induce premature stiffening as has oc-
curred in a few instances with lignin
agents. Concretes with hydroxylated
carboxylic acid agents remain plastic un-
til the setting cycle commences and
thereafter execute a normal hardening
cycle.

Dosages of 0.37 per cent lignin agents
used in the series IIT mass mixes of the
Glen Canyon investigation extended the
average interval to reach vibration limit
about 35 per cent beyond the vibration
limit period of the control mix, as shown
in Fig. 6. Comparison of Figs. 6(a) and
6(b) shows that somewhat more retarda-
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tion is obtained by concretes with pozzo-
lan than without pozzolan. Figure 6(c)
shows retardation obtained by similar
concretes containing the same pozzolan
ground to different finenesses, and indi-
cates the lignin agent to be more effective
with the coarser ground pozzolan. Figure

SYMPOSIUM ON ADMIXTURES IN CONCRETE

at the batch plant do not reflect the in-
fluence of the increasing temperature
occurring within massive blocks in the
dam. To determine the effect of rising
temperatures on the rate of hardening of
mass concrete with and without lignin
and hydroxylated carboxylic acid agents,
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F1c. 6.—Influence of Agent on Rate of Hardening of Mass Concrete as Shown by Proctor Needle

Test.

Three type II cements—initial temperature of concrete 50 F—tests performed at 73.4 F.

6(d) shows that retardation can be re-
duced or eliminated entirely by adding
triethanolamine, a common accelerating
agent, to the lignin-type WR agent.
Water reduction alone would be a de-
sirable feature in cold weather.

Mass concrete in Bureau of Reclama-
tion dams is usually placed at an initial
temperature of about 50 F, then proceeds
through a period of rising temperature.
Tests performed on samples of concrete

the mixes reported in Table IX and Fig.
7 were made. The average initial tem-
perature of the mass concrete was 52 F.
Mortar samples, wet screened from mass
concrete, were immediately taken into
each of three rooms wherein the air tem-
perature was maintained at 50, 75, and
100 F, while rate of hardening tests were
performed.

The influence of predictable tempera-
ture cycles for various job conditions on
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(a) Prineville Dam—laboratory tests.

(b) Navajo Dam—field tests.

(¢) Flaming Gorge Dam—field tests.

(d) Fremont Canyon power conduit—field tests.
(e) Clear Creek, Colo., tunnel—field tests.

Fic. 8. —Influence of Lignin Agents on Rate of Slump Loss of Concrete for Various Projects,
58
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the rate of hardening of mass concrete
may be estimated from the data in Fig.
7. The figure indicates that larger dosages
of WR agents may be used without ob-
jectionable retardation when the tem-
perature of the concrete is ascending than
would be permissible if the concrete re-
mained at the placing temperature of
approximately 50 F. The acceleration of
hardening and early strength develop-
ment of mass concrete due to rising tem-
perature tend to reduce form pressures
and facilitate early removal of forms
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Fig. 8(8). A moderate rate of slump loss
encountered at Flaming Gorge Dam was
not corrected by the addition of agents
H and J, as shown in Fig. 8(c). Concretes
with normal and only slightly higher-
than-normal slump loss were encountered
at Glen Canyon, Clear Creek, and Fre-
mont Canyon tunnels. The addition of
lignin agents to the Clear Creek and
Fremont Canyon concretes did not ap-
preciably change the rate of slump loss,
as shown in Figs. 8(d) and (e).

In three of the six jobs cited above,

TABLE X1.—PIPELINE PRESSURES AND POWER REQUIRED FOR PUMP OPERATION

) Air Pll{actlng L?:::rnal;:l Kilowatts, | Length of Vz‘l)ﬁe
Mix Slump, in. | Content, c: ;d Pipeline per cu Line, Pumped,
per cent per min Pre;;u‘e, yd ft cuyd
No.1—Control. ............. 5.2 2.9 1.21 70 0.269 77 182
No.2—Agent @............. 4.1 3.4 1.05 70 0.296 77 180
No. 3—Control with interrup-
tions. .................... 4.0 3.1 0.91 76 0.415 96 123

without damaging the formed concrete
surfaces.

Slump Loss:

Although, as indicated by rate of
hardening tests, WR agents extend the
length of time during which concrete can
be placed and consolidated, the ease of
handling concrete after various intervals
of time following discharge from the
mixer is not similarly affected. Rate of
slump loss is the measure used to gage
this characteristic.

Figare 8 shows rate-of-slump-loss
curves depicting conditions encountered
on five projects. At Prineville Dam,
severe slump loss induced by the sand
caused difficulty in pumping operations.
As shown in Fig. 8(e), the addition of
lignin agents H and G apparently in-
creased the rate of slump loss. At Navajo
Dam, where cement has occasionally ex-
hibited false set, slump loss was not al-
leviated by agents G and J, as shown in

the contractors elected to continue using
the WR agents because there was a de-
crease in the frequency of plugged pump-
lines due to the presence of the lignin in
the concretes.
Pumpability:

In an attempt to gain more tangible
data regarding the effect of lignin agents
on the pumpability of concrete, special
tests were performed at Glen Canyon
Dam on tunnel lining concrete containing
2}-in. maximum-size aggregates, which
was being placed with a pumpcrete ma-
chine. Comparable concretes with and
without a lignin agent were pumped
through the same pipeline. Pressures in
the pipeline and the power required to
operate the pumps were measured. Fre-
quency of plugged lines was to be tabu-
lated, but none occurred during the tests.
Results of the first two tests, which are
summarized in Table XI, show that the
maximum pressures developed in the
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line were equal for concretes made with
and without the lignin agent.

Concrete containing the lignin agent
was pumped with 1 in. (20 per cent) less
slump than the control mix for approxi-
mately the same expenditure of power.
A second control mix, No. 3, was made
and tested in which the slump was nearly
‘equal to that of the lignin mix. The powet
requirement to pump this mix was 40
‘and 54 per cent more than that required
to pump the lignin and the first control
mixes, respectively. However, a part of
this increased power expenditure must be
attributed to the fact that flow through
the pipeline was interrupted briefly on
four occasions during the test and that
the pipeline was 25 per cent longer, neces-
sitating 8.5 per cent more pressure to
move the concrete. More tests are needed
to fully evaluate the benefits of WR
agents on the pumpability of a variety
of concretes.

Finishing Characleristics:

During construction of the community
facilities at Glen Canyon Dam, difficulty
was encountered in finishing concrete
slabs exposed to the hot desert climate.
The concrete surfaces dried out and be-
came encrusted before troweling could
be completed. Addition of a lignin agent
did not prevent formation of a dehy-
drated surface crust but did retard con-
crete in the base of the slabs. When a
heavy mechanical trowel was applied to
a slab, the retarded base rolled under
this weight and caused the surface crust
to crack. All observers, including a repre-
sentative of the admixture producer,
agreed that in this instance, retardation
was not desirable.

Several 2 by 2-ft slabs were made in
the laboratory, with and without a lignin
agent, to evaluate the effect of the agent
on hand screeding, floating, and trowel-
ing. The slabs were covered with wet
burlap between screeding and troweling

operations. The available period between
screeding and troweling operations on the
surface of the concrete containing the
lignin agent was appreciably longer than
the corresponding time for the control
concrete. This was not important in fin-
ishing the small laboratory slabs but
could be very important on large slabs,
or when the number of skilled finishers is
insufficient for the job.

A marked improvement in the metal-
formed finish of continuously placed
tunnel lining for Fremont Canyon power
plant was obtained by the addition of a
lignin agent. In this case, initial retarda-
tion produced by the agent was primarily
responsible for the improved appearance
of the concrete surface. By this means,
the long, advancing concrete slope in-
herent in this continuous construction
method remained plastic enough to re-
spond to vibration several hours after
discharge from the slickline, thereby re-
ducing the number of cold joints and
rock pockets.

STRENGTH

Results of the strength tests made
during this study substantiate the long
recognized theory that compressive
strength, tensile strength, and shearing
strength of concrete are all more or less
related. An increase or decrease in one is
generally reflected in the others, though
not to the same degree. The addition of
nominal dosages of most of the WR
agents tested improved the compressive,
tensile, and shearing strengths, as shown
in Figs. 9 through 24. The improvements
are diminished if cement is reduced to
offset the cost of the agents.

Compressive Strength:

More tests were performed to evaluate
the influence of WR agents on compres-
sive strength than were made for any
other property of concrete. Data reported
in this paper are based on compressive
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F16. 9.—Influence of Lignin and Hydroxylated Carboxylic Acid Agents on Compressive Strength

of Structural Concrete.

Clear Creek, Colo., aggregate—1'%-in, maximum size—6 by 12-in. cylinders—standard cured—
four different cements at 5 sacks per cu yd—four different agents.
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Clear Creek, Colo., aggregate—114-in. maximum size—6 by 12-in. cylinders—standard cured
two blends of type II cement—cement content: 5 sacks per cu yd—four lignin agents.
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strength test results of 1820 6 by 12-in.
cylinders and 111 18 by 36-in. cylinders
made in the laboratory, and 591 6 by
12-in. cylinders made for field control
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data derived from 52 mixes and 520
compressive strength tests of 6 by 12-in.
cylinders of series 1. Each graph portrays
the pattern of strengths obtained for a
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Fic. 11.—Influence of Lignin Agent on Compr
Without Pozzolan, Monticello Dam Series.

essive Strength of Structural Concrete With and

Cache Creek aggregate—114-in. maximum size—type II cement M-2005—calcined clay pozzolan
M-2017—agent used in the amount of 0.10 per cent by weight of cement and pozzolan.

tests. The test for compressive strength
was emphasized because experience has
shown that this test provides a good
over-all index of the quality of air-en-
trained concrete.

Laboralory Tests of Structural Con-
crete—Figure 9 graphically summarizes

given admixture dosage. In each case,
maximum and minimum compressive
strengths are delineated to illustrate the
range of strengths which may occur when
various combinations of admixtures and
cements are used.

Considering tests at all ages, 85 per
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Cache Creek aggregate—calcined diatomaceous clay pozzolan M-2017—type II cement M-2005.
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cent of the specimens containing nomi-
nal dosages of the WR agents developed
greater compressive strength than their
companion control specimens, the agents
increasing the over-all average compres-
sive strength by 18 per cent. Overdos-
age decreased to 66 per cent the num-
ber of specimens developing compressive
strength greater than control specimens;
the over-all average compressive strength
increases equaling 12 per cent. Severe
overdosage caused 72 per cent of the
specimens to develop less compressive
strength than the companion control
specimens, and accounted for a decrease
of 25 per cent in the average compressive
strength. ’

Since the above-mentioned tests were
completed, several admixture producers
have placed newer and reportedly im-
proved products on the market. Water-
reducing retarding agents H, I, and J,
and water-reducing accelerating agent
K, are among these newer agents. Com-
pressive strengths of specimens contain-
ing nominal dosages and overdosages of
these newer agents exceeded the com-
panion control cylinder strengths in every
case, as shown in Fig. 10. Nominal dos-
ages and overdosages increased the over-
all average compressive strength by 36
and 41 per cent, respectively. Percentage-
wise, strength increases were slightly
higher than average at early ages and
slightly lower than average at later ages.

Unlike most of the lignin agents used
in the previous mixes, agents H and J
did not produce excessively high air con-
tents when used in severe overdoses, and
therefore did not adversely affect ul-
timate development of compressive
strength which, at 90 and 180 days of
age, exceeded that of the companion con-
trol specimens by 4 per cent. However,
on the detrimental side, severe overdos-
age of these agents did produce excessive
retardation of set and slow early strength
development, which would necessitate

serious delays in form removal and
greatly increase the possibilities for dam-
age to structures during construction
operations.

The key questions in the mind of a
potential user of a WR agent are prob-
ably these:

What will be the effect of the agent on
the quality of the concrete at later ages?

Will the agent-induced strength in-
creases obtained at ages of 28, 90, and
180 days be reflected by similar increases
after the concrete has aged for several
years?

If cement content is reduced to offset
the cost of the agent and maintain the
water-cement ratio, will the strength of
the concrete after several years of aging
be as good as it would have been with
the richer mix and no agent?

Results of series II compressive
strength tests, shown graphically in Figs.
11 and 12, indicate that these questions
may be answered in the affirmative. The
figures provide a comparison of mixes
with and without WR agents, when the
ratio of water to cementitious materials
was held constant. To maintain this
constant ratio in the agent concretes, the
quantity of cementitious materials was
reduced 7 to 13 per cent for mixes con-
taining lignin agents and 3 to 6 per cent
for mixes with hydroxylated carboxylic
acid agents. Even with lower cement
content, concretes incorporating the WR
agents generally had higher strengths
than companion control specimens at all
ages through 5 yr. Although, as shown
in Fig. 11, the strength increase was not
great, it should be emphasized that the
lignin agent was added in a very slight
dosage (0.1 per cent) and greater benefits
than those shown in this figure would
no doubt be obtained by using nominal
dosages. The small quantity of agent
produced the greatest and most consist-
ent compressive strength gains with lean
concrete having a w/c + p of 0.58 and
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Fic. 13.—Influence of Lignin Agents on Strength of Mass Concrete.
(@) and (b) Monticello Dam-Cache Creek aggregate—6-in. maximum size—3 sacks cementitious
materials (exception’)—type II cement M-2005.
(¢) and (d) Kirwin Dam—crushed limestone aggregate—6-in. maximum size—3 sacks type II
cement M-1779.
Note.—All 18 by 36-in. data is extrapolated prior to 28 days of age.
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F1e. 14.—Influence of Various Quantities of Lignin and Hydroxylated Carboxylic Acid Agents
on Compressive Strength of Mass Concrete Placed at 52 F, Moist Cured 48 hr at 50, 75, and 100 F,

then Standard Cured. Monticello Dam.

Cementitious materials varied from 217 to 263 Ib per cu yd—type II cement M-2005—30 per

cent pozzolan M-2017-—constant w/c +p of 0.60—6 by 12-in. cylinders.
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SYMPOSIUM ON ADMIXTURES IN CONCRETE
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Fic. 15.—Influence of Agent on Compressive Strength of Mass Concrete for Glen Canyon Dam.
Wahweap Creek aggregate—6-in. maximum size—6 by 12-in. cylinders—standard cured.

containing 30 per cent pozzolan. This
agrees with observations by Doidge (2)
that plasticizers, possessing the power of
deflocculation, appear to increase the
pozzolanic activity. Results of tests on
concretes having w/c -+ p ratios of 0.45
and 0.51 and representing the richer
concretes containing pozzolan do not sup-
port this theory, although other tests of
lean mass concretes, to be discussed later,
do verify Doidge’s findings.

Figure 12 compares graphically the
age-compressive strength development of
concretes containing various maximum

size aggregate, with 20 and 30 per cent -

pozzolan replacements, and with and
without addition of lignin and hydroxy-
lated carboxylic acid agents. These con-
cretes had a constant ratio of water to
cementitious materials of 0.55, except for
an average value of 0.60 for the mass
concrete. Thus, cement content was re-
duced for the mixes containing WR
agents. Control specimens from the con-
cretes designed for 13-in. maximum-size
aggregates had considerably less slump
and air content than did the comparison
specimens with WR agents, creating an
impression which is inconsistent with the
generally indicated agent-induced gain
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Fic. 16.—Influence of Agent on Strength of Mass Concrete for Glen Canyon Dam.
Wahweap Creek aggregate—6-in. maximum size—18 by 36-in. cylinders—field eycle cured.

of compressive strength. In general, other
results indicate agent-induced gains in
compressive strength, particularly at
ages 1, 2, and 5 yr.

Laboratory Tests of Mass Concretes.—
The influence of W R agents on the prop-
erties of mass concrete is becoming of
increasing interest to the Bureau of Rec-
lamation and others who design and
construct large concrete dams. Figures
13 through 21 show the influence of WR
agents on the compressive strength of
mass concretes made with materials from
four Bureau of Reclamation projects.
The figures reflect test results from 52

sets of 18 by 36-in. mass concrete speci-
mens, each set consisting of 2 specimens
for comparison, 1 with and 1 without a
lignin agent. Included in the comparisons
are specimens made with and without
pozzolans, having various dosages of lig-
nin agent, and tested at various intervals
of time from 2 days through 5 yr of age.
Early age strength development of con-
crete in massive blocks is accelerated by
rising temperatures due to heat released
by hydrating cement. To reflect the in-
fluence of increasing temperatures, and
prevent loss of moisture, all 18 by 36-in.
cylinders were sealed in metal molds and
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Fic. 17 —Influence of Quantity of Agenton Compressive Strengthof Mas; Concrete—Glen Canyon

Dam Studies.

Wahweap Creek aggregate—6-in. maximum size—average per cent air = 3.0 (+0.1)—average

slump = 1.9 in. (=0.1).

cured at a temperature cycle predicted
for mass concrete in the particular dam
under consideration. In 49 of 52 com-
parisons, the compressive strength of the
specimens containing the lignin agent
exceeded, by an average of 21 per cent,

that of the control specimen. The three
exceptions were: 28-day strength, mix
No. 74; 90- and 180-day strengths, mix
No. 81. It is noteworthy that in mix No.
81 the specimens with agents contained
2.6 per cent more air and had 0.8 in. more
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Fic. 18.—Influence of Lignin Agent on Cementing Activity of Glen Canyon Dam Mass Concrete.
Wahweap Creek aggregate—6-in. maximum size—type II cement M-3100 Dam Flagstaff pumice.

slump than the companion control cyl-
inders, which would be expected to
reduce strength. Even so, the maximum
strength decrease was only 12 per cent at

90 days’ age. This apparent reduction in
compressive strength was reduced to 4.5
per cent at 180 days and at later ages a
strength increase was registered.
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To help answer the question, “What
is the effect of lignin agents on mass con-
crete after extended periods?” the results
of later age tests on 18- by 36-in. speci-
mens are tabulated in Table XII. Ref-

those specimens, referred to in Table X1I,
that contained more nearly an optimum
dosage (0.37 per cent). These results
indicate that the benefits produced by
use of lignin agents in mass concrete are

5000
4000 - /
0.37 per cent Agen! G, 5 per cent
Less Cementitious Moterigls |
3000 — 5 /
2000 /
Control -2 socks Type IT cement M-3329 + 1 sack Pumice
M~3439 4
& 1000
= 6 by 12 in. Cylinders
) Stondard Cured
[
- ]
Y 5000
: 0.37 per cent Agen! G
- 5 per cent Less Cementitious Materials
5 e
g 4000
8 }/
3000 /
2000 i
Control -2 socks Type IT Cement M-3329 +| sock Pumice
oo IT € ¥-3439 B
1000 I
6 by 12 in_ Cyliriders
Standord Cured
0 — |
0 7 14 28 90
Age, doys

Fic. 19.—Cement Reduction with Lignin Agent—Glen Canyon Dam Mass Concrete.
Wahweap Creek aggregate—6-in. maximum size—average per cent air = 2.5 (=0.1)—average

slump = 1.7 in. (%0.1).

erence to the table shows that, on
the average, compressive strength of
the later age specimens containing lignin
agent is 28 per cent higher than that of
the companion control specimens. The
average dosage of agent in these speci-
mens is 0.28 per cent. Compared to con-
trol, the compressive  strength was in-
creased an average of 40 per cent for

not temporary in nature, as is the case
with some accelerating agents.

Figure 13 shows compressive strength
development of mass concrete containing
various dosages of lignin agents and ma-
terials from Monticello and Kirwin Dams
for ages up to 5 yr. Results of tests on
18 by 36-in. cylinders containing the full
mass mix and 6 by 12-in. cylinders con-
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F1e. 20.—Influence of Lignin Agents on Compressive Strength of Mass Concrete.
Flaming Gorge Dam-river aggregates—6-in. maximum size—18 by 36-in. cylinders—field cycle

Nore.—Average water reduction due to use of lignin = 8.0 per cent.
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taining concrete from the mass mix wet
screened to 13-in. maximum-size aggre-
gate are shown in this figure. All but one
of the concretes contained a total of 3
sacks of cementitious materials per cu yd
of concrete. The one exception contained
0.20 per cent agent B with 2} sacks of
cementitious materials per cu yd of con-
crete, Results from this mix are plotted
with results.of tests on the control con-

SYMPOSIUM ON ADMIXTURES IN CONCRETE

w/c + p ratio of 0.60 and an initial
placing temperature of 52 F were main-
tained. The specimens were divided into
three groups and each group cured under
wet burlap for 48 hr at different tempera-
ture conditions. One group was cured at
the approximate placing temperature
(50 F), one at 75 F, and the third at 100

Compared to curing at 50 F, the higher

TABLE XIIL.—EFFECTS OF LIGNIN AGENTS ON COMPRESSIVE STRENGTH OF
MASS CONCRETE AT LATER AGES.

Compressive
Cementa- Agent
'Tm?s Pozzolan Strength
Project Age Mactkem\ls per cent’
sacks per
cu yge Type | Per cent gg;’gg‘l{
: 3 0 A 0.10 128
Monticello Dam............ 5yr {3 30 4 0.10 104
Gross Dam................. 5yr 213 0 A 0.20 116
; 3 0 A 0.20 132
Kirwin Dam............... 1yr {3 0 L 0.25 104
314 43 e 0.37 142
3 33 G 0.37 144
Glen Canyon Dam.......... 180 days 214 20 G 0.37 131
214 0 G 0.37 114
3 33 G 0.37 158
Lyr {3 33 J 0.37 162
Flaming Gorge Dam. .. ... ..
3 0 J 0.30 114
180 days {3 33 J 0.30 130
Average compressive strength, per cent of control. .. ........... .. .. ... ..... 128

* Fly ash used instead of project pozzolan.

crete without an agent containing 3 sacks
of cementitious materials per cu yd.
Strength development for the 2 concretes
is practically identical throughout the 5
yr of tests.

The effect of rising temperature on the
compressive strength development of 6
by 12-in. cylinders with and without
lignin and hydroxylated carboxylic acid
agents is indicated by tests results shown
in Table IX and Fig. 14. These cylinders
were fabricated from the minus 13-in.
fraction of mass concretes. A constant

curing temperatures accelerated early
strength and reduced ultimate strength
development. This was true of concretes
with and without WR agents. However,
these effects were offset by retardation at
early ages and increased ultimate
strength development induced by the
agents. Apparently, the detrimental ef-
fect on ultimate strength produced by
elevated early curing temperature may
be substantially offset by use of larger-
than-normal dosages of WR agents.
The specimens with the larger dosages
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3 sacks Type IL Cement 2 sacks Type II Cement 2 sacks Type IL Cement
M-3100 M-moé M-3100
No Pozzolan 1 sack Fly Ash M-2574 I sack Volcanic Ash M-3053
0.30 percent Agent v 0.30 percent Agent v 0.37 percent Agent 6
6000 T
Agonf&‘y
Agent J>_ /
5000 / p ! " _Z
st |
T
—'-P — —— / "
4000 [A =" \T ,14
,’ Control / . Aeontr ;3
'J,.; . P ontro
-
- »~ Control //
& 3000
£ /
3
[ =
2
& 2000
H 2 sacks Type II Cement 2 s::f;;gg‘ I Cement 2 sacks Type II Cement
. M-3100 I sack Calcined Shale M-3369
@ I sock Voicanic Ash M-3053 M_s;es.‘me 1 sg‘ckscgclined Shale
a2 0.3 t Agent 3431
§ 6000 T percont Agemt J 0.37 % Agent 6~ 0.37 percent Agent 6
Q /
/ Agent 6 /
.
~\ /
Agent G _- -
AgentJ \ 1/’ P -
5000 L
4 -’
e 1 s
V. /
7/ (Canfra/ //
~% /
4000 l — )
P Contro/ Contro/
ra
/7
3000 [/
Agent Mix Contains
S percent Less
Cementitious Material
2000 M-343F is Similar to M-3364/
28 90 180 28 90 180 28 90 180

Age,days

F1G. 21.—Influence of Lignin Agents on Compressive Strength of Mass Concrete.

Flaming Gorge Dam-r'}ver aggregates—6-in. maximum size—6 by 12-in. cylinders—standard
cured—average per cent air = 2.9 = 0.5—average slump = 2.0in. = 0.5.

! M-3431 is similar to M-3364,

of WR agents contained about 13 per of the agent specimens exceeded those of
cent less water and cement than the com-  the control specimens.

panion control specimens. Even so, the Compared to the effect of 50 F curing
average 90-day compressive strengths temperature on control specimens tested
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Fi6. 22 —Influence of Lignin and Hydroxylated Carboxylic Acid Agents on Tensile Strength of

Concrete at Constant w/c + p, Monticello Dam.
Cache Creek aggregate—calcined diatomaceous clay pozzolan M-2017—type II cement M-2005.
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at 90 days’ age, the rising temperature
induced a loss of compressive strength of
about 30 per cent in companion control

77

Compressive strengths of mass con-
cretes made with materials from Glen
Canyon Dam, as obtained by tests of 6
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Fic. 23.—Influence of Lignin and Hydroxylated Carboxylic Agents on Shearing Relationships at

Zero Lateral Pressure.

Note.—Intercept value on ¥ axis of €, =

\/rR and slope of tan 8;. =

h where r d R
—
\/ er! an

are the radii of the tension circle and ecompressive circle, respectively.

specimens cured at 100 F. Addition of
0.75 per cent lignin agent to a mix having
the same water-cement ratio (13 per cent
less cement) decreased the temperature-
induced loss of compressive strength to
only 6 per cent.

by 12-in. and 18 by 36-in. cylinders, are
shown graphically in Figs. 15 and 16.
Figure 16 indicates that, without excep-
tion, the compressive strengths of mass
specimens with lignin agents are signifi-
cantly higher at all ages than strengths
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of companion control cylinders. This is
true for concrete proportioned with 23, 3,
and 3} sacks total cementitious materials
with 0, 20, 33, and 43 per cent pozzolan

SYMPOSIUM ON ADMIXTURES IN CONCRETE

0.37 per cent) of agent per sack of ce-
ment produced the maximum compres-
sive strength in mass concrete made with
these materials. However, the compres-
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Frc. 24 —Comparison of Shearing Relationships Obtained from Triaxial Tests and from Simple

Compression and Tension Tests.

replacements. Figure 17 shows the re-
lationship between compressive strength
and quantity of lignin agent in concrete
made with Glen Canyon materials. Re-
sults of 28-day tests on 18 by 36-in.
cylinders indicate that 0.35 1b (that is,

sive strength was only slightly lower for
concrete containing 0.50 b of agent per
sack of cement. Furthermore, this quan-
tity of agent did not produce an objec-
tionable amount of retardation. A greater
amount of lignin agent per cu yd of mass
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concrete is required for optimum results
than would be required by structural
concrete.

Comparison of the effects of lignin
agent on mixes with and without poz-
zolans, shown in Fig. 16, indicates that
the agent was more effective in produc-
ing strength increases in the concretes
containing pozzolan. Figure 18 was pre-
pared to quantify the activating influence
of lignin agents on pozzolans, Compres-
sive strength test results of both 18- by
36-in. and 6- by 12-in. cylinders show
that agent-induced strength gains are
greater for concretes containing increas-
ing amounts of pozzolan up to a maxi-
mum amount of 33 per cent.

The data portrayed graphically in Fig.
13 and tabulated in Table VIII indicate
that significant and lasting benefits are
derived by use of lignin agents in mass
concrete. Are the tangible benefits worth
more than the cost of the agent? It
should be obvious to the admixture pro-
ducer that his customer will not be
interested in purchasing a WR agent
unless a net gain is realized when cement
and other savings are balanced against
the expenses encountered in purchasing,
storing, handling, and dispensing the
agent and in processing extra aggregates
to compensate for the reduced volume of
water and cement. WR agents provide
extra time for concrete surface finishing,
but this is not an important factor in
constructing massive concrete blocks.
Agents assist in preventing the formation
of cold joints, but these can usually be
avoided without retardation by careful
scheduling and provision of extra equip-
ment and labor. However, in many cases,
the added period of workability im-
parted by a retarding agent does permit
savings in equipment and labor cost. If
these savings balance the cost of hand-
ling, storing, and dispensing an agent,
and if slight cement reduction will pay
for the cost of the agent and costs of

additional aggregates, then the consumer
may, at no increased cost, obtain a higher
strength, better quality concrete. These
factors will no doubt be considered by all
parties concerned in deciding whether or
not a WR agent will be used in mass
concrete for future construction of multi-
million cubic yard structures.

The possibility of obtaining both ce-
ment reduction and higher quality con-
crete is indicated by tests performed with
Glen Canyon materials. In these tests,
the addition of a lignin agent more than
offsets the strength diminishing effect of
a 5 per cent cement reduction. The 28-
day compressive strength of 18 by 36-in.
cylinders containing lignin agent and 5
per cent less cement exceeded that of the
control cylinders by 22 per cent. Results
of tests on companion 6 by 12-in. cylin-
ders shown in Fig. 19 indicate a corre-
sponding strength increase of 10 to 15
per cent. In the case under consideration,
it is estimated that the 5 per cent savings
in cost of cement will equal the cost of
the agent and the extra aggregate. In
some cases, the cost of handling, storing,
and dispensing agents may be offset by
savings realized in handling and placing
the concrete. A WR agent was approved
and used in the tunnel concrete at Glen
Canyon Dam. Here, the cost of handling,
storing, and dispensing the WR agent
used in the tunnel lining was largely
borne by the contractor, and the cost of
the agent was borne by the Government.

Figures 20 and 21 depict the influence
of lignin agents on the compressive
strength of mass concrete made with ma-
terials tested in connection with Flaming
Gorge Dam. Here again, without excep-
tion, significant individual increases in
compressive strength were obtained by
use of the agents, the average gain being
25 per cent.

Field Control Tesis—Although their
permanent benefits have been shown
through laboratory tests, WR agents
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have not as yet been required in spec-
ifications for Bureau of Reclamation
construction. Two steps must be taken
to establish the necessary confidence
for specifying use of these agents in
construction contracts. First, field ex-
perience must verify that the benefits
obtained in the laboratory can be du-
plicated in the field. Second, a specifica-
tion is needed to permit an evaluation of
agents supplied on the job against ac-
ceptable standards. Advancements are
being made toward the fulfillment of
these needs.

Results of field control tests comparing
concretes with and without WR agents
are summarized in Table X. Average
water and cement reduction obtained by
using WR agents on the four projects
referred to in the table was about 8 per
cent. The mean of each project average
revealed that compressive strength of
specimens made with WR agents was 5
per cent greater than that of the control
specimens. The cement reduction of 9
per cent used for Glen Canyon tunnel
lining concrete containing a WR agent
was somewhat excessive since the average
compressive strength of specimen repre-
sentatives of this concrete was below
that of the control specimens. Coeffi-
cients of variation shown in the table
indicate that the addition of WR agents
does not prevent production of uniform
concrete. The coefficient of variation of
9.8 per cent for the 186 specimens, tested
at 28 days’ age over a period of approxi-
mately 1 yr during the construction of
Glen Canyon Dam tunnel lining, is con-
sidered to be excellent.

Results of field control tests and mix
data for mass concretes, with and with-
out a lignin agent, placed at Anchor
Dam, Wyo., are shown in Table XIII.
The downstream half of a 375-cu-yd
block of mass concrete was placed with
the control concrete and the upstream
half with concrete containing agent G.

The agent concrete was designed for a 5
per cent cement reduction, but due to
low air content in the resulting concrete,
a reduction of only 2} per cent occurred.
With this reduction and low air content,

TABLE XIII.—-ANCHOR DAM—FIELD
TRIALS OF LIGNIN-TYPE WATER-RE-
DUCING RETARDING AGENT IN MASS
CONCRETE.

6-in. maximum-size aggregate

Mix Data Control Mix | (g0 Mix
Water,lb percuyd....| 174 166
Cement, 1b per cu yd. . 287 280
Sand, per ecent. .. . .... 23 22

Tests oN Fress CONCRETE
Air content (minus
1}4-in. fraction). .. .. 5.0 3.8
Slump, in............. 134 2.0
Temperature, deg Fahr 48 42
CoMPRESSIVE STRENGTHS, PSI
2day. ... 620 680
T7-day............... 1800 2330
28-day............... 3250 4600
90-day............... 4260 5610
DURABILITY
Cyecles of freezing and
thawing............ 300 300
Weight loss (6 by 12- '
in, cylinders)........ No appreciable loss in

weight from either
control or agent
apecimens

Workabilily and Retardation.—Good workabil-
ity was maintained with both mixes. Aided by
cool temperatures, the control mix did not reach
the vibration limit for approximately 7 hr. Vi-
bration limit of lignin mix was at about 9 hr.
No difficulty was encountered from increased
form pressures or early stripping of forms.

agent-induced compressive strength gains
of 29, 41, and 32 per cent were obtained
for specimens tested at 7, 28, and 90 days
of age, respectively.

Tensile Strength:

Tensile strengths, listed in Table VII,
for standard briquets and 6 by 12-in.
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cylinders fabricated from concretes con-
taining §-, 13-, 3-, and 6-in. aggregates;
20 and 30 per cent pozzolan; and 0.2
per cent agents B, C, and D, are plotted
on Fig. 22. A w/c 4+ p ratio of 0.55 was
maintained except for the mass mixes
where the w/c + p ratio varied from
0.57 to 0.64. Tensile strength as shown
by the results of tests on 6 by 12-in.
cylinders was, in general, equal or greater
for the specimens containing agents B, C,
and D than for control specimens without
these admixtures at all test ages and for
all maximum size aggregates. Tensile
strength values for briquet specimens were
erratic with no definite trend resulting.
However, the general trend of all tests
indicates that the concretes containing
agents generally develop equal or greater
tensile strengths than similar concretes
without the agents.

Shearing Strength:

Shearing strength relationships for
concretes containing various maximum
size aggregates and pozzolan replace-
ments are shown in Table XIV and Fig.
23. These are linear relationships deter-
mined from results of simple compressive
and tensile strength tests of unconfined
specimens having a constant w/c + $
ratio. This method is generally used
when triaxial compressive strength data
are not available. Shearing relationships
are more comprehensively determined by
triaxial compression tests from which
Mohr’s diagrams are plotted, as shown
in Fig. 24. This figure shows a compari-
son of shearing relationships determined
by both methods for specimens wet
screened from mass concrete containing
a lignin agent. It can be seen that the
shearing relationships determined by the
tangents to the unconfined tension and
compression circles are somewhat differ-
ent than those derived from Mohr’s
envelopes constructed from the triaxial
shear tests. The true shearing relation-

ships are curvilinear, whereas both of the
above methods produce linear expres-
sions. True cohesive strength of concrete
lies between the values obtained from
the triaxial and unconfined tests.

Generally, the shearing stress at zero
normal stress was greater for specimens
containing agents B, C, and D than for
the control specimens.

DURABILITY

A fundamental principle in concrete
mix design pertains to the fact that, in
addition to having suitable strength, the
concrete must be so proportioned that it
will adequately withstand the destruc-
tive forces of freezing and thawing,
wetting and drying, and attack by sulfate
salts contained in the water or soil in
contact with the concrete.

To evaluate the ability of concretes
containing WR agents to resist these
destructive forces, specimens were sub-
jected to accelerated tests in the labora-
tory; these tests simulated the cyclic
variations in weathering as well as ex-
posure to sulfate-bearing soils.

Eftect on Void Paramelers:

Microscopic examinations of void sys-
tems were made on sections of 6 by 12-
in. cylinders representing concretes in-
corporating air-entraining agents derived
from a sodium salt of processed resin and
a sodium and potassium soap of wood
resin, to compare with air-entrainment
accomplished by lignin-type retarding
agent C' (3). Void systems of concretes
employing the air-entraining agents
alone are characterized by small bubbles
(specific surfaces 851 and 1081 in.”") and
excellent spacing factors (L of 0.0052
and 0.0047 in.), as shown in Table XV.

Concretes in which air was entrained
by the lignin-type retarding agent con-
tained voids of moderate size (specific
surfaces 702 and 635 in.™!). These mod-
erate size voids have also been encoun-



TABLE XIV.—SHEARING STRENGTH RELATIONSHIPS—SERIES III—MONTICELLO

DAM
Cgmpressive STensile Shearing S Agent
Age, days Mix peever | paiasar Reltonchipe
age of 2 age of 3 Per cent Type
CoNcrRETES CONTAINING 34-IN. AGGREGATE
3. No. 62 910 101 Y = 150 4+ 1.33X none L.
3........ No. 63 875 107 Y = 150 4+ 1.25X 0.2 C
3. No. 64 1030 118 Y =175 + 1.31X 0.2 D
Toeiiinn, No. 62 1405 139 Y = 220 4+ 1.43X none N
T No. 63 1460 160 Y = 240 4+ 1.34X 0.2 C
7o No. 64 1660 145 Y = 245 + 1.54X 0.2 D
20........ No. 62 3615 258 Y = 480 4+ 1.74X none A
20 ... ... No. 63 3510 249 Y = 465 + 1.74X 0.2 C
29........ No. 64 4025 278 Y = 530 + 1.77X 0.2 D
90........ No. 62 4080 318 Y = 570 + 1.65X none o
90........ No. 63 3935 362 Y = 595 + 1.50X 0.2 C
90........ No. 64 4865 362 Y =665 + 1.70X 0.2 D
CoNCRETE® CONTAINING 114-IN. AGGREGATE
3. No. 65 980 92 Y = 150 + 1.48X none o
3. No. 66 820 112 Y =150 + 1.17X 0.2 C
R IR No. 67 940 115 Y = 165 + 1.25X 0.2 D
7o, No. 65 1500 149 Y = 240 + 1.43X none ..
7o .. No. 66 1245 148 Y = 215 4+ 1.28X 0.2 C
T No. 67 1450 156 Y = 240 + 1.36X 0.2 D
29, ....... No. 65 3740 237 Y = 470 + 1.86X none ...
20 ..., No. 66 3095 265 Y = 455 + 1.56X 0.2 C
20........ No. 67 3370 279 Y = 485 + 1.59X 0.2 D
90........ No. 65 4215 332 Y = 590 + 1.64X none ..
90........ No. 66 3915 322 Y = 560 + 1.60X 0.2 C
90........ No. 67 4230 293 Y =555 + 1.77X 0.2 D
CoNcRETES CONTAINING 3-IN. AGGREGATE
3........ No. 68 805 98 Y = 140 + 1.26X none L.
F S No. 69 790 101 Y = 140 + 1.22X 0.2 C
3.l No. 70 875 100 Y =150 + 1.31X 0.2 D
7o, No. 68 1325 143 Y = 220 + 1.36X none N
7o .. No. 69 1275 135 Y =205 + 1.37X 0.2 C
T .. No. 70 1470 130 Y = 220 + 1.53X 0.2 D
28 ..., No. 68 3830 245 Y = 465 + 1.77X none AN
28........ No. 69 3340 262 Y = 470 + 1.65X 0.2 C
28, ....... No. 70 3165 273 Y = 465 + 1.56X 0.2 D
91........ No. 68 4020 298 Y = 545 + 1.70X none L.
91........ No. 69 4210 328 Y = 590 + 1.65X 0.2 C
1. ..... No. 70 4730 318 Y = 615 + 1.80X 0.2 D
CoNCRETES CONTAINING 6-IN. AGGREGATE
3. .. No. 71 400 21 Y= 454+ 2.07X none
3. . No. 72 525 78 Y =100 + 1.10X 0.2 C
... No. 73 460 72 Y = 90+ 1.07X 0.2 D
i No. 71 785 52 Y =100 + 1.81X none ..
7o, No. 72 960 110 Y = 160 + 1.31X 0.2 C
7o .. No. 73 810 100 Y = 140 + 1.25X 0.2 D
2 No. 71 2325 178 Y = 320 + 1.67X none
8., No. 72 2635 207 Y = 370 + 1.64X 0.2 C
28........ No. 73 2580* 237 Y = 390 + 1.50X 0.2 D
28.. ... .. No. 74 2470 230 Y = 380 + 1.49X 0.2 B
AN No. 71 3260 112 Y = 300 + 2.61X none N
91........ No. 72 3810 308 Y = 540 + 1.62X 0.2 C
91........ No. 73 3800 343 Y = 570 + 1.51X 0.2 D
90........ No. 74 3710 325 Y = 550 + 1.54X 0.2 B
TriAXIAL SERIES

28........ No. 74 ‘ ‘ ‘ Y = 610 + 0.93X ‘ 0.2 l B
90........ No. 74 . Y = 950 4+ 0.85X 0.2 B

¢ One test only.
82
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tered in other tests, not reported herein.
Spacing factors of 0.0053 and 0.0063 in.
compare favorably to spacing factors
created by the air-entraining agents, de-
spite the moderate size of the average
entrained bubble.

Studies of void characteristics were
also made for Glen Canyon Dam and
Flaming Gorge Dam concretes with poz-

83

Freezing and Thawing:

Results of freezing-and-thawing tests
for the various concretes made in con-
nection with investigations for Gross,
Kirwin, Monticello, Glen Canyon, Flam-
ing Gorge Dams, and Ainsworth canal
are shown in Table XVI. Comparable
specimens having approximately the

TABLE XV.—SUMMARY OF VOID CHARACTERISTIC STUDIES.

Mix Data Void Characteristics

- 5 =

3 A 2 4 TE 5 2|8

. £ | 84> > Sl |88 |« | 85 1 4| 8 3

Mix agent, | £ |Sd5| 2142 8s| Fa, .l OF | A3, 2| 3
percent, | ¢ 28y ¥5l o) &) B O%E| 58| g2 | o7|Ea%E 2 | 2y
M EEE - HEREI RS Bl R H S e

= = =| = ] ='d o fi=] L [
Sk AEIENEERE N N aaT AT
Voip CHARACTERIBTIC MIXES
No. I=...... none [0.50] 493| 247 |3.0[36| 5.4/23.87|4.8 [0.0047, 851{10.158/4.97|0.0052
No. II...... 0.3, C |0.50| 433 217 [1.5|36| 5.7(20.97(5.7 |0.0057| 702| 9.474(3.70/0.0053
No. IIIb. none [0.50| 500/ 250 [2.7|36| 4.7|24.18{4.0 (0.0037(1081|10.810/6.04,0.0047
No. IV...... 0.3, C [0.50] 436| 218 |2.4/36] 5.5(21.08|5.2 |0.0063| 635 8.206|4.06/0.0063
Framing Gorge Dam
No. 96...... none |0.54| 285 154 [2.0| 20| 5.1/26.09|5.39/0.0041| 976/13.161j4.84/0.0047
No. 97...... 0.37, G |0.50| 284| 142 |2.6| 20| 4.8{25.38(3.95/0.0039(1026(10.045|6.43|0.0050
GLEN CanyoN DamMm

No. 98...... none |0.51] 331| 169 |2.0] 20| 4.4(23.59(4.04/0.0039(1026(10.372(5.84]|0.0048
No. 99...... 0.37, @ [0.46) 338/ 152 {1.9] 20| 4.5/21.79]3.69/0.0042| 952| 8.791(5.91]0.0053
No. 100. ..... none 10.56) 284] 159 |2.1| 20| 4.2(22.08/6.46/0.0050] 800(12.991|3.42(0.0042
No. 101...... 0.37, G (0.49| 286| 140 |2.0| 20| 3.9120.77|5.19(0.0062} 645 8.331|4.00,0.0062
No. 110...... none 10.67 237| 159 |2.1} 20| 4.7{22.57|5.14|0.0047| 851]10.844|4.39/0.0051
No. 111...... 0.37, G |0.61| 238| 145 |2.2| 20| 4.7 21.355.25|0.0051 784(10.329|4.07(0.0052

& Air-entrained with neutral sodium salt of processed resins.
b Air-entrained with sodium and potassium soaps of wood resins.

zolans and with and without WR agents.
In these concretes, small amounts of air-
entraining agents were used with the
WR agents; hence, void characteristics
reflect this combination rather than the
individual WR agent, as was the case in
the first group of mixes reported above.
Spacing factors for these concretes were
but slightly greater than for concretes
containing air which was entrained by
use of an air-entraining agent alone. The
difference is not considered significant.

same cement and air content, with and
without WR agents, were subjected to
freezing-and-thawing tests. The measure
of concrete resistance to freezing and
thawing is the number of cycles to which
the concrete is subjected to obtain a
weight loss of 25 per cent, based on the
original weight. Eighty-eight per cent of
the specimens containing WR agents
which received 28 days’ standard (fog)
curing proved more resistant to freezing
and thawing than companion control



TABLE XVI—RESUME OF FREEZING-THAWING TEST

RESULTS.

Cycles of Freezing-and-

nt Thawing to 25 per cent
Age Weight Loss
Mix Water- Pozzolan,
Cement Ratio| per cent lit-Day l;gg
28-dey fog | BV 76-Day
P t 50 nt
er cen Type cure R?lxrt ic:e
Humidity
AINSWORTH CaNAL—4 Sacks CeEMENTITIOUS MATERIALS—M-1700
No. 59................. 0.514 0 C 0 570 780
No. 60................. 0.53% 0.2 (¢4 0 750 720
No. 61................. 0.52a 0.4 G 0 930 850
MonTticeLLo Dam—214 Sacks CeMENTITIOUS MATERIALS—M-2005 aNp M-2017
No. 74................. B 30 580

‘ 0.57 ’ 0.2

| 620 ‘

MonTicELL0 DaM—3 Sacks CeEMENTITIOUS MATERIALS—M-2005, M-2017, anp M-1236

No. 76................. 0.50 0 1180 2900
No. 76................. 0.53 - ... 30 650 530
No. 77................. 0.44 0.1 A 0 1540 2830
No. 78................. 0.50 0.1 A 30 960 620
No. 79................. 0.43 0.1 A 30° 1490 2050
KirwIN DaM—3 Sacks CEMENTITIOUB MATERIALS—M-1779
No. 8................. 0.58 0 0 270 .
No. 81................. 0.52 0.25 L 0 430 1050
No. 82................. 0.50 0.20 A 0 350 490
Gross Dam—214 Sacks Type I CEmeENT—M-1219
No. 8................. 0.66 0 s 0 210 1070
No. 84.... ... ......... 0.62 0.2 A 0 430 1640
Framing GOrRGE DamM—3 Sacks CEMENTITIOUS MATERIALS—M-3389 axp M-3364
No. 96................. 0.54 0 Ca 33.3 630 410
No. 97...... ... ....... 0.50 0.37 G 33.3 670 440
GLEN CaNvoN Dam—314 Sacks CeMENTITIOUS MATERIALs—M-3100 aND M-3337
No. 98................. 0.51 0 L 42.8 550 320
No. 99................. 0.46 0.37 G 42.8 1020 410
GLEN CanyoN Dam—3 Sacks CEMENTITIOUB MATERIALB—M-3100 AND M-3337
No.100................. 0.56 0 L 33.3 800 400
No.101................. 0.49 0.37 G 33.3 860 540
GLEN CaNYON DamM—214 Sacks CEMENTITIOUS MATERIALS—M-3100 AND M-2942B
No.104..... . ........... 0.64 0 . 0 600 900
No.106................. 0.60 0.27 G o 860 800
No.106................. 0.56 0.54 (¢4 0 450 450
No.107................. 0.66 0 s 20 530 590
No.108................. 0.63 0.27 (¢ 20 530 710
No.109................. 0.61 0.54 (&) 20 590 810
No. 110, ................ 0.67 0 20 360 230
No. 111................. 0.61 0.37 (¢4 20 460 250

¢ Water-cement ratios are uncertain because of the highly absorptive aggregate.
b Fly ash used as pozzolan.

84
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specimens without agents. The average
resistance of agent concretes was 39 per
cent greater than that of the control
specimens.

The ability of a WR agent to provide
improved resistance to freezing-and-
thawing forces is particularly important
in the pozzolan concretes. Here, the net
effect is to partially offset the reduction
in freezing-and-thawing resistance that
occurs when pozzolan is substituted for
part of the cement. This might permit
use of pozzolan to reduce heat-or neu-
tralize effects of aggregate reaction, sul-
fate attack, or acid attack, when fear of
diminishing resistance to freezing and
thawing might otherwise void its use.

Control specimens for Kirwin Dam
studies, containing crushed aggregates,
and control specimens for Gross Dam
interior concrete, containing type I ce-
ment, had low resistance to freezing and
thawing after 28 days’ fog curing (less
than 300 cycles produced 25 per cent
weight loss). Addition of WR agents to

these mixes increased their resistance,

raising them into the satisfactory cate-
gory (above 300 cycles).

Durability specimens for the Ains-
worth Canal investigation were made
with marginal aggregates having high
absorption values, but the addition of 0.4
per cent agent & increased the resistance
to freezing and thawing of 28-day fog-
cured specimens 63 per cent, compared
to control specimens.

There is no established correlation be-
tween the results obtained on the 28-day
standard-cured specimens and those
subjected to 14-day standard cure plus
76 days at 50 per cent relative humidity.
The average resistance for the latter
cured specimens containing WR agents
was 31 per cent greater than that of the
control specimens, with 4 tests of 14 fall-
ing below the resistance exhibited by
their respective controls.

The agent-induced increase in resist-

ance to freezing-and-thawing forces may
be attributed in large part to reduced
water-cement ratio, resulting from the
water-reducing ability of the WR agents.
If the quantity of cementitious materials
were reduced to maintain a ratio of water
to cementitious material equal to that of
the control mix, the resistance to freez-
ing-and-thawing forces would probably
be reduced accordingly.

Resistance to Sulfate Attack:

Tests to determine resistance to sul-
fate attack of concretes made for the
Kirwin, Gross, and Monticello Dam in-
vestigations are reported in Table XVTI.
There is also shown the resistance to
sulfate attack of concretes reported in
Table D of the authors’ closure to Tuthill
and Cordon’s paper @).

Results indicate that agents improve
the resistance of concrete to sulfate at-
tack in most cases, the exception being
the mass mixes of the Gross Dam investi-
gation. Here, both the agent and control
concretes with type I cement had but
little resistance to sulfate attack. It
should be noted that many of the tests
referred to in Table XVII are not com-
plete; that is, the specimens have not
yet reached 0.5 per cent expansion.

VoLuME CHANGE

Volume change in this paper refers to
expansion and contraction of hardened
concrete as a result of wetting and dry-
ing.

g]Z)rying shrinkage was determined on
4 by 4 by 30-in. prisms fabricated from
the minus 13-in. fraction of mass con-
crete and dried at 50 per cent relative
humidity and 73.4 F.

Autogenous volume change was deter-
mined on sealed 18 by 36-in. cylinders
containing the full mass mix.

Drying Shrinkage:
Results of drying shrinkage tests per-
formed on concrete with and without
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WR agents are shown in Table XVIII
and Fig. 25. The range of drying shrink-
age at 1-yr age varied from 390 millionths
for concrete containing limestone aggre-
gates, agent L, and no pozzolan, to a

crete containing 0.2 per cent agent had
slightly less shrinkage at 1-yr age (618
millionths) than did the control concrete
(661 millionths).

Concretes containing materials for

TABLE XVII.—RESISTANCE TO SULFATE ATTACK.

Accelerated Test
0.2 per cent 0.5 per cent
Mix Remarks expansion expansion
Reduction Reduction
Cycles in E, Cycles in E,
per cent per cent
KirwiN Dam
No.80........... no agent, control 226 18.4 332 57.6
No.81........... 0.25 per cent agent L 324 20.4 449 61.9
No.82........... 0.2 per cent agent A 354 18.7 485 47.0
Gross Dam
No. 83.. no agent, control 46 6.8 65 21.6
No. 84.. 0.2 per cent agent A 43 10.2 57 25.9
MoxTicELLo Dam
No.76........... no pozzolan, no agent, control 1150 31.8 1725= e
No.76........... 30 per cent pozzolan, no agent 310 60.0 554 +90.0
No.77........... no pozzolan, agent A 780 18.5 1746¢ .
No.78. .......... pozzolan, agent A 495 58.8 760 +76.0
No.79........... fly ash, agent 4 1752¢ 50.0 . e
PPT Series
No. 8........... no agent, control 523 10.0 1480 ...
No. 5.... ..... 0.3 per cent agent ¢ 550 6.7 1270 26.1
No. 6........... 0.6 per cent agent C 550 6.5 1120 20.7
No. 7........... 0.25 per cent agent D 660 8.4 1430+ ..
No.16........... no agent, control 690 6.1 13852
No.12........... 0.2 per cent agent D 662 4.3 1385°
No.13........... 0.3 per cent agent D 600 7.2 13852
No.14........... 0.4 per cent agent D 895 7.1 1385
No.15........... 0.5 per cent agent D 720 14.3 1385¢

@ Cycles to present without expanding to that indicated by the column heading.

maximum of 998 millionths for concrete
without a WR agent but containing dia-
tomaceous clay, a known contributor to
high shrinkage.

Drying shrinkage tests were performed
on concretes with 13-in.-maximum-size,
marginal aggregates from the Ainsworth
project, with and without agent G. Con-

Monticello Dam, including diatomaceous
clay pozzolan, experienced excessive
shrinkage when made with and without
W R agents. However, the specimens with
agents 4 and B did experience slightly
less shrinkage at 1-yr age (967 millionths
and 927 millionths, respectively) than
did the control specimens (998 mil-
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TABLE XVIIIL.—RESULTS OF DRYING SHRINKAGE TESTS.
Project .......... Glen Canyon Dam? Ainsworth Canal Monticello Dam K]?)r;iln
; No. | No. | No. | No. | No. | No. | No. | No. | No. | No. | No.
MiX. ... DS1 | DS2 | DS3 | DS¢ | DSs | .0 Ro- | 2o | B2 ) No- | B 78 7g 72 32 | By
Pozzolan, per cent..| 33 | 33 | 33 33| ol ol o o3| o]a a* 3]|oc]|o
Agent, per cent ....|0%M€ | 0.37 | 0.37 [ 0.25 | 0.25 |none| ©.2 | 0.4 | 0.0 | g | 01 | 0.1 | 0.1 | 0.2 | 0.2 | 025
TYDE ©ovvevnrnnnnn. 6 |l¢ |pD|pD ¢G|G |- |--|ala|la|lB|Aa|L
Days Drying Drying Shrinkage—4 by 4 by 30-in. prisms, millionths
3 90| 90{ 95| 85/ 90| 85| 100 100/ 155| 180; 140| 110! 73| 90| 60| 45
7 152| 152} 137| 128| 134| 175| 193! 197| 220( 295| 235| 257! 160 220( 110 95
14 217| 212| 201| 188| 196| 285| 300| 310/ 320| 408| 340| 397| 278! 363| 165] 157
28 303| 282| 282 262| 277| 436| 435| 425 450 538] 470 520| 413} 530| 230] 235
90 411! 381 396| 363| 375 607 575| 561| 687| 790 695 755| 610 780| 350{ 337
180 o ood] ood ool .. .| 637| 600 587] 793| 920| 762| 892| 695, 863| 395 375
270 657| 614] 600 822 970 790| 916| 723| 897| 410{ 390
365 661| 618| 607| 837 998 795 967 743 927| 420] 390
¢ Fly ash.

b Special series, mix data in Table XIX.

lionths). Shrinkage of concrete without
pozzolan was similarly reduced by use of
agent A.

Drying shrinkage test results for Kir-
win Dam investigations, in which agents
A and L were used in mass concrete
containing crushed limestone aggregates,
are shown in Table XVIII without con-
trol data for comparison. One-year
shrinkage values for these concretes are
420 millionths and 390 millionths, re-
spectively; this is very close to the aver-
age shrinkage of 410 millionths reported
by Troxell and Davis (5) for concretes
containing limestone aggregates.

A series of tests was made for the spe-

cific purpose of studying the effect of
lignin and hydroxylated carboxylic acid
agents upon drying shrinkage when used
with Glen Canyon Dam materials. These
mixes were made with agent G and agent
D; each agent was used in a mix at a
constant w/¢ + p ratio and in a mix
with a constant cementitious materials
factor. Mix designs were identical to
those of mixes 100 and 101 (Tables VIII
and IX); but, to avoid disruptive effects
of wet screening mass concrete, the plus
13-in. material was not batched. The
actual mix quantities per cubic yard of
the resulting concrete are presented in
Table XIX.

TABLE XIX.—DRYING SHRINKAGE MIXES.

Agent Air
Mix Entraining| Water, Ib | Cement, | Pozzolan, | 304, b | Gravel, Ib
Per cent | Type |Agent, ml
DS1....iiii. none .. 742 218 372 124 965 | 2266
DS2..c 0.37 G 448 197 366 121 992 | 2225
DS3.iveinnn., 0.37 G 359 198 337 111 1039 | 2237
DS4 0.25 D 850 199 369 122 988 | 2245
DSB. i, 0.25 D 754 198 337 113 1030 | 2234
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(a) Monticello Dam—mass concrete wet screened to 1l4-in. maximum size aggregate—type II

cement M-2005—diatomaceous clay M-2017.

(b) Ainsworth canal studies—river sand M-2331—1!4-in. maximum coarse aggregate—40 per

cent crushed, 60 per cent rounded—type 11 cement

M-1700.

(¢) and (d) Glen Canyon Dam—designed as mass mix—plus 114-in. aggregates not batched—
type I1 cement M-33290—33 per cent pozzolan M-3439.

Fic. 25. -——Drymg Shrinkage of 4 by 4 by 30-in.
Agents.

Results of drying shrinkage tests of
these concretes, plotted on Fig. 25, indi-
cate that WR agents have no detrimental
effect; on the other hand, they do not
offer significant reduction of drying
shrinkage.

Concrete Beams with and Without Lignin Type

Autogenous Volume Change:

Autogenous volume changes of 18 by
36-in. cylinders for the Monticello Dam
investigation are reported in Table XX
and shown graphically on Fig. 26. The



WALLACE AND ORE ON EFrFECT ON STRUCTURAL AND LEAN MAss CONCRETE 89

TABLE XX.—SERIES III—RESULTS OF AUTOGENOUS LENGTH CHANGE TESTS.
Mass Concrete—Monticello Dam

e No. 75 No. 76 No. 77 No. 78 No. 79 No. 74
Pozzolan, per cent .. none 30 none 30 ap® 30
Agent, per cent .. .. none none 01 0.1 0.1 0.2
Type agent .................. cer cee A A A B

Age in days Autogenous length change on 18- by 36-in. cylinders, millionths
1o 0 0 0 0 0 0
7P +1 +2 +3 +7 +8 +38
(P +8 +3 +9 +4 +29 +41

14, ... . +14 +17 +7 —6 +18 +28
28 +8 +6 +4 -39 —4 +20
36.. .. 0 0 0 0 0 0
90. ... —6 -15 —2 —12 -2 -1
180. ... ..o —12 —23 -7 —14 -7 —14
270, ... ...l - 20 —29 —16 -21 —14 -8
365.. . ... —-29 —38 —20 —20 —21 —11
1¥yr. .o —-29 —36 —25 -31 —-29 —24
2yr. . —-31 —38 —-27 —33 —33 —20
3yr. .. —33 —41 —26 —34 —41 -33
dyr. ... -33 —41 —26 —34 —45 —-33
Syr. ... —30 —44 —-27 —36 —48 —25

¢ All concrete contained 3 sacks cementitious material per cu yd except mix No. 74, which con-
tained 214 sacks.

5 Mix No. 79 contained 30 per cent fly ash in lieu of calcined diatomaceous clay.

Readings 1 through 28 days were movements occurring during field cycle curing. Specimens were
reaching stable temperature during period from 28 to 36 days. Thirty-six-day readings taken as
new zero.

30 percent Fly Ash, 0.1 percent Agent A

FJO percent Pozzolan,
= - 0.2 percent Agent 8°

-

28

s
£ 9
O 20— ‘ S R o
ge No Pozzolon, ->< e x\x
5< 01 percent Agent A ~d i e ——
= ~——— ~le_
> % .30 - No Pozzolon, e ——— ]
ER] No Agent-Control | '){ ~ ———— "1
] “re-

52 30 percent Pag(g/an, 01 percent Agent A j ~—a \

g0 ——— - t — oS S——
£= 30 percent Pozzolan, No Agent-Control | "¥\<
< g |

~ ] i L
36 Day 90 Day 180 Day Y 2Yr 5Yr
Age

lFIG. 26.—Influence of Lignin Agents on Autogenous Volume Change of Mass Concrete, Monti-
cello Dam.

Cache Creek aggregate—6-in. maximum size—18 by 36-in. cylinders—field cycle cured 28 days—
3 sacks cementitious materials—cement M-2017—pozzolan M-2005—fly ash M-1236,

1 Exception 24 sacks cementitious materials.

sealed specimens were subjected to a measurements were initiated at 36 days’
28-day field temperature cycle and then age and continued for a period of ap-
stored at 73 F. After reaching a stable proximately 5 yr.

temperature, autogenous length change Autogenous volume changes were less
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for concretes containing agent A4 than
for the control concretes, whether or not
the latter contained pozzolan.

Concrete containing 23 sacks cementi-
tious material, including 30 per cent cal-
cined diatomaceous clay, and 0.2 per
cent agent B had the smallest autogenous
volume change at 5 yr of all the con-
cretes tested. The largest change at this

SyMPOSIUM ON ADMIXTURES IN CONCRETE

materials from Monticello, Glen Canyon,
and Flaming Gorge Dams. Results of
these tests are shown in Table XXI and
Fig. 27. These graphs serve to illustrate
the effect of retarding agents on temper-
ature rise of the test concretes by indi-
cating temperature increases throughout
the test period.

Figure 27 shows that, compared to

TABLE XXI.—EFFECT OF WATER-REDUCING AGENTS ON TEMPERATURE RISE
OF MASS CONCRETES, pec¢ Faur.—SERIES III.

Agent Age, days
Mix Remarks
Per cent| Type 1 | 3 l 7 I 14 ‘ 28
MonNTICELLO DaM-—3 SACKS PER CU YD

No.756.......... none 24.0| 33.7 | 40.8 | 45.5 | 49.8 | no pozzolan
No.76.......... none 18.0 | 26.6 | 35.6 | 41.9 | 45.4 | 30 per cent pozzolan
No.77.......... 0.1 A 23.5 | 34.2 | 41.9 | 46.6 | 50.2 | no pozzolan
No.78.......... 0.1 A 16.2 | 24.2 | 32.8 | 39.4 | 43.2 | 30 per cent pozzolan
No.79.......... 0.1 A 16.3 | 25.3 | 30.6 | 36.5 | 42.1 | 30 per cent fly ash

MonTticeLLo Dam—214 Sacks PER CU YD
No.74.......... | 0.2 l I 14.3 I 22.0 l 28.8 | 35.1 ‘ 38.7 | 30 per cent pozzolan

GLEN CanvoN DaM—3 Sacks PER CU YD
No. 102......... none |19 33 47 52 55 no pozzolan
No. 103......... 0.37 G 16 33 48 53 56 no pozzolan

Framing Gorge DaM—3 SACKs PER CU YD
No.96.......... none @ 20.8 | 31 39.3 | 44.2 47 2 | 33.3 per cent pozzolan
B e 0.37 @ 15.3 26 7 34.4 | 38.9 1.7

¢ Similar to mix No. 96 with 5 per cent less cementitious materials.

age was registered by a concrete contain-
ing 30 per cent fly ash, 3 sacks total
cementitious materials, and 0.1 per cent
agent A. Tests were not made on a con-
trol concrete in this case; therefore, the
exact effect of the agent is unknown.

ADIABATIC TEMPERATURE RISE

The effects of WR agents on tempera-
ture rise of mass concretes were investi-
gated by adiabatic temperature rise tests
conducted for periods of 28 days using

control concrete, agent concretes with
pozzolan exhibited a small decrease in
temperature rise, whereas, those without
the pozzolan showed a small increase in
temperature rise. An examination of
Table XXI shows that agent concrete
containing fly ash exhibited less tem-
perature rise beyond 7 days of age than
any other concrete containing 3 sacks of
cementitious material. A maximum dif-
ference of 8.1 F was reached in 28 days
of age (compare mix No. 77 and mix No.
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F16. 27.—Temperature Rise of Various Mass Concretes with and Without Lignin Type Agent.
Nn
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79). The table also shows that reduction
of cementitious materials to 2} sacks
and the addition of 0.2 per cent agent B
decreases the maximum temperature
rise 6.7 F (compare mix No. 74 and mix
No. 76).

Composition and quantity of cement
and pozzolan are probably much stronger
influences on temperature rise than that
of an agent, per se. The most significant
contribution of a WR agent toward re-
ducing temperature rise of mass concrete
is through cement reduction attendant
to its use. This is particularly evident
when comparing Flaming Gorge Dam
concretes illustrated in Fig. 27, in which
a mix containing 2 sacks of cement plus

concrete, and this may have an impor-
tant bearing in connection with the abil-
ity of agent concretes to withstand
stresses induced by the resulting tem-
perature changes. At very early ages, it
may be possible to retard the compres-
sive strength development of concretes
and in so doing obtain the advantages of
increased creep, affording relief to tem-
perature-induced stresses. A fertile field
for further development of WR agents
lies in utilizing stress relief obtained
through control of the creep phenome-
non, particularly during the period of
heat evolution and resulting volume
changes.

TABLE XXII—HEAT GENERATION, cAL PER G OF CEMENT.

Agent Age, days
Per cent Type 1 3 7 14 I 28
None....... - 32 56 80 90 95
0.37........ ¢ 27 56 83 93 98 } Glen Canyon Dam
0.20........ B 32.3 49.5 65. 79.5 87.9 mix 74, Monticello Dam

1 sack of pozzolan is compared to a simi-

lar mix containing 0.37 per cent agent G
and having a 5 per cent reduction in
cementitious materials.

Reference to Fig. 27 reveals that the
adiabatic temperature rise of the agent
concrete containing Glen Canyon mate-
rials was less at early ages, the same at
about 3 days’ age, and slightly higher at
later ages than that of the control con-
crete. A summary of heat generated by
hydration of cement used in the Glen
Canyon Dam and Monticello Dam in-
vestigations is summarized in Table
XXII.

A study of the data in Table XXII
indicates that WR agents affect heat
generation of cement in a manner very
similar to their effect on the temperature
rise of mass concrete. Much of the heat is

generated during the early age of the

PERMEABILITY

The results of permeability tests, re-
corded in Table XXIII, show that 30
per cent replacement of cement by the
calcined diatomaceous clay reduced the
permeability factor® from 0.00101 to
0.00082. The addition of 0.1 per cent
agent A to concrete without pozzolan
reduced the permeability factor to
0.00029; this was a greater reduction
than that due to diatomaceous clay alone.
Agent A, added to the concrete with
diatomaceous clay, reduced the permea-
bility factor to essentially the same value
as that of concrete without pozzolan but
with agent A. The permeability factor of
concrete containing 0.1 per cent agent 4
and 30 per cent fly ash was about half

3 Cubic feet of water per square foot area
per year per unit hydraulic gradient.
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TABLE XXIII.—SERIES III—MONTICELLO DAM—PERMEABILITY TEST RESULTS.

Quantities per cu yd Maxi-
Concrete B xi
w/c -+ ent, Air mum
Mix b, by P lan cggt cemp:z:t Metl:er, Sl;‘: P | Size Eﬁ;“ng,;
weight Water, |Cement,| Pozzo- plus pozzolan|per cent g‘:fegmi;x
b b lan, b e
No.75....| 0.50 | 137 276 | none | none none 4.8 3.1 6 0.00101
No.76....| 0.53 | 149 196 85 diatom- none 4.0 2.7 6 0.00082
aceous
clay
No. 77 0.44 | 122 276 | none | none 0.1 agent| 5.4 2.5 6 0.00029
A
No.78....| 0.50 | 142 198 85 diatom- 0.1 agent] 3.0 1.6 6 0.00028
aceous A
clay
No.79....1 0.43 | 121 197 85 fly ash 0.1 agent| 3.9 2.2 6 0.00013
A
No. 74 0.57 | 134 165 70 diatom- 0.2 agent| 5.5 2.3 6 0.00011
aceous B
clay

4 Corrected to 60 days of age and for end effect.

that of the concrete containing agent 4
with and without the diatomaceous clay.

Although from the foregoing data the
use of lignin agents will reduce the per-
meability factor, this is not an important
contribution since excellent permeability
factors are commonly obtained.

CONCLUSIONS

1. Lasting improvements in lean mass
and in structural concretes containing a
given amount of cement may be obtained
by the addition of optimum dosages of
suitable water-reducing retarding agents.
The improvements obtained are in the
form of increased compressive, tensile,
and shearing strength and increased re-
sistivity to freezing and thawing and
sulfate-induced expansive forces. These
benefits may sometimes be achieved, to
a lesser extent, when cement content of
the mix is reduced to offset the cost of
the agent. To insure obtaining concrete
consistently having the desired qualities,
it is usually necessary to supplement
water-reducing retarding agents with
additional air-entraining or detraining
agents added at the batch plant as re-
quired to produce uniform air content

under conditions of varying temperature
and changing composition of cement and
aggregate.

2. The ease of handling concrete, as
gaged by slump loss, is not greatly
changed by the addition of water-reduc-
ing retarding agents. In fact, in a few
cases, these agents have induced an in-
creased rate of slump loss.

The principal contribution of water-
reducing retarding agents toward im-
proved workability is through their abil-
ity to extend the length of time in which
concrete can be consolidated by vibra-
tion, thus reducing the risk of obtaining
cold joints.

Additional benefits include surface re-
tardation which, under moderate tem-
perature and humidity conditions, per-
mits more time between floating and
troweling operations. In some cases, this
may be desirable. Furthermore, WR
agents may lessen the effort required to
pump concrete through pipelines.

3. Volume changes due to wetting and
drying, and permeability of mass con-
crete, are not affected by use of water-
reducing retarding agents in amount
sufficient to warrant changes in design
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and construction considerations. How-
ever, reduced temperature rise, resulting
from a lower cement content achieved
through addition of these agents, offers
possible savings in cooling mass concrete.
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DISCUSSION

MR. BaiLey TReEMPER' (presented in
wrilien form).—This paper is the only one
of the symposium that presents data on
the effect of water-reducing and set-re-
tarding agents on the drying shrinkage
of concrete. The data presented in this
paper are not extensive and tend to indi-
cate that the admixtures used did not
affect drying shrinkage very much.

The writer has conducted a relatively
large number of drying shrinkage tests of
concrete containing a variety of water-
reducing, set-retarding admixtures.. In
general, under the conditions of test, such
admixtures have tended to increase dry-
ing shrinkage significantly. The point it
is desired to make at this time is that the
results obtained appear to be affected by

! Supervising Materials and Research Engi-
neer, Materials and Research Department,

California Division of Highways, Sacramento,
Calif.

the particular cement that was used in
the test. All of the tests were made with
a type I, low-alkali cement manufac-
tured at one mill but different lots were
used from time to time. The inference
was drawn therefore that minor differ-
ences in the composition of the cement
might have a pronounced effect on the
manner in which the admixtures were
functioning in concrete with respect to
drying shrinkage. In order to explore such
a possibility expeditiously, a series of
drying shrinkage tests were made with
Ottawa sand mortars.

Test specimens were 1 by 1 by 11%-in.
prisms with reference points for length
measurement. After 24 hr in the moist
room the prisms were removed from the
molds and then stored in water at 73.4 ==
3 F to the age of 72 hr. They were then
measured for length and subjected to



DiscussioN oF EFFECT ON STRUCTURAL AND LEAN MAass CONCRETE 95

drying at 734 £ 3 F and 50 =% 4 per
cent relative humidity to the age of 7
days. They were again measured for
length. The decrease in length as a per-
centage of 10 in. was reported as drying
shrinkage. The mortar consisted of 1 part
by weight of cement to 2 parts by weight
of graded Ottawa sand and sufficient
water, or water plus admixture, to pro-
duce a flow of 100 to 115. Two cements
from the same mill were used. They were
type II, low-alkali cements containing
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Fic. 28.—Effect of Lignosulfonate Admixture
on Drying Shrinkage.

about 1 per cent SO;. Blends of the ce-
ments and pulverized gypsum were made
to increase the SO; content by steps of
0.5 per cent over the approximate range
of 1.0 to 2.5 per cent.

Two water-reducing retarders were
used each in two dosages. One was a com-
mercial lignosulfonate product, the other
a commercial hydroxylated carboxylic
type. Both permitted a reduction in mix-
ing water for constant flow and during
drying both retarded the rate at which
water was lost from the specimens.

The results of drying shrinkage tests
are shown in the accompanying Figs. 28

and 29. The solid curves represent speci-
mens containing the cements without
admixture. The effect of varying SO;
content on drying shrinkage is normal
and indicates that the optimum content
is about 1.5 per cent. At low SOz con-
tents the admixtures increased drying
shrinkage significantly. At the higher SO;
contents the trend was reversed and in
most cases resulted in some decrease in
drying shrinkage relative to that of the
mortar containing no admixture.

It will be noted that the SO; content
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Fic. 29.—Effect of Hydroxylated Carboxylic
Admixture on Drying Shrinkage.

of the cement for minimum drying
shrinkage was increased in the presence
of the admixtures. It is also noteworthy
that the minimum drying shrinkage ob-
tainable with the admixtures was always
greater than that obtainable with the
cement alone.

It is not intended to imply that the
numerical values of these tests are repre-
sentative of results in normal concretes.
It is believed that the trends have been
exaggerated by reason of using a rich
mortar. Nevertheless the data appear to
show clearly that the performance of a
water-reducing retarder with respect to
drying shrinkage is affected to an im-
portant degree by the composition and
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possibly other characteristics of the ce-
ment with which it is used. The effect of
SO; content of the cement is shown to be
particularly pronounced.

Standard specifications for portland
cement admit wide latitude in the per-
centage of SO;. Among cements with
which the writer is familiar, the uniform-
ity of SO; in day to day production
varies from fair to very poor. In the ab-
sence of specific information, concern as
to the uniformity of water-reducing and
set-retarding admixtures may be justi-
fied. Until there is a better understanding
of the effects of interactions between ce-
ments and admixtures, it does not appear
that the potential benefits of water re-
duction and set retardation can be real-
ized without at the same time producing
unknown and possibly harmful effects
with respect to drying shrinkage.

Some ideas on the importance of se-
curing low drying shrinkage are con-
tained in the author’s closure of a recent
paper.?

MEessrs. GEORGE B. WALLACE AND
Eiwoop L. Ore (authors)—It was in-
teresting to note the effect of cements
containing various quantities of SO; on
the drying shrinkage of mortars made
with and without W R agents.

2 Bailey Tremper, “Control of Gypsum in

Portland Cement,” Proceedings, Am. Soc. Test-
ing Mats., Vol. 59, p. 1101 (1959).

We also note that you have the impres-
sion that our conclusions on the effect of
WR agents on shrinkage are based on
tests which are not extensive. Perhaps,
in our effort to summarize all our data,
we did treat this section a bit too briefly.
However, the data are extensive enough
for significance, and include results from
concretes made with 4 type II cements,
5 agents, 3 pozzolans, and 4 aggregates.
One of the cements (M-1700) was a
blend of type IT cement from 10 different
mills.

The SO; content of the four cements
ranged from 1.6 to 1.9, which admittedly
is not extensive, but it must be remem-
bered that in some cases these cements
were used in conjunction with pozzolans
having very low SO; contents, which
might serve to dilute the SO; function of
the cement, and accentuate this varia-
tion.

It was interesting to note that your
conclusions are based on the results of
tests performed on mortar specimens, as
you state. This appears to effectively
accentuate the effects of SO; used in con-
junction with WR agents. However, in
concrete where the SO; concentration is
more dilute, this effect may be minimized
and other factors, such as reduced water
and cement contents will probably be
more influential.
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OBSERVATIONS IN TESTING AND USE OF
WATER-REDUCING RETARDERS

By Lewis H. TuraiLL,! RoBerT F. ApaMs! anp Joun M. HeEmME, JR!

SyNoPsIs

Continuing work in both laboratory and field with water-reducing and set-
retarding admixtures has resulted in further helpful knowledge concerning
them and has added to confidence in their use on the job. Significant benefits
are obtained with these admixtures in job concrete, particularly in warm
weather. Through postponement of the vibration limit, cold joints are less a
hazard.

Reduction in water requirement to a large extent offsets normal increases in
water due to warm weather, and due to higher slumps whatever their cause.
At two days and later ages, strength is increased when the dosage is not above
normal. At various ages beyond the first few days, the higher strengths
achieved are greater than can be ascribed to reduction in water-cement ratio.

Fear of the sugar content of the admixtures is apparently uniounded; trou-
blesome delay in hardening is more likely to be the result of gross overdosage
from malfunction of a dispenser. Hence dispensing equipment must be com-
pletely reliable and its performance readily verified for each batch. Such equip-
ment is described.

Performance of the admixtures usually varies with concrete temperature and
somewhat with various cements. Expected performance should be verified in
advance using job materials. Dosages and sometimes the admixture must be
changed accordingly, based on such test results and job performance.

The paper discusses these matters with related test data. It also discusses
practical aspects of specifications, delivery, and acceptance testing when these
are appropriate.

For the past several years the authors
have variously taken opportunities to
obtain more test data and field experi-
ence using water-reducing and set-re-
tardant admixtures. Results have been
generally satisfactory although by no
means identical. It is our conclusion that
use of an acceptable admixture of this
type is particularly worthwhile in warm

1 Concrete Engineer, Head of Concrete Lab-
oratory, and Engineer, respectively, California

Department of Water Resources, Sacramento,
Calif.

Copyright© 1960 by ASTM International

weather, and there may be conditions
under which one may be used to advan-
tage at other times. In any case the pos-
sible advantage is influenced by the cost
of using the admixture.

An earlier paper, (1)? described the need
for a retardant admixture in warm
weather to postpone the time when con-
crete could no longer be vibrated and be-
come monolithic with the next layer of

2 The boldface numbers in parentheses refer
to the list of references appended to this paper.

www.astm.org
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concrete placed on it. There was also
mention of the desirability of offsetting
as much as possible the increase in mixing
water requirement that is inherent at
higher concrete temperatures and which
is often further increased to provide
greater initial slump as a protection
against supposed higher slump loss in hot
weather. This was an opportunity for a

3. Reduce water when concrete is not
dry-batched and mized at the forms.

4. Reduce water when slump is greater
than 3 in.

It is the purpose of this paper to dis-
cuss several of the effects of such addi-
tives (Table I) on concrete properties
and a few of the questions that arise in
its use on the job.

TABLE IL—WATER-REDUCING AND RETARDING ADMIXTURES OBSERVED.

Symbol Condition Principal Chemical Ingredient C?);i%g:xt Where Used
p: (¢ powder ammonium lignosulfonate high laboratory
80............ powder sodium lignosulfonate high laboratory
QA............ 42 per cent | sodium lignosulfonate high laboratory and
solution field®
RC............ liquid ealeium lignosulfonate high laboratory
oP............ powder calcium lignosulfonate low laboratory and
field®
DP............ powder calcium lignosulfonate low laboratory
AD............ liquid ammonium lignosulfonate low laboratory
RW........... liquid modified ammonium lignosul- | low laboratory
fonate
HO............ powder ammonium lignosulfonate low laboratory
LP............ liquid hydroxylated carboxylic acid or | none laboratory and
its salt field®
Sugar.......... powder sucrose 100 per | laboratory
cent

8 Choice of these admixtures was by the contractor on each job.

TABLE II.—COMPOSITION OF CEMENTS
USED, PER CENT.

Cement Type| CsS | C:S | CiA | CiAF |Alkalies
AS. . ... I(43 |28 11 9 1.04
DI........ I (4726 | 11 8 0.94
AC ... ... I|54]| 25 6 8 0.59
EP........ II | 54 | 29 3 9 0.22

water-reducing admixture. It takes but
little study of many concrete jobs to dis-
cern instances when it would be desirable
to reduce water content. Some important
ones are to:

1. Reduce water when the concrete
materials have a higher water require-
ment than is usual for most similar con-
cretes.

2. Reduce water when slump loss is
troublesome and the margin against it is
increased.

Table IT shows the general compound
composition, and total equivalent alkali
content computed as Na;O, of cements
used in the various concretes discussed
in this paper.

Standard procedures were followed in
laboratory testing. All work was done in
an air-conditioned mix room. For con-
crete at different temperatures, all ingre-
dients were brought to the required
temperature before batching. These tem-
peratures were 50 to 55, 70 to 75, and 90
to 95 F. Concrete in test cylinders was
held at these temperatures for 24 hr be-
fore standard curing. Pertinent data will
be reported in connection with each as-
pect of performance discussed. The plain
concrete used as a basis of comparison is
in all cases air-entrained concrete.
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Compressive Strength, psi
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T T Jﬂ [ [
Admixture Dosage Admixture Dosage
6000 None None
SO 174 \b per sack 4 | SO 174 1b per sack
OoP 174 1b per sack or 174 1b per sack
0P  4b per sack &) _A& OP 174 Ib per sack
5000 | pmw 6 fluid oz per sack /4 / RW 6 fluid oz per sack
4000
365
0,
3000 — ?\°\ Probable effect of only
reduction in water equipm
2000
1000 QS\
|, I ixed 8/47 Mixed 8/6/58
70-75F Mixed 8/4/58 i
R AN
2/3 2 7 28 90 10hr 2 7 28 S0 365

Age at Test, days

F1c. 1.—Strength of Concrete with Type II Cement EP and Different Water-Reduc ing Admix

tures.

1}% in. aggregate, 514 sack, 314 to 4}4-in. slump, 314 per cent air, standard cure temperature
after 24 hr,

6000 Admixture Dosage Admixture Dosage
None ’ None
 snm S e
uid oz per sac AD uid oz per sac
5000 |- pe - e
Y |

- W

& 369 e

& 4000 [ ’/(n '

g Probable effect of only reduction [

H in water requirement 7

® | 7’

« 3000

= /

&

.

g

S 2000

1000 — T70~75F Mixed 8/18/58
o]
273 2 7 28 S0 10hr 2 7 28 90 365

Age at Test, days

Fic. 2.—Strength of Concrete with Type II Cement EP and Different Water-Reducing Re-
tarders.

114 in. aggregate, 514 sack, 314 to 414-in. slump, 3%4 per cent air, standard cure temperature
after 24 hr.
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6000
_ 5000
0n
o U
= slboa
% 4000 4
5 o

) ratia=0.563,
2 3000 _,Slump|4.5 in, |5.0 sac L stump 4.3 in.-
.
® Stump 52 in,
& 2000|020 70-75F
© wfefz:’gemcn ! 7
ratic 0524 Plain
1000 V Mixed 1/8 gnd 2/1V59¢
L
[¢] 172 2 T 28 90 365

Age at Test, days

F16. 3.—Strength of Concrete With and With-
out Admixture Q4 and With Type I Cement DI.

SyMPOSIUM ON ADMIXTURES IN CONCRETE

0.58, 28-day strength increases in very
round numbers about 100 psi for each
reduction of 0.01 in water-cement ratio.
An 8 per cent reduction in mixing water
requirement would reduce a water-ce-
ment ratio of 0.50 to 0.46. According to
this “approximate rule,’”’ there would be
a resulting strength increase of about 400
psi at 28 days.

When such a water reduction is ob-
tained by use of a water-reducing admizx-
ture, the increase in strength is usually
considerably more than would be ex-
pected from the “approximate rule.”
Twice the expected increase is common
and considerably more increase than
twice is not unusual. For example, 28-day

6000
Type II coment £P Type 1 cement AC Type 1 coement A4S !
3 5000
£ 3 b é?
€ 4000 A J
& ,7 368 /{ 71 ses &/ -
2
" m Y
a I n°
£ // \o‘° /( Q\o
§ 2000 A )
G,
/ y
oo V/ J
/ MixlT 3/30/59 Mixed 3/26/59 l Mixed #4/20/59
|
]

7 28 90 172 2 7

28 20 1/2 2 T 28 90 368

Age al Test, days
F16. 4.—Strength of Concrete Mixed at 50 to 55 F with Different Cements and with High RC
and Low OP Sugar Calcium Salt of Lignosulfonic Acid Admixture, § 1b per sack.
134 in. aggregate, 5 sack, 3 to 4 per cent air, 314 to 414-in. slump, standard cure temperature

after 24 hr.

EFFECTS ON STRENGTH AT
NorMAL AGES

Ordinarily, at the same cement con-
tent and slump, reduction in mixing
water ig expected to increase strength in
accordance with the long recognized
strength water-cement ratio relationship.
Within the common range of water-ce-
ment ratio for good concrete, say 0.45 to

strength of concrete in the Tecolote Tun-
nel lining was 5474 psi with a 1-lb per
sack dosage of a calcium lignosulfonate
in the 7-sack mix, and 4390 psi when the
admixture was not used. The water-ce-
ment ratio was reduced from 0.44 to 0.41,
considerably less than enough to account
for the 1084 psi increase or nearly 25 per
cent more strength in concrete containing
the water-reducing admixture.
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6000 — Jl— -
Type IT cement £P Type I cement 4AC Type T cement 45
8 5000 1 ! 4
g- /; \J Y ' I\‘ ‘ q
r-3 N\ ! \)
2 4000 » Z, - —] N 4
@ &V 365 0 \ b e 9
IR\
% 3000 ¢ \\“ __‘i._ 4 \7 :‘\ —
g ® PO 3 & ‘.\"
e Y MY
8 2000 @’ M) Ny XY
. o 0 % &
30 Lo
1000 3l | V. ‘ ! }—\o“‘
) Mixed 4/6/59 \°‘°; Mi:‘ud snwse ;! Mixed 4/13/59
R B z ; ; ;
9z 2 7 28 90 1/2 2 1 28 90 I/2 2 7 28 90 365
Age ot Test, days

F1c. 5.—Strength of Concrete Mixed at 70 to 75 F with Different Cements and with Various
Water-Reducing Admixtures.

114 in. ageregate, 5 sack, 3 to 4 per cent air, 314 to 414-in. slump, standard cure temperature

after 24 hr.
6000 —
Type IT cement £P Type I coment AC Type I coment A5
& 5000 — 1
£ |
® g
® 4000 - ] - L \
& W 365 | &Y
> \ 1‘ | iq\
2 3000 | ———— A’ & vl o .
4 & AW | o
a \| l (AT Y
€ Y 2 W \ v
% ol J : o
@ 2000 \‘ vl — l
¢ A" / &)
/ 9\' I\ Y,
1000 0 QAN (,\ ]
! | Ny & ’ LY.
Mixed 4/9/59 ? | Mixed 3/23/59 Mu:od 4/16/59%
of ! 1 1 | i L i
172 2 T 28 90 {72 2 7 28 80 1/2 2 7 28 90 365
Age ot Test, doys

Fic. 6.—Strength of Concrete Mixed at 90 to 95 F with Different Cements and with Various
Kinds and Amounts of Water-Reducing Admixtures.

114 in. aggregate, 5 sack, 3 to 4 per cent air,
after 24 hr.

As the curves in Figs. 1, 2, and 3 show,
this additional increase in strength, over
what might be expected of a reduction in
water-cement ratio, is a common prop-
erty of the principal types of available
admixtures when used with favorable
cements. Moreover, from Figs. 1 and 2,

314 to 4}4-in. slump, standard cure temperature

it is apparently unaffected by the tem-
perature at which the concrete is mixed.
In the examples shown, the chemical
composition of cement EP was nearer
type II than type I in that the per cent
of C;A is well below 8; however, it meets
requirements of Federal Specifications
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SS-C-192b for type II cement. Data in
Figs. 3, 4, 5, and 6, particularly that in
Fig. 5, indicate that these strength effects
may not be as great with a fully type I
cement. Whether this is always the case,
and whether it is due to the difference in
C:A or in the alkalies, or both, remains
to be confirmed.

Figure 3 shows that at approximately
the same water-cement ratio and slump,
concrete containing one of the lignin-
based admixtures still exhibited higher

6000
5000 —
3 0.06 percent
a Sugor
£ 4000 : S
§ ! / 003
& / percent
2 3000 Y Sugar
z 2
g
3 2000 ——T70-75F
1000 Mixed 8/11/58
o .
[¢] 2/3 2 7 28 S0 365

Age at Test, doys

F1c. 7.—Strength of Concrete with Sugar or a
Lignin Admixture-Cement EP.

114 in. aggregate, 514 sack, 314 to 4}4-in.
slump, 334 per cent air, standard cure temper-
ature after 24 hr.

strength than plain concrete containing
0.38 sacks more cement per cu yd. Con-
cretes shown in Fig. 3 were made with
type I cement DI.

In general, at the higher strengths at-
tained at later ages, the magnitude of the
greater strength remains, although it is
then a lesser percentage of the control.
It is also worth noting that there is no
retrogression in strength at later ages in
mixes containing water-reducing admix-
ture.

In all cases, even with sugar, Fig. 7,
it is interesting to note in Figs. 1, 2, 3,

SyMPosIuM ON ADMIXTURES IN CONCRETE

4 5,6, 7, and 8 that, at 2 days, concrete
containing normal and often large dos-
ages of water-reducing retarding admix-
tures developed strength noticeably in
excess of the strength of similar concretes
without the admixtures.

EFrecTs ON EARLY STRENGTH

Another important aspect of strength
development in concretes containing
these admixtures is the rate of develop-
ment of very early strength. On many

g

:

:

Compressive Strength, psi

T5F.

I\g’
~
(o]
1

1000 /

4

o] 2/3 2 7 28 90 365
Age af Test, days
Fic. 8.—Strength of Concrete with Cement
EP and Different Dosages of Admixture LP.
114 in. aggregate, 514 sack, 314 to 414-in.
slump, 3}4 per cent air, standard cure temper-
ature after 24 hr.

Mized 9/4/58 -

[=)

jobs, the amount of strength attained
within 24 hr is not important, since there
is usually no need to strip forms earlier
than a day or two after placement. How-
ever, on many tunnel lining and conduit
jobs, it is necessary for the sake of econ-
omy to maintain a cycle of operations
which entalls stripping and reuse of the
forms each successive 24 hr. To maintain
such a schedule, it is necessary for con-
crete to be strong enough in about 12 hr
to permit removal of forms. Since dead-
load stresses in such concrete have been
determined to be only from 60 to 150
psi, it is considered that a strength of 200



TABLE III.—EFFECTS OF ADMIXTURES.

~ Air Content
s Time, hr, to
D ; 3 Rl’el_wtrationi 5 w
i Admix- | Sugars in 0sage ol | g esistance of | compressive EE| 4EE
Mix ture | Admixture Age“:,’:;‘éf’ ’55 Strength, psi tl;. ‘gg :? Qé g E;"
";: | cent | S <
| 4000
E & |00 ps‘l psi ml per cu yd
SOME EFFECTS OF ADMIXTURES WITH TYPE I CEMENT A4S
INtTIAL TEMPERATURE oF CoNCRETE—50 to 55 F
RS50— 1..... none ... | 8.4 112.2 | 32 at 12 hr 3.6/ 80| 0
2..... RC high 2 1b 6.2 112.6 (16.8 | 20 at 12 hr 3.8 0]0
3..... oP low 4 1b 5.8|9.7(12.6 [ 30at 12 hr | 3.7 00
INITIAL TEMPERATURE OF CoONCRETE—T70 to 75 F
RS— 1..... none ... | 6.4]7.2 (228 at 12 hr 3.3 100} 0
2..... 40 high iz1b 6.8 8.1(10.1 132at12hr | 3.4| o0
3..... S0 high 121b 5.7{7.219.0/158at 12hr | 4.0, 20| 0
4..... RC high 14 1b 6.4 8.2 (10.6 | 97at 12hr (4.0f 10| 0
5..... oP low 12 1b 5.717.0/9.0162at12hr | 3.7 5{0
6..... LP 0 3floz 4.1 ] 6.6 | 8.8 {172 at 12 hr 3.9 65]0
IniTIAL TEMPERATURE oF CoNCRETE—90 to 95 F
RS90— 1..... none .. 4.3 ]| 5.8 {473 at 12hr | 4.0/ 135 | 0
2..... RC high 121b 4.8 | 6.6 | 8.2 |165 at 12 hr 3.4 300
3..... RC high 15 1b 8.8 | 9.5 [10.9 | 47 at 12 hr 3.8 00
4..... OP low 4 1b 4.8 5.6 | 7.3 |231 at 12 hr 3.3] 30 (0
5.... OP low 14 1b 8.817.9|9.4 (114 at 12 hr 3.4 010

SOME EFFECTS OF ADMIXTURES WITH TYPE I CEMENT AC
INITIAL TEMPERATURE oF CONCRETE—50 to 55 F

RC50— 1..... none ... | 8.4 ]12.5 | 38 at 12 hr 3.00 500
2..... RC high 4 1b 9.7 |10.4 (14.1 | 21 at 12 hr 3.0 0]0.8
3..... oP low 114 1b 5.819.4(12.6 | 25 at 12 hr 3.5 0] 0.5

INITIAL TEMPERATURE oF CONCRETE—70 to 75 F

RC— 1..... none ... ] 5.2 ] 6.6 423 at 16 hr 3.5 70 |0
2..... oP low 141b 8.1 |7.2; 9.4 1355 at 16 hr 3.8 0|0
3..... none ... ] 5.617.7 |206 at 12 hr 3.4 910
4. ... AO high 141b 9.2 | 7.5 [10.1 (147 at 12 hr 3.4 0]0
5..... S0 high 121b 8.2 7.0 9.5|190at 12 hr 3.3 00
6..... RC high 12 1b 7.8 | 7.6 |10.0 {146 at 12 hr 3.0 oo
T..... oP low 141b 7.0 6.9 8.8 97 at 12 hr 3.1 0olo
8. ... LP 0 3floz 4.8 7.0 8.8 |126 at 12 hr 3.4 5510

INiTIAL TEMPERATURE oF CONCRETE—90 to 95 F

RC90— 1..... none e .. ... 1 3.9] 5.3 [451 at 10 hr 3.4/ 126 | 0
2..... oP low 14 1b 8.5 | 5.7 7.6 |301 at 10 hr 3.6 220
3..... none ... | 4.7 6.4 1362 at 12 hr 4.04139 | 0
4..... AO high i 1b 9.1 17.1]9.1 (294 at 12 hr 4.00 30| 0
5..... AO high 14 1b 12.1 |13.1 |15.4 |179 at 12 hr 3.2 0]1.0
6..... S0 high 41 7.7 6.0] 7.81373 at 12 hr 3.6) 20|0
7..... 80 high 15 1b 11.7 |12.0 |14.4 |147 at 12 hr 3.4 0]1.0
8..... LP 0 3floz 4.1 | 5.6 | 7.4 {351 at 12 hr 3.6 80| 0
9..... LP 0 4 fl oz 5.5|6.9 8.5 (236 at 12 hr 3.8 56| 0
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TABLE III.—Continued.

o Air Content
o
@ Time, br, to
D ; B Ifel_let;rationf S ]
: Admix- | Sugars in osage of | g esistance of | ompressive IR
Mix ture | Admixture Ad:?xtxe, % Stren%th, psi | Air, [H® Egr R ng
per sa 2 s per R—E <'.: -
§ : cent | <
;| 4000
E & |500 psit psi ml per cu yd
10.....| none ... | 5.2|6.8(423at12 hr | 3.6/ 121 | 0
11.. ... RC high 41b 9.0 7.5 9.3 |262at12hr 3.3 2110
12... .. RC high 13 1b 13.0 [13.9 |16.8 8 at 12 hr 3.4 0|0
13..... OoP low 141b 10.5 | 5.9 | 7.6 |247 at 12 hr 3.4/ 200
14. .. .. oP low 14 1b 10.5 (10.0 [11.7 | 64 at 12 hr 3.3 00

SOME EFFECTS OF ADMIXTURES WITH TYPE I CEMENT DI
IniTIAL TEMPERATURE oF ConcrReTE—S50 to 55 F

R50— 1..... none .. 7.2 |12.6 | 64 at 16 hr 4.0 5810
2..... S0 high iz 8.3 (10.1 [13.8 | 29 at 16 hr 4.6 0]0

3..... DP | low 17 1b 8.3|9.2(13.0|57at16hr {4.8 0|0

4..... oP low b 9.5 | 8.5 [12.7 | 57 at 16 hr 4.9 010

5..... RW low 6 fl oz 4.1]7.2 (9.8 {115 at 16 hr 3.9 010

9..... none .. 8.2 |12.5 | 32at12hr [ 3.4 37 (0

10... .. QA high £ 1b 4.7 | 8.5 |12.6 | 20 at 12 hr 3.4 0]0
11..... QA high i21b 7.1 (10.2 {15.3 | 15 at 12 hr | 3.8| 01 2.
12..... Q4 high 3¢ b 7.9 |13.2 20.4 | 6at12hr | 3.5/ 0] 3.

IntTiaL TEMPERATURE OF CONCRETE—T70 to 75

R— 1..... none ... 14.3|6.9 (530 at 16 hr 3.6/ 80| 0
5..... 80 high I4b 6.7(6.4(8.8|527at16hr [ 3.8 0|0

4..... bpP low 141b 9.0 [ 5.8 8.0 |584 at 16 hr 4.6 0]0

2..... opP low i 1b 8.6|58(7.9(623at16hr | 3.6 00

3..... RW low 6 fl oz 3.5(4.4 6.2 (760 at 16 hr 3.6 26 0

13..... none . .. | 5.3]7.8(172at 16hr | 3.5 55| 0
14..... QA high 14 1b 3.5|5.4 7.7 (200 at 16 hr 3.5 10} 0
15..... QA high 14 1b 7.8 |6.3| 8.8 (192 at 16 hr 3.4 0i1.
16.....| QA high 3¢ 1b 7.4 | 7.7 {10.5 |135 at 16 hr 3.5 04 2.

INiTIaL TeEMPERATURE of ConcRETE—90 to 95 F

ROO— 1..... none .. 3.3} 4.8 [541 at 10 hr 3.4 88 |0
2..... 80 high 41b 9.5| 5.3 | 7.0 |480 at 10 hr 4.00 21|10

3..... DP low 141b 8.3 /5.0 6.7 (566 at 10 hr 4.7 0|0

4..... OoP low 14 1b 7.1 4.9 | 6.6 {462 at 10 hr 3.7, 16 (0

5..... RW low 6 fl oz 3.6 {3.7| 5.0 {595 at 10 hr 3.4/ 20| 0

12..... none .. | 4.4 6.0 {441 at 12 hr 3.00 60| 0
13..... QA high 14 1b 5.3 5.7 | 7.4 {520 at 12 hr 3.5 0!o0

14. .. .. QA high 3 1b 7.917.9| 9.5 (376 at 12 hr 3.3 01]1.
15..... QA high 15 1b 7.6 | 8.8 [10.8 (262 at 12 hr 3.8 0| 2.

SOME EFFECTS OF ADMIXTURES WITH TYPE II CEMENT EP
INITIAL TEMPERATURE or CoNcRETE—S50 to 55 F

RP50— 1..... none ... 1 9.4[13.4 | 34 at 12 hr 4.00 15(0
2..... RC high 141b 6.2 14.1 (18.2 6 at 12 hr 3.6 0]1

3..... oP low 4 1b 5.8 10.8 [16.2 | 19 at 12 hr 3.3 010

4., ... none ... 1 7.5]11.7 | 54 at 12 hr 4.0) 89 (0

5..... LP 0 21floz 7.7 | 8.5 |12.1 | 44 at 12 hr 2.9 20(0
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TABLE II1.—Concluded.
5 Air Content
] Time, hr, to
D . = l{’el.mttarationf to ®
. Admix- | Sugars i 05age o 8 esistance o C . LE8 bER
Mix ugars in | 4 L ' ompressive A g9 £g
tore | Admixture | Admixture % . Strength, psi xg:err, Hi 2 [
g: cent | € <
.| 4000
E & \s00 pst pei ml per cu yd
INTTIAL TEMPERATURE OF CONCRETE—70 to 75 F
RP— 1..... none ... 155 |7.7401at16hr | 3.1] 62| 0
2..... S0 high 4b 12.0 |10.3 |12.8 (201 at 16 hr | 3.5 oo
3..... DP low b 9.2 [ 8.0 {10.0 (487 at 16 hr | 3.6 00
4..... OP low 141b 10.0 [ 7.8 | 9.8 (308 at 16 hr | 3.4 0] O
5..... RW low 6 fl oz 9.216.2|8.1 638at16hr (3.6 20| 0
6..... none . ... | 5.4 | 7.5 (365 at 16 hr 3.3 64| 0
7..... HO low Y 10.6 | 8.5 |10.9 [333 at 16 hr | 3.4 0,0
8..... sugar { 100 per | 0.03 per | 2.0 | 7.2 ( 9.1 [369 at 16 hr | 3.7| 62 | O
cent cent by
weight
9..... sugar | 100 per | 0.06 per | 4.3 [10.0 {12.5 {193 at 16 hr | 3.5 60 | O
cent centby
weight
10..... none .. ... |1 5.6 7.7 (412 at 16 hr 3.2 6560
12..... AD low 9 fl oz 11.7 | 9.2 [11.9 {351 at 16 hr 3.6 0|0
13..... none ... | 5.8 1 7.9 (369 at 16 hr 3.6/ 64|10
14..... LP 0 11 oz 3.9{6.7|89 (419at16hr [ 3.8 51 |0
15..... LP 0 2floz | 5.5 | 8.4 |11.0 |272 at 16 hr | 3.7 42 | O
16..... LP 0 3floz | 7.5 [11.3 |13.7 |156 at 16 hr | 3.4 34 | O
17..... LP 0 4floz [10.2 |15.0 [18.3 3.1 240
18..... RW low 3.5floz | 6.7 | 5.8} 7.5 (606 at 16 hr | 3.8 39 | O
24..... none ... | 6.7]9.3 (139 at 12 hr 3.3 50 (0
25..... A0 high 4b 9.1 (12.3 (15.8 { 19at 12 hr | 3.6 ofo0
26..... S0 high 4b 8.7 (11.0 (14.3 | 39 at 12 hr 3.4 0|0
27..... RC high 1{1b 7.5 |13.5 |17.4 | 16 at 12'hr 3.2 oo
28.....| OP low i 7.9 |10.1 |12.9 | 59 at 12 hr 3.0 oo
29..... LP 0 3floz | 5.1 (10.4 [13.4 | 48 at 12 hr 3.4f 50| O
INiTIAL TEMPERATURE OF CONCRETE—90 to 95 F
RP9O— 1..... none . ... | 4.1 58308 at 10 hr | 3.4/ 103 | O
..... S0 high j78\) 8.5(7.2(88(136at10hr | 3.6 22| 0
3..... Dp low p 78\ 7.316.1|7.2|272at10hr | 3.5 oo
4..... OoP low j 78\ 6.5 6.6 8.0(220at 10hr | 3.7 17 |0
5..... RW low 6floz | 3.6 | 4.2 [ 5.5 (584 at 10hr | 3.0/ 40 O
9..... none .. 14.9(7.0/!70at12 hr 3.1 90 (O
10..... RC high i41b 6.9|8.8(11,1 | 79at12hr | 3.4 30| 0
11..... RC high 151b 10.0 (23.1 (27.0 | 15 at 1334 hr| 3.6 0] 0.8
12..... oP low iilb 6.9 | 8.1 |10.0 |105 at 12 hr | 3.8/ 30 | O
13..... oP low 15 1b 9.2 (12.7 {15.3 | 26 at 12 hr | 3.2 04}1.0

2 The plain concrete used as a basis of comparison is in all cases air-entrained concrete. The
water reduction was computed after adjusting all mixes to the same slump and air content.
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to 300 psi is sufficient to prevent struc-
tural failure when forms are removed.
Usually, with concrete of such low
strength, the greatest problem in form
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12-, or 16-hr strengths were obtained
with several of the admixtures and 12-hr
strengths at various initial temperatures
and dosages were determined for admix-

Fi16. 9.—Effect of Table Sugar and Admixtures on Rate of Setting at 70 to 75 F, Cement EP
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removal is to accomplish it without dam-
age to surfaces, corners, edges.

When retardant admixtures are used,
the question naturally arises as to its
influence on strength at the time forms
must be removed. For this reason 10-,

72F
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]
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Fi16. 10.~High SO or Low OP Sugar Content of Admixture Has Unimportant Effect on Time to
Vibration Limit, Particularly at Higher Temperatures, Cement Type T DI.

16 8

20

ture Q4 which was to be used in con-

crete for lining Feather River project

railroad relocation tunnels Nos. 4 and 5.
From the results shown in Figs. 1, 3, 4,
5, and 6, and reported in Table I1I, it
appears evident that in most cases nor-



TUTHILL ET AL ON TESTING AND USE OF WATER-REDUCING RETARDERS 107

mal dosages of the admixtures tested do
not reduce early strength significantly
below that of concrete in which no ad-
mixture was used. Some lower values will
be noted in Figs. 2 and 6 in cases of large
dosages, even at 90 to 95 F. However,
for those tested with initial temperatures
of 50 to 55 F (Table III), it was evident
that neither concrete with or without an
admixture would be strong enough in 12
hr for form removal and that it would

As a starting point, small quantities
(0.03 and 0.06 per cent by weight of ce-
ment) of ordinary table sugar were used
as an admixture. Figure 9 and compari-
son with Figs. 10, 13, 14, and 15 show
that the time and rate of hardening of
the sugared concrete are no different than
with other retarders. Figure 7 shows
strength superior to that of the plain con-
crete obtained at all ages tested, except
at 16 hr when concrete with the higher

. L i
4000 ‘kl_k,‘“‘k g —
& f i
- of of AN v
a §I s §[ls 18
§ 3000 [——1 JJ—yf— > —Hv—
-3 ~ N
2 ] A
g ' ! / /‘l 'I'
€ 2000 ! S A ggfl‘
s ! I "
; / [ [ &
e ! I V4
a& 1000 / y/ra /— Voeaten it
o /-_‘ e - l
2 4 6 8 10 2 14 16 18 0

Time ofter Mixing, hr

F16. 11.—Concrete of Similar Vibration Limit at Various Temperatures Can be Made by Varying
Dosages of a Retarding Admixzture. Admixture Q4 Here Used with Type I Cement DJ.

therefore be necessary to raise the initial
concrete temperature to 70 to 75 F.,

ErrECTS OF SUGAR CONTENT
OF ADMIXTURES

Much contemporary consideration has
been given to the sugar content of the
various admixtures, to the character and
possible effect of these sugars, and to
means of determining their kind and
amount, particularly in the lignin-based
materials. This concern has been due to a
somewhat prevalent idea that, presum-
ably, sugar could be detrimental to con-
crete and cause troublesome and em-
barrassing delays in hardening of job
concrete. For this reason observance of
the effect of sugar has been one of the
principal items noted during the testing
and field experience here reported.

sugar content had lower strength than
concrete without sugar.

However, 1-yr strengths were below
expectations for each of the four mixes.
Although the mixes containing sugar
were still stronger than the plain mixes
at 1 yr, they showed less strength than
at 90 days. Probably more than these
few tests will be necessary to show
whether or not this effect at later ages is
significant. It should be noted on Fig. 1
that the high-sugared, lignin-based ad-
mixture SO showed normal strength in-
crease from 90 days to 1 yr.

It was noted that water reduction was
only about 4 per cent for the 0.03 per cent
dosage and 5 per cent for the 0.06 per
cent dosage. Thus pure sugar appears to
be more effective as a retarder than as a
water-reducing admixture.
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Other tests with large dosages of sugar
are reported in a Portland Cement Assn.
information sheet; these large dosages be-
come increasingly damaging to strength.
However, it is of interest to note that the

SYMPOSIUM ON ADMIXTURES IN CONCRETE

responding time between mixing and the
vibration limit for normal dosages in con-
crete of the same initial temperature. It
is regretted that precise, reliable informa-
tion could not be obtained as to the type

4000
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F1c. 12.—An Increasing Dosage of a Retarding Admixture Increases the Time to the Vibration
Limit. Thereafter Rate of Hardening Is Similar. Admixture LP Here Used with Type II Cement EP
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Fic. 13.—At 50 to 55 F Time to Vibration Limit May Be Affected by the Brand and Type of
Cement in Combination with % Ib per Sack Dosages of Retarding Admixtures, Regardless of Sugar

Content.

highest strength obtained was with a dos-
age of 0.15 Ib per sack or about 2} times
the maximum dosage in Figs. 7 and 9,
provided the test cylinders were cured in
moist air and not in water.

Table I shows relative amounts of
sugar compounds in the various admix-
tures, and Table III lists these with cor-

or the amount of sugar in the lignin-based
admixtures used. Consequently, only the
general terms “high-sugared” and “low-
sugared,” as used in the trade, are used
in Tables I and III and elsewhere. The
dividing line is probably about 10 to 12
per cent.

At lower temperatures it will be noted
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that the QA4 and SO agents of compara-
tively high sugar content postpone the
vibration limit or initial set only about
1 hr, or 10 to 15 per cent longer than
such low-sugared lignin-based admix-
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ture RC is used with type II cement EP
at a temperature of 90 to 95 F, as shown
in Fig. 15.

In Figs. 1, 4, 5, and 6, it may be noted
that the high-sugared lignin-based ad-
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Fic. 14.—At 70 to 75 F Time to Vibration Limit May Be Affected More by the Type and Brand
of Cement Than by the Sugar Content of } Ib per Sack Dosages of Retarding Admixtures.
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F16. 15.—At 90 to 95 F Time to Vibration Limit May Depend as much on Type and Brand of
Cement as on Sugar Content or Amount of Retarding Admixture.

tures as OP and DP. At normal and
higher temperatures, there is little prac-
tical difference between them in this re-
spect. These relationships are also shown
in Figs. 9 and 10. Similar relationships
are shown in Figs. 13, 14, and 15, except
for the considerable retardation when a
3-Ib dosage of the high-sugared admix-

mixtures SO and RC most often exhibited
the highest strength of the group re-
ported.

From these and similar results in ear-
lier laboratory tests elsewhere and from
similar good results with high-sugar ad-
mixtures in field trials and in regular use,
it is concluded that sugar content of it-
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self (as is commonly measured and indi-
cated) is not a critical factor on which
approval or acceptance of a water-reduc-
ing retarder should be based. Evidently,
if a product performs as desired in job
concrete and no undesirable properties
are imparted to the fresh or hardened
concrete, there is no reason to be con-
cerned with its hypothetical content of

SyMPOSIUM ON ADMIXTURES IN CONCRETE

sugar contents of about 18 per cent would
contribute only 0.045 b of sugar per sack,
an amount which, as sucrose, has been
demonstrated to be harmless.

Figure 11 illustrates how concrete at
various temperatures can be made to
have approximately the same vibration
limit simply by changing the dosage of
the retarding admixture. For instance,
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F16. 16.—Slump Loss with 90 to 95 F Con- Fi1G. 17 —Slump Loss with 70 to 75 F Concrete
crete and Various Retarding Admixtures. Using Type II Cement EP.

sugar compounds. Because there is so
little evidence that these sugar com-
pounds affect the properties of concrete
in proportion to their alleged amounts,
it has been suggested by some that these
compounds may be in such a form in the
admixtures that their action is relatively
minor and that the effects of the admix-
tures are in fact achieved primarily by
other elements than sugars, among their
ingredients. Moreover, normal 1-1b dos-
ages of compounds containing the higher

for a time to vibration limit as at 52 F,
a dosage of % 1b per sack is required in
72 F concrete and a dosage of 2 1b is re-
quired in 92 F concrete. For these data
a high-sugared admixture was used. Fig-
ure 10 shows that the effects of a low-
and a high-sugared admixture are about
the same. Figures 12 and 15 show how an
increase in dosage at the same tempera-
ture lengthens the time required to reach
the vibration limit.

Figures 13, 14, and 15 show that the
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retarders may have different effects with
different cements. A similar variety of
effects are found with other retarders and
other cements. As may be seen from these
figures, particularly Fig. 15, these differ-
ences may be considerable. It is therefore
emphasized that proposed combinations
of retarders and cements, including maxi-
mum dosages of retarders, should be
tested at probable job temperatures be-
fore use is made of retarders on the job.
This is particularly important where the
work is such that an unexpected delay in
setting would result in inconvenient or
costly delays in form stripping or other
subsequent construction operations.

Errect oN Spumr Loss

Presumably because most of the water-
reducing admixtures were also retarders
in that they increased the time required
to reach the vibration limit, it has been
taken for granted by many that these
admixtures also reduced or postponed
slump loss. Unfortunately such a helpful
effect is not confirmed in many tests of
slump loss (see Figs. 16, 17, and 18).

While making many of the laboratory
tests reported, slump tests were made on
a portion of the test batch at increasing
time intervals after mixing. The concrete
was not remixed except as it was re-
worked in filling and rodding the slump
cone. After the initial slump was taken
as soon as the batch was discharged, one
or two other slump tests were made as
other test work permitted, up to an age
after mixing of 20 to 40 min. Slump was
often less than 2 in. after 20 min, al-
though most started at 3} to 43 in. Test
batches for railroad tunnel lining started
with slumps ranging from 4} to 5% in,,
with the expectation that such a slump
range would represent concrete as usually
placed in side wall and arch forms.

In general, in all the figures showing
slump loss measurements, it will be noted
that the slope of the lines representing

11

rate of slump loss were essentially paral-
lel, often including the line representing
the plain mix without the admixture.
Steeper slopes show more rapid slump
loss and flatter slopes mean slower slump
loss.

Figure 16 shows slump loss with a
variety of retarding admixtures in con-
crete at initial temperatures of 90to 95 F.
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Fic. 18.—Slump Loss as Affected by Tem-
perature and Varying Dosages of Retarder 04,
Type I Cement DI.

These tests were with both type I and
type II cement as shown. No marked or
consistent difference in slump loss with
any of the admixtures is apparent. If
anything, in this case the plain mixes
with type II cement have a slightly
flatter slope and thus exhibit a slightly
lower rate of slump loss; but this is not
the case with this type II cement at the
lower temperatures shown in Fig. 17.
Figure 17 shows slump loss with a
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variety of retarding admixtures in con-
crete at initial temperatures of 70 to 75 F.
All lose slump at about the same rate.
Figure 17 also shows the effect on stump
loss of increasing the dosage of one of the
admixtures in 70 to 75 F concrete. A
slight increase in slump loss may be seen.
Both groups of tests were with type II
cement EP.

Figure 18 shows the slump losses at
various temperatures with admixture
QA, the admixture that was used in
tunnel-lining concrete. It will be noted
that the effect of increasing temperature,
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F16. 19.—Effect of Continuous Agitation on
Slump Loss at 70 to 75 F, Cement AC.

although noticeable, was not marked.
The similar effect of slightly increased
slump loss is noticeable for the increased
dosages of the admixture. These dosages
are within a practical range of use for the
temperature shown. These tests were
with the type I cement DI used in the
tunnel-lining concrete.

The rate of slump loss of plain and
retarded concrete during continued agita-
tion is shown in Fig. 19, in comparison
with the slump loss in the same concretes
when undisturbed. From this group of
tests it appears that concrete with a re-
tarding admixture is very little different
in slump loss under continued agitation
than without agitation. It will be noted
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that agitation appreciably reduced the
slump loss of plain concrete.

It would be helpful in many central
mixing situations for concrete to lose no
more than 25 per cent of its slump in the
first 15 or 20 min after mixing. But the
fact that it obviously loses much more
than this unless it is agitated becomes
much less objectionable when the con-
crete can be made to respond readily to
vibration for a considerably longer time
by the addition of a suitable retarding
admixture. Despite use of these admix-
tures, concrete must still be handled with
dispatch and placed in the shortest time
possible after mixing. Otherwise slump
loss will be sufficient to encourage use of
higher slumps initially to compensate for
the loss. But with adjustment of the dos-
age of a retarder, the vibration limit can
be set at any time desired for convenient
placing of each layer of concrete to avoid
cold joints, and the dosage can be further
adjusted to hold this time reasonably
constant for any prevailing initial tem-
perature of the concrete. An example of
this is indicated in Fig. 11 in which in-
creasing dosages of admixture Q4 at in-
creasing temperatures produce time rate
of setting curves with about the same
vibration limits in concrete tested for
tunnel lining. Other such possibilities are
shown in Figs. 13, 14, and 15.

No noticeable difference could be ob-
served in the workability of concrete with
and without the admixtures when the
slump and air content of the concretes
were the same.

EFFECT ON AIR-ENTRAINMENT

Some of the admixtures such as LP
entrain very little air while others entrain
amounts ranging up to 7 or 8 per cent in
laboratory mixes at normal dosages, de-
pending on the temperature. Higher
amounts of air are entrained at the lower
temperatures and with higher dosages of
these admixtures. When this gratuitously
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entrained air is more than is desired, air
detraining (defoaming) agents have been
successfully employed. Where substantial
percentages of entrained air are not
needed to improve durability in freezing
climates, minimum amounts benefiting
workability and cohesion of the fresh
concrete are the most that are desired in
view of the unfavorable effect on strength
of larger amounts. For this reason, in
some cases it is preferred that no air be
entrained. Actually the strength of con-
crete containing 5 to 6 sacks of cement
per cubic yard is not significantly reduced
by entrainment of 2 or 3 per cent of air,
if the cement content and slump remain
constant. Some of this air is lost through
vibration. The benefits of a proper
amount of entrained air usually outweigh
whatever reduction there may be in
strength, if any. Because of these bene-
fits, some prefer to add enough air-en-
training agent to entrain at least these
minimum amounts of air, and more
where durability is a consideration.

An indication of the air-entraining
properties of some of the lignin-based
admixtures can be obtained from Table
III by noting the per cent of air entrained
and the amount of supplemental air-
entraining agent, if any. In the mixes
reported in Table I1I, an effort was made
to hold the air content up to 3.5 per cent
+0.5 per cent. Some tests reported in
Table III show that those exceeding this
amount can be held down to it with a
proper dosage of an air-detraining agent.

It should be noted that air entrain-
ment obtained in laboratory mixes may
not be obtained in field mixzes. In one
case, based on laboratory tests, it was
expected it might be necessary to use
a defoaming agent to keep air content
down to the 2.5 per cent desired only
for workability and cohesion in a mix
with 2%-in. gravel. Actually it proved
necessary, even at 60 F, to add a small
dosage of an air-entraining agent to ob-
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tain the desired amount of air. This ex-
perience re-emphasizes the importance of
verifying all aspects of performance of
any admixture on the job, under job
conditions, and with job materials.

Errect oN WaATER REDUCTION

Review of the per cent reduction in
water requirement attained by means of
the various water-reducing admixtures
reported in Table III shows that in most
cases the reduction ranges from about
5 to 10 per cent. It should be remembered
that this is in comparison with the water
requirement of plain air-entrained con-
crete. The average reduction with a }-
Ib dosage of the unmodified lignosulfo-
nates in 35 mixes was approximately 8
per cent and for a 3-Ib dosage nearly
11 per cent. Other admixtures averaged
somewhat less for normal and larger
dosages.

It is difficult to see a clearly consist-
ent superiority of one water-reducing ad-
mixture over another. More often than
not, decreases greater than 10 per cent
are apparently the combined result with
a higher than usual air content or a
larger than usual dosage. Summarization
of the data in Table III reveals no clear-
cut influence of temperature on water
reduction. Neither does it reveal any
significant difference which may be at-
tributed to the brand or type of cement
except for an indication of less water re-
duction with one of the type I cements.

Many factors affect accurate determi-
nation of the per cent of water reduction.
These include primarily not having the
same slump and air content and any
variables there may be in aggregates,
cement, or temperature. Assuming per-
fect control and uniformity of test
batches, it may be that differences in
the amount and per cent of water re-
duction will be found due to different
admixtures, different brands and com-
positions of cement, different aggregates



114

(particularly sands), and different tem-
peratures. Moreover, every day each job
will be faced with some combination of
these factors. Therefore, from a practi-
cal standpoint, the most significant wa-
ter reduction is that which can be regu-
larly obtained in the largest quantity
under conditions and with materials
available on the job.

One practical aspect of water reduc-
tion is the corresponding effect of mak-
ing a given water content go farther.
In so doing, a greater slump is provided

oo
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Fre. 20.—Effect of Admixture LP in Concrete
of Similar Unit Water Content, Cement EP.
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without exceeding the water content for
a lower but sometimes impractical stump.
Even with no reduction in water con-
tent, strength is sometimes slightly im-
proved as appears at 90 days in Fig.
20 for two concretes, Often a combina-
tion of some increase in slump, some
reduction in water, and some increase in
strength is obtained from using a water-
reducing admixture.

Another practical aspect of water re-
duction is the use of it to compensate
for job conditions or equipment that in-
herently demand more water and some-
times more slump than others. One ex-
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ample is to offset to some degree the
higher water requirement at higher tem-
peratures. Another is to offset the higher
water requirement used for higher slumps
to allow for greater slump loss in con-
crete hauled long distances in truck
mixers, particularly in warm weather.
Another is to compensate for higher
slumps than are sometimes desired in
order that truck mixers may discharge
expediently.

AcCEPTANCE TESTING AND JoB USE

When a water-reducing retarder is pur-
chased and used on a job, its cost is
appreciable, and it is important to know
that expected results are being obtained
regularly with the product used. Usually
a product is supplied with a guaranty
and deliveries are made with a certifica-
tion that the material will perform in a
manner to be expected from past per-
formance of the material. A good prac-
tical approach to this is a guarantee that
performance of subsequent deliveries will
compare favorably with that of a sub-
stantial sample originally tested.

Where jobs have close control and con-
crete properties and performance of in-
gredients are closely observed, it is quite
evident when rate of hardening, water
requirement, and slump remain un-
changed, as use is commenced from a
new delivery, that there has been no
change in the material. Laboratory test
batches can also be made and comparison
will establish its performance with that
of the standard sample. These tests will
include water requirement, time rate of
setting, time to reach the vibration limit,
and strength at various ages. For such
tests a carefully duplicated standard mix
must be used with similar fine and coarse
aggregate, and cement from the same
carefully sealed laboratory supply lot.
Thus the admixture sample should be
the only variable.

Examples of such tests, the first on



115

TuTHILL ET AL ON TESTING AND USE OF WATER-REDUCING RETARDERS

‘8183N8 pooM 10M0] AIYBIs jdaoxe sajdwres 19yj0 &8 jonposd swss s P ajdwres pey YlInoq
‘X votusduwioo YA 88 9 pus ‘§Z ‘2 ‘614
SOXTWI UO Pasn I9jsm aweg ‘durns paiisep 3A1B 0} gz PuB ‘gg ‘12 ‘STY XIW UO pajsnips 12384 "I1938M 1d00Xe S9XIUI [[8 UI Pasn S31IjUBND Yyoj8q SWIBS

0L6€|08L2 " - 080T|" ""| 9°8 | 1°9 |IL¥[8%E| 22 | O |0°991 (L' |L'C | 92 0L 1°9 (902°1 | ' ' VO °dwes ppY Yynog |- ''9g
088¢€|0€92| Tleee (| 276 | 8O (POF|SSE| 0’2 | O [97€ST (1'% (P'E | 8°¢ 0L ¥°9 (96T°1 |7 VO s1dwss pRyY 1814 | 'G3
09%¢|0L82| 6sL |° 0°6 |89 BL¥L¥Z| 0'C | O (0°99T |[T'E |2°€ | O'F oL 8°9 86171 | " 'vO sidures ppY payL | ¥3
0098|0693 - 208 9'8 | 1°9 |O¥L|9%C| 0°C | O |2'SS1 |8¢'€ (¥'€ | O'F €L 9 961°1 | VO ofdwss PRy 18I | €3
088€/099Z|" "~ (0221969 |0L1| 0°OT| 1'L |L9%|29c| 02 | O |(0°%SY (O'F OF | O'F 0L Z2'L [@61°1 | VO o1dwss pisy puoosg | °°gg
0L6€/0992|' " |0131|L3L (92| ¥°6 | 9°9 |1L¥|P9| 0°'C | O |2'991 |2°€ |2°€E | 9'¢ 0L ¥'0 |961°1 | VO 9jdurss ppY i8I 1g
029€|06.2|09S1|028T|0FL (89T| 8'8 | €°9 |99%|¥P2| 0°'C | O |0°%CT |€°F% |(L'E | C'F% 1L $°9 |961°1 | VO ordwss ppay sa1 |61
088€|0622|0291|018T1|3SL (921| 1°6 | €°9 [99%|¥¥C) 0°C | O |0'¥S1 €% |8°€ | L% 1L 99 (g1 [T * VO A109s10g8] | U8T
00¥8|0825|02¢1|0901(00L 261 9°L | 2°9 (L9¥%|€92 0| 9¢ |2'€g1 |I'v [¢°€ | €'F 1L T I R X[ joqpuoyy (LY
o Q|5 2 2 [} =2 = o
g o7 o = ] o8 V.N
Kup | Kop | Kep | Lep | Lwp | 1 18d B & |ESL(&E] 1y no 4 ] g
w | T T TV || oo [seo0s| B8 EERIEES | wa | & | Ex £s
= F ELIE] ® .uhwwu “ut gz -h:: m. & a1dure: X1
< = = ysalyj ‘dunig M.m «wﬁmw ae 1CueS m
jo aduEIsIsIY WYBRM | quad 1ad ge g
15d ‘giBuang aarssaidwo) uoneIAUdIJ p£ no 1ad §3puend) nun | Huauo) ] °
03 “1y ‘auny, any iy =

*9218 WNUIIXBW "UF-347 ‘0)8BaB1dy 'posn joss 1ad q1 ¥¢

I INAWHO—VO HYALXTINAV 40 SLOT INFYFLIIA 40 NOSIHVAWOO— Al HIIV.L



116

the laboratory or standard sample, the
others of field samples from subsequent
deliveries, appear on Table IV. The close
similarity of the resulting concrete data
may be noted. This particular admixture
is delivered as a 42 per cent solids solu-
tion by tank truck, 5000 gal at a time, for
use in concrete for tunnel lining. The de-
livery is made into a 15,000-gal steel stor-
age tank at the roadside at an elevation
where the liquid will flow readily down
to dispensing equipment in the batching

r—w—' 0

} 15,000 Gal. tank

Staroge supplied by 5,000 gol.
fank fruck defivery.

Gravity flow—|)
re Eleciric volve contralled by fimer.

§——
Cotibrated plastic—»' El—j—fﬁmlr {60 tec. max.)
jer te confirm ac- ; 3
curocy of dosage ‘j'

Hand operated {open and close) valve
tar each batch. )
Size is ample for E/Prefurnbl, this valve arranged ta open

qutomatically when botch water is re-
moximum dasage. leosed to m’iur.
- Voive adjusted 1o distribute admixture

throughout water for each botch.

i
1

Botch water —
to mixer.

Fic. 21.—Arrangement of Dispensing Facil-
ities for Water-Reducing Retarding Solution.
Feather River Project, April 1959,

plant. The schematic arrangement of
these facilities is indicated in Fig. 21.
For best results in safety from over-
dosage, accuracy, and uniformity, this
arrangement includes:

1. An accurate time-controlled valve
for measurement of the correct dosage.

2. A calibrated plastic container large
enough to receive each full dose and in
which the correctness of each dose can
be verified at a glance. This is a must
for safe operation.

3. In addition to the release valve, a
valve to adjust flow from the plastic
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container so that the agent will enter the
mixer during the entire period the
batched water flows.

4. A mechanical stirring device in the
supply tank to prevent settling is needed
with many but not all admixtures, in-
cluding air-entraining agents which are
best similarly dispensed.

If dispensing is accurate and reliable,
there is no evidence in the laboratory
testing or field experience that proper
dosages of any of the admixtures dis-
cussed will under any foreseeable cir-
cumstances cause a concrete mix not to
set. Accordingly it is important to insist
on using dispensing equipment that is
accurate, reliable, foolproof, self-check-
ing every batch, and capable of meas-
uring in one operation the quantity for
each batch regardless of size. With dis-
pensing facilities of this character, only
beneficial results may be expected from
proper use of any of the regularly mar-
keted water-reducing and retarding ad-
mixtures of either the lignin-based or
the hydroxylated carboxylic acid type.

CONCLUSIONS

From these observations we have
reached and are operating on the basis
of the following conclusions:

1. The brand and type of cement may
influence results more than differences
in the variety of water-reducing retarders
investigated.

2. Concrete compressive strength in
less than 24 hr may be influenced more
by the temperature of the concrete than
by differences in the variety of water-
reducing retarders investigated.

3. The time to the vibration limit and
the time rate of setting may be influenced
more by the brand and possibly the type
of cement than by differences in the
variety of water-reducing retarders in-
vestigated.

4. There was no evidence that sugar
content of lignin-based admixtures
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should be a cause for concern. Proper-
ties of fresh and hardened concrete were
satisfactory regardless of sugar content
of admixtures used.

5. The many fine distinctions in per-
formance often reported for the various
admixtures are extremely difficult to con-
firm in the most careful of laboratory
testing, even in an air-conditioned mix-
ing room with materials preconditioned
to constant temperature and moisture
content.

6. The rate-of-slump loss is not de-
creased by any of the retarding admix-
tures.

7. The effect of water-reducing re-
tarders on air entrainment may be dif-
ferent in laboratory mixes than will be
found in field mixes.

8. Under most conditions, most of the
available water-reducing admixtures will
do a highly satisfactory job, and some
with considerable economy.

9. Good performance of such admix-
tures, at the same cement content and
initial slump, includes increased strength,
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lower water requirement, and set control
affording more or less time before reach-
ing the vibration limit.

10. At the same cement and air con-
tent and at the same slump, none of the
admixtures appeared to impart a notice-
able improvement in plasticity or work-
ability of the concrete.

11. Only by tests with job cement and
aggregates, preferably in trial runs on
the job as well as in the laboratory, can
performance of any admixture be prop-
erly evaluated for a particular job and
purpose.

12. Acceptance tests of job deliveries
can be made by comparing their per-
formance with that obtained from re-
peat tests of the initial sample or an
earlier delivery of acceptable material.

13. Successful results on the job can-
not be assured unless dispensing equip-
ment, which is available, is accurate and
foolproof and capable of measuring in
one operation the quantity for each
batch regardless of size.
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DISCUSSION

Mr. R. B. BAlLEY."—Qur laboratory
has done some work to determine the
effect of various amounts of sugar on
the setting time of concrete. D-mannose
comprises about half of the mixture of
sugars referred to as “wood sugars”
found associated with lignin sulfonates.
Starting with a sodium lignin sulfonate
containing 12.9 per cent wood sugars, a
number of samples were prepared con-
taining increasing amounts of d-mannose
to adjust the sugar content, resulting in
a series of sodium lignin sulfonates con-
taining from 12.9 to 30.3 per cent wood
sugars.

The set time of a standard 5-sack con-
crete was measured with 0.5 lb per sack
of each of these admixtures present,
double our recommended amount. Re-
sults are shown in the accompanying
Fig. 22. The points below 10 per cent
sugar are for lots of sodium lignin sul-
fonate containing the percentage of
sugar shown, without the addition of any
d-mannose. Measurements were made
with a Proctor needle according to the
method of Tuthill and Cordon.?

Extrapolating to the O per cent sugar
line, it seems probable that other frac-
tions of the lignin sulfonate composition
are retarding the set of the cement. It
would also seem that the amount of set
retardation can be predicted from the

1 Manager, Chemical Sales, Chemical Prod-
ucts Division, Crown Zellerbach Corp., Camas,
Wash.

21, H. Tuthill and W. A. Cordon, “Properties
and Uses of Initially Retarded Concrete,” Pro-

ceedings, Am. Concrete Inst, Vol. 52, p. 273
(1955—1956).

sugar content for a given lignin product
and a given set of conditions.

We feel that sugars definitely contrib-
ute to the benefit to be gained from the
use of admixtures but that the amount
should be carefully controlled in the
manufacturing process to insure uniform
performance on the job.

MR. H. K. Cook?® (presenied in wrillen
form)—This paper has added a great
deal of valuable information on the labo-
ratory and field use of water-reducing
retarders. However, while I am sure
that the authors knew what they had
in mind with respect to their conclusions,
I believe that there is danger of mis-
interpretation of their conclusions by
others who may not be as fully informed.
I strongly feel further clarification is
necessary because some of the conclu-
sions, if accepted without qualification,
contradict industry experience and may
be misleading.

I am particularly concerned with con-
clusions 4 and 5 that sugar content of
admixtures is no cause for concern and
that differences in the performance of
various admixtures are extremely diffi-
cult to confirm.

The paper is vague about what is
meant by low and high sugar contents.
The authors indicate that over 12 per
cent is high and that at least one of the
admixtures included in their tests had
a sugar content of 18 per cent. They
state that reliable information was not

3 Vice-President for Engineering, The Master
Builders Co., Cleveland, Ohio.
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obtained on the sugar content of the
lignosulfonates.

The chemistry of lignin and lignosul-
fonates is very complex and they may
contain several types of sugar as well as
other carbohydrates.

The number and identity of sugars and
of non-sugar carbohydrates and reducing
agents present in a given lignin mate-
rial depends on the origin of that mate-
rial and the processing that it has experi-
enced. Sugars present in effluents of
yeast and alcohol plants, for example,
are principally pentoses, that is, sugars
which are nonfermentable in those par-
ticular processes. In the unprocessed lig-
nin material, on the other hand, the
easily-fermentable hexoses predominate.

The calculated content of sugar and
other carbohydrates in lignin material
varies both with the analytical method
applied and with the assumptions which
underlie the calculation itself. Normally,
the various carbohydrates are deter-
mined as a group and then calculated
as the equivalent of a particular, arbi-
trarily-selected sugar. Variability of cal-
culated carbohydrate content for the
same lignosulfonate can exceed a factor
of two. For example, the summation of
individual sugars determined by paper
chromatography may be less than half
the total carbohydrate content of the
same material indicated by application
of a nonspecific reagent like anthrone
and calculating the result as equivalent
mannose. If a lignosulfonate contained
18 per cent of carbohydrates as deter-
mined by Fehling’s method and calcu-
lated as mannose or glucose, it is be-
lieved that there would be danger of
serious difficulty with the concrete in
which it was used. On the other hand,
it has been found through research that
for some lignosulfonates, if the total
carbohydrate content is reduced by proc-
essing below a certain point, the water-
reducing properties of the lignosulfonates

are adversely affected. While this is not
potentially of as much concern as too
high a carbohydrate content, the user
at best is not getting his money’s worth
in terms of performance.

If “high sugar content” is of no con-
cern then several large construction
agencies were quite wrong in their con-
clusions 20 yr or so ago when several
concrete structures failed to set up be-
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F16. 22.—Effect of Sugar on Set Time of Con-
crete,

cause of the use of lignosulfonate with
uncontrolled carbohydrate content.

Further, a considerable amount of
time and money has been invested in
developing and placing in production,
facilities for the control of carbohydrate
content of lignin. It is obvious that this
was not done without positive and some-
times spectacular and costly evidence
that there was a real need for such con-
trol.

I therefore feel rather strongly that
the authors, for the benefit of those not
so well informed, should establish more



120

clearly what they mean by high sugar
content being of no concern.

:The statement in conclusion 5 that,
““The many fine distinctions in perform-
ance often reported for the wvarious
admixtures are extremely difficult to con-
firm...."” is contrary to the results ob-
tained in hundreds of tests conducted in
our Research and Engineering Labora-
tories and is not borne out by the data
presented by the authors on either
strength or rate of hardening.

Our research laboratory is concerned
with the development of improved ad-
mixtures for concrete. Over the years a
very considerable amount of effort has
been expended in determining differences
in materials as they affect the properties
of concrete. If the statement by the
authors is to be taken literally, we would
have closed the doors to our research
laboratory a long time ago. Actually,
the test data presented by the authors,
in our opinion at least, confirm what we
have also found. Strengths of concretes
containing the various admixtures in
what appear to be comparable mixtures
with the same cement and with compa-
rable dosages of the admixtures differ by
as much as 1000 psi at 28 and 90 days
and by approximately 2000 psi with in-
creased amounts of the admixtures.
Rates of hardening, at the limit of vi-
bration, vary by as much as 3} hr, the
high-sugar admixtures producing the
longer periods of retardation.

For the type of construction in which
the authors are engaged it is possible
that the above differences are only con-
sidered as fine distinctions in perform-
ance. It is believed, however, that such
differences would have considerable im-
portance in many structural concrete
jobs both in over-all cost and also in
the time required for finishing concrete
floors or in slip-form work, to cite only
two examples.

It appears to be the philosophy of the
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authors that variations in or between
admixtures can best be dealt with by
varying the rate of use of the admix-
ture. It is agreed that rate of hardening
can be controlled very closely by vary-
ing the amount of retarder used. How-
ever, this variation in amount used will
also affect the amount of water reduc-
tion obtained, the air content, strength,
and other desired properties of the con-
crete. While on well-controlled projects
such as those of the authors, acceptable
results can be obtained, the elaborate and
costly control procedures required would
be impractical for the great majority of
relatively small construction projects
throughout the country. Even on large
well-controlled projects it would appear
that some sacrifice of optimum desirable
properties would be bound to occur.

It is suggested that a more satisfactory
approach for universal application is the
well-established procedures of adequate
performance specifications assuring spe-
cific uniformity so that best advantage
can be taken of all of the improvements
in concrete properties. For example, the
greatest beneficial property of these ad-
mixtures is believed to be water reduc-
tion. Through water reduction, many of
the properties of both fresh and hardened
concrete are made better. Secondary con-
sideration is given to the property of
retardation inasmuch as this is not too
often desired in most structural concrete.
There seems to be a too prevalent be-
lief that water reduction cannot be ob-
tained without retardation. Such is not
the case since there are a number of avail-
able water-reducing admixtures which do
not produce retardation and some that
even produce acceleration of set. Per-
formance specifications would permit the
user to specify the particular properties
he required for his particular job or por-
tion thereof without the necessity of
varying greatly the amount of admixture
required and the necessity of sacrificing
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one desirable property in order to ob-
tain optimum performance with respect
to another. Even when retardation is one
of the more desirable properties, as it is
for many of the jobs with which the
authors are concerned, it is possible to
obtain retarders that are uniform in com-
position and performance. With adequate
performance specifications, acceptance
tests of job deliveries of admixtures ad-
vocated by the authors could be sim-
plified to simple and quick tests of
composition such that the shipment
could be released for immediate use.
While acceptance tests on a performance
basis may be satisfactory for relatively
large shipments that can be held in
storage until strength tests mature, it
would not be practical for the smaller
user, particularly when shipment is made
in drums or bags.

The above comments apply only to
acceptance of job deliveries. I am in com-
plete agreement with the authors on the
necessity of tests with job cement and
aggregate as the preferred procedure in
the original selection of the admixture
or admixtures to be used on a specific
job.

While I disagree with some of the
conclusions of the authors, to the extent
discussed above, I do want to commend
them for a very valuable contribution to
the use of admixtures. Certainly I have
no fears that in capable hands such as
theirs good results will be obtained
through the use of water-reducing re-
tarders. My concern is over the possible
misinterpretation of their conclusions by
those not so well informed and the be-
lief that the relatively small user may
feel either that he can successfully use
a lignin from any source without con-
cern over the performance he will get,
or on the other hand will be scared by
the complex nature of the suggested job
acceptance requirements to the point
that he will not attempt to obtain the

benefits available through the use of ad-
mixtures.

Having worked with some of these
materials daily for over 5 yr I am quite
aware of the benefits to be obtained as
well as the difficulties that can be en-
countered in the use of admixtures. The
responsible manufacturers of admix-
tures as well as members of the cement,
aggregate, and concrete industries I am
sure will agree with me that the industry
can be done very serious harm if the
average user concludes from this paper
that he need not concern himself with
the sugar content of admixtures and that
differences in performance between ad-
mixtures are indistinguishable.

Mr. E. A. ABDON-NUR! (by letter)—
The authors have given the profession
an excellent contribution, made doubly
useful because they have coupled labo-
ratory work with field experiences.

The conclusions that the early com-
pressive strength, time-to-vibration
limit, ‘and time rate of setting may be
influenced more by temperatures, brand
and type of cement, and other construc-
tion factors than by differences in the
brands of water-reducing retarders are
in agreement with the writer’s field ex-
perience. No one will deny that there
are small differences between the ad-
mixtures marketed by different manu-
facturers, but such differences are so
small in eventual effect (as compared to
other variables that affect the finished
product in practical applications), that
these become of very minor influence in
the finished concrete.

Although the authors do not present
data or indicate that their work with the
sugar content of the admixtures was
based on the determination of sugar con-
tents in the various admixtures by the
same method of analysis, in order to
make such determinations subject to

4 Consulting Engineer, Denver, Colo.



122

valid comparison, there is no doubt from
experience in the field that the amount
of sugar in present-day water-reducing
retarders does not appear to damage or
have any ill affects on the concrete in
which they may be used.

Close control of the sugar content for
any given make of admixture is definitely
an important requirement in order to
permit a realistic control of the con-
crete batching, but a difference of from
about 8 per cent to 15 per cent (the
range of admixtures on the market) in
two different admixtures would not make
one better or worse than the other for
use, provided the properties of the mix
and the mix proportions are determined
using the same admixture as will be used
in the field operation. The amount of
sugar in the final mix is very small, even
though one admixture may have twice
the sugar found in the other.

The authors conclude that many fine
distinctions between different admix-
tures are not warranted when judged by
the final performance in the field. This
falls in line with the two observations
discussed above in that the small differ-
ences in the admixtures themselves are
overshadowed by many other more im-
portant variables in the field. Fine dis-
tinctions may be necessary for competi-
tive promotion and selling of products
by the various manufacturers, but the
writer is in full agreement with the au-
thors that there is no real practical dif-
ference in the final analysis, as long as
the concrete mix is adjusted to the par-
ticular admixture being used in order to
provide the desired properties.

The difference found in air entrain-
ment between laboratory mixes and field
mixes using the same materials and pro-
portions may be due to poorer mixing
in field operations than in carefully mixed
laboratory batches. Nearly every case of
this type of inconsistency that has de-
veloped on work with which the writer
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has been connected was eventually
traced to poorly adjusted mixers and
improper mixing operations and was suc-
cessfully corrected by taking proper
measures. It is felt that one of the most
sensitive measures of field mixer per-
formance would be a comparison of the
field air content with that obtained by
some standard laboratory mixing—that
is, if the latter could be standardized for
the purpose of such comparison.

The importance of foolproof and ac-
curate dispensing equipment cannot be
overemphasized. The authors’ suggested
features for proper dispensing equipment
go a long way towards meeting these ob-
jectives. Another feature is, however,
needed to make such an installation
really foolproof. The discharge of the
calibrated plastic jar, which is in full
view of the operator, should be automatic
and should be tripped by the same
mechanism that trips the water. If this
is not done, a busy operator may occa-
sionally forget to trip it, thus permitting
a batch through without the admixture.

The authors are to be highly com-
mended for providing the profession with
a very practical down-to-earth appraisal
of the field problems encountered in the
use of water-reducing retarders and the
effects of such problems on the finished
concrete.

Messks. L. H. TvuraiLn, R. F.
Apawms, aND J. M. HEMME (authors’ clo-
sure).—The authors are appreciative of
these discussions which have significantly
supplemented the paper. Mr. Bailey’s
data confirms the suggestion we men-
tioned that other compounds than the
wood sugars were also responsible for
the effects of the lignin-based admix-
tures.

Mr. Cook’s discussion is particularly
helpful in emphasizing the complexity of
the sugar element in the lignin-based ad-
mixtures and the consequent complexity
of determining their character and
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amount. Probably this is a good reason
why such tests are not practical for in-
clusion among acceptance criteria. For-
tunately, as we and Mr. Abdun-Nur have
pointed out, the amount of sugar is un-
important as long as it is uniform in
the admixture as used, and as long as
the admixture meets the requirements of
the job on which it is used.

The controls Mr. Cook describes to
to secure uniformity are indeed well
merited, and it is certainly not our in-
tent to diminish their importance be-
cause it is by such means that reliable
materials and consistent results are ob-
tained. Nevertheless, continuing experi-
ence suggests that the spectacular and
costly evidence which Mr. Cook says
inspired these controls may have been
produced by some variation in the joint
performance of admixture and cement
when there was no change in the dosage
or character of the admixture, and per-
haps no change in any property of the
cement as measured by standard ASTM
tests that ordinarily would be considered
significant.

When the admixture is a liquid dis-
pensed from a supply of several thou-
sand gallons in a large job storage tank,
and its uniformity is further attested by
substantially uniform concrete proper-
ties and strength for nearly a year, the
cement is the only active ingredient in
which change is possible. But it can
happen. Suddenly, after months of
compatible and very gratifying per-

formance, the concrete was grossly and
variably retarded in setting; not in a few
batches which might indicate overdos-
age but in awesome continuity and
quantity, despite accurate, foolproof dis-
pensing (Fig. 21). Such a supply of lig-
uid admixture could not have been so
suddenly and variably different, and all
tests indicated it was unchanged.

Probably others too have come to
realize that use of a standard, well con-
trolled product by no means affords com-
plete assurance that some such disturb-
ing evidence of incompatibility with job
cement will not occur. We can cite other
cases. Laboratory rate of hardening tests
(ASTM Method C 403)° also show that
such incompatibility is possible with more
than one well-controlled lignin-based ma-
terial. There is much yet to be learned
about why even the admixtures which
are well controlled for uniformity in pro-
duction, have markedly different, and
sometimes seriously abnormal, rate of
hardening curves with different cements
and sometimes with different mill lots
of the same cement brand.

Perhaps we can make no better reply
to Mr. Cook’s comments on our fifth
conclusion, on fine distinctions between
different admixtures, than to refer to
Mr. Abdun-Nur’s fifth paragraph with
which we fully agree.

5 Method of Test for Rate of Hardening of
Mortars Sieved from Concrete Mixtures by
Proctor Penetration Resistance Needles, 1958
Book of ASTM Standards, Part 4.
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EFFECT OF WATER-REDUCING ADMIXTURES AND SET-RETARDING
ADMIXTURES AS INFLUENCED BY PORTLAND
CEMENT COMPOSITION

By Mivros PoLivkal! aAND ALEXANDER KLEIN?

SyNops1s

Laboratory investigations carried out at the University of California En-
gineering Materials Laboratory on concretes containing the two most com-
mon types of water-reducers and retarders show that their effectiveness is
greatly influenced by the composition of the portland cement.

The effects of three lignin type and of one organic acid type water reducers
on properties of fresh concretes and compressive strength of concretes made
with four different California portland cements is evaluated. In a second pro-
gram, a second organic acid type water reducer was used in concretes made
with some twenty American cements; compressive strengths of concretes con-
taining these various cements are reported.

Also presented are data demonstrating the effect of water reducers and re-
tarders on the early-age heat of hydration of different cements.

During early investigations with wa-
ter reducers and with set retarders for
use in grouts and in concretes, it was ob-
served that the effectiveness of these ad-
mixtures was influenced by the composi-
tion of the portland cement. As a result
of these findings, more comprehensive
investigations were carried out to evalu-
ate the properties of a large number of
concretes containing various portland
cements and the most common types of
water reducers and set retarders.

Reported are the effects of cement
composition on the properties of fresh
concretes and on the compressive
strength of hardened concretes contain-
ing water reducers and on the stiffening
characteristics of concretes containing

! Associate Professor of Civil Engineering.
University of California, Berkeley, Calif.

2 Research Engineer and Lecturer in Civil

Engineering, University of California. Berkeley,
Calif.

Copyright© 1960 by ASTM International

set retarders. In all, nine admixtures rep-
resenting classes 2, 3, and 4 were evalu-
ated in combination with 32 brands of
portland cement produced in the United
States. All cements were either type I or
type II. Also reported are the effects of
two class 3 water-reducing retarders on
the early-age rates of hydration and set-
ting as determined by heat of hydration
and by time of set tests.

It is demonstrated that portland ce-
ment composition has a significant in-
fluence on the effectiveness of water re-
ducers and set retarders in performing
their function at both early and later
ages of hardening of concrete.

Although a general relationship be-
tween the chemical composition of port-
land cement and effectiveness of admix-
tures is developed, no definite single
cause of variation between cements has
been established.
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MATERIALS AND TESTS

The water reducers and set retarders
used are classified according to type in
Table I and designated by letters A to I.
They include two admixtures (C and D)
of class 2, three (E, H, and ) of class 3,
and four (4, B, F, and G) of class 4.

The 32 type I and type II portland
cements were from plants widely dis-
tributed throughout the United States.
Oxide analyses, total alkalies as Nay0,
and compound compositions, are shown
in Table II. Altogether, 16 type I and 16
type II cements were employed.

The aggregates were natural sand and
gravel, well graded to a maximum size
of § in.

The cement content of concretes con-
taining water reducers was made lower
than that of the corresponding control
mixes, without water reducers, in order
to produce comparable 28-day compres-
sive strengths.

Although some of the water reducers
caused entrainment of air, the presence
of additional air in the concretes did not
seem to affect the general relationship
between their performance and the
chemical composition of the portland
cement.

For any single phase of the investiga-
tion, all concretes were of like consist-
ency. Consistencies reported are in terms
of nominal slump rather than individual
values for each test. The slumps were all
within 1 in. of the nominal value. The
water requirements, given in terms of
water-cement ratios by weight or amount
of water per cubic yard of concrete, are
net values based on aggregates in a sat-
urated, surface-dry condition.

For compression tests, the specimens
were 3 by 6-in. cylinders, standard cured
up to age of test. Three such specimens
were employed for each test condition.

A conduction calorimeter, similar to
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that described by Carlson® operated with
a water-bath temperature of 77 F, was
used to determine early-age heats of hy-
dration. Each test was carried on for at
least 2 days, and in the case of the more
highly retarded cement pastes, up to 4
days. The rate of heat of hydration in
each test was indicated by a recorded
curve, and the magnitude of the heat of
hydration was determined from the area
under the curve. For each test condition,
time to reach maximum rate of heat of
hydration was noted and is hereafter des-

TABLE I.—CLASSIFICATION OF WATER
REDUCERS AND SET RETARDERS,

Description

Admixture

Class Type
ce....... Modifications of derivatives
D....... 2 of lignosulfonic acids and

their salts

E........ Hydroxylated carboxylic acids
H.. 3 and their salts
I........
P LU Modifications or derivatives
Be .. 4 of hydroxylated carboxylic
Fo . . ... acids and their salts
Qe

¢ Air-entraining type.

ignated as “peak time.” This maximum
rate of heat of hydration is designated as
“maximum rate.”

Setting times of cement pastes having
a water-cement ratio of 0.40 by weight
were determined by means of a Vicat
apparatus. This relatively high water-
cement ratio for a neat paste was selected
in liew of normal consistency in order to
provide a basis for correlating setting
times with rates and amounts of heat of
hydration at early ages obtained by the
use of the conduction calorimeter test

2 Roy W. Carlson, “The Vane Calorimeter,”
Proceedings, Am. Soc. Testing Mata., Vol. 34,
Part II, pp. 322-328 (1934).
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wherein a water-cement ratio of 0.40 is
employed.

Time of initial setting was determined
according to ASTM Method C 191.¢ To
determine final set with the Vicat needle,

SYMPOSIUM ON ADMIXTURES IN CONCRETE

to avoid irregularities near the top sur-
face resulting from bleeding. This proce-
dure is particularly important for re-
tarded pastes because such bleeding
increases the concentration of admixture

TABLE IL.—CHEMICAL COMPOSITION OF PORTLAND CEMENTS.

Oxide Analysis, per cent A’{k(;tl?;s Commuggrezr:tmltlon.
Cement Type® as
Na:O,
SiO: | FesOs | AlOs | CaO |MgO | SO: | NasO | K20 |per cent| CoS | Co8 | C:A | C4AF
No. 1.. I 22.0 | 3.0 5.4 [ 64.0{ 1.8 1.9) 1.20 6.08] 1.25 | 47 | 28 9 9
No. 2.. I 21.3 | 2.8 6.2 | 63.2 2.5 2.2/ 0.75/ 0.60| 1.15 | 44 | 28 | 12 9
No. 3.. I 22.4| 2.9 4.4 | 62.5 4.3/ 1.7| 0.63| 0.23] 0.78 | 45 | 30 7 9
No. 4.. 23.8 | 2.7 4.0 | 65.1] 1.6] 1.4| 0.51| 0.29| 0.70 | 49 | 31 6 8
No. 5.. 21.8 | 2.5 5.9 | 63.9/ 1.7| 2.2| 1.11] 0.10] 1.18 | 45 | 28 | 11 8
No. 6.. 20.7 | 3.0 6.4 | 62.7| 3.3/ 1.7 0.41| 0.59| 0.80 | 45 | 26 | 12 9
No. 7.. 20.8( 2.4 6.5 | 62.8] 3.3 1.8] 0.43| 0.47| 0.74 | 46 | 256 | 13 7
No. 8.. 20.8 | 3.4 6.1 | 62.7] 3.1, 2.3| 0.40{ 0.50| 0.73 | 45 | 26 | 10 | 11
No. 9.. I 22.6 | 2.7 5.3 | 64.8] 1.8/ 1.4 0.54/ 0.24| 0.70 | 49 | 28 | 10 8
No. 10.. 22.0| 2.5 5.3 | 64.5| 1.6] 2.2 0.37( 0.39| 0.63 | 50 | 26 | 10 8
No. 11.. 23.7 1 2.2 4.9 | 65.9) 1.0 1.2 0.43] 0.12| 0.51 | 49 | 31 9 7
No. 12.. 21.8 | 2.2 6.0 | 63.6/ 3.0 1.7| 0.32] 0.28| 0.50 | 45 29 | 12 7
No. 13.. 22.8 | 2.3 4.3 | 65.9] 1.3| 1.4] 0.23] 0.36| 0.47 | 58 | 21 8 7
No. 14.. 21.1 | 2.6 6.0 | 63.9 2.7| 2.0| 0.25| 0.16; 0.36 | 50 | 22 | 12 8
No. 15.. .. 22.1 { 3.2 5.1 | 63.8[ 2.7/ 1.7[ 0.40| 0.46| 0.70 | 48 | 27 8| 10
No. 16.. .. 20.6 | 4.8 5.9 | 62.4] 2.8( 1.6| 0.28] 0.64| 0.70 | 46 | 24 8| 14
No.17... .|y II 22.6 | 3.4 5.0 | 64.0| 1.1| 1.4| 0.25| 0.63] 0.67 | 47 | 30 71| 10
No. 18.... 22.5 | 3.6 4.9 | 64.4 1.2 1.8/ 0.35| 0.45| 0.65 | 48 | 29 7 11
No. 19.... 22.0| 3.5 4.9 | 62.1| 4.2} 1.8] 0.32 0.39 0.60 | 43 | 30 7| 10
No. 20.... 23.0 | 2.8 4.1 | 63.1| 4.0 2.0/ 0.32| 0.38| 0.57 | 45 | 32 6 9
No. 21.... 24.5| 2.9 4.3 | 64.8) 1.3| 1.3| 0.42( 0.22| 0.56 | 42 | 39 6 9
No. 22.. .. I 23.0| 3.2 4.6 | 64.3] 1.3| 1.8] 0.24| 0.46| 0.54 | 46 | 31 71| 10
No.23.... 22.2 | 3.0 4.4 | 62.1 4.1 1.7) 0.28} 0.39( 0.54 | 45 | 30 7 9
No.24. ... 22.5 | 4.4 5.1 | 63.8/ 0.6 1.7| 0.26| 0.29( 0.45 | 43 | 32 8| 14
No. 25.. ..} 23.7 | 3.0 4.5 [ 64.5/ 1.3 1.6/ 0.29| 0.16| 0.40 | 43 | 36 7 9
No. 26.. .. I 22.0 | 2.5 4.6 | 63.5| 4.0{ 2.0{ 0.41| 0.22| 0.56 | 52 | 23 8 8
No.27....| 1II 24.3 | 2.8 4.3 | 66.4| 0.8 1.2| 0.35 0.24| 0.51 | 45 | 36 7 9
No.28. ... I 24.0 | 2.8 2.7 | 66.8| 0.7| 1.7| 0.05( 0.15| 0.15 | 60 | 23 2 8
No. 29.. .. I 204 | 7.7 1.9 | 63.1] 2.8| 2.1| 0.43| 0.66| 0.87 | 42 | 27 | 17 6
No.30....| II 21.6 | 3.1 4.8 | 62.1] 4.0 1.9} 0.45| 0.19} 0.58 | 46 | 27 71 10
No. 31.... I 22.8 1 2.6 4.2 [ 65.7) 1.1] 1.9/ 0.46( 0.15{ 0.56 | 56 | 23 7 8
No.32....| II 23.5 | 4.2 3.9 | 63.1] 1.6/ 1.8/ 0.33[ 0.15| 0.43 | 41 | 36 3| 13

¢ Meeting ASTM chemical requirements for the type shown.®

the paste specimen was inverted after
initial set, and subsequent penetrations
were made on the bottom surface in order

4 Standard Method of Test for Time of Set-
ting of Hydraulic Cement by Vicat Needle
(C 191 - 58), 1958 Book of ASTM Standards.
Part 4, p. 188.

at the top surface. The technique pro-
vided reproducibility not obtainable
when penetrations were made on the top
surface. However, because it is believed
that the determination of peak time is
inherently more precise than any final
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set determination, peak time is used in
place of time of final set in the analysis
of the test results.

ErrecT oF CEMENT COMPOSITION ON
PROPERTIES OF CONCRETES
CONTAINING WATER
REDUCERS

Class 4 Water Reducer with Represeniative
California Cements:

This investigation was designed to
evaluate the effect of the cement compo-
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cretes had a nominal cement content of

1 sack per cu yd, and concretes contain-
ing water reducer 4 had a nominal ce-
ment content of 4% sack per cu yd. The
results of these tests are shown in Table
111, arranged in order of decreasing alkali
content of the cements. The total alkali
content expressed in terms of NaO was
high (1.25 and 1.15 per cent) in two of
the cements and moderate (0.78 and 0.70
per cent) in the other two cements. The
two high-alkali cements (cements Nos.

TABLE III.—EFFECT OF WATER REDUCER A ON COMPRESSIVE STRENGTH OF
CONCRETES CONTAINING REPRESENTATIVE CALIFORNIA CEMENTS.

Portland Cement e S )
Water- |[Cement
Water Cement | Con-
Composition, per cent Reducer Rz;}O, satcell:“ﬁer 3 days 7 days 28 days
Type - weight | cu yd
Css | s | Cia | coar [ ARRE psi | BF | psi | BSE | pai | Per
none | 0.53 | 514 [1490| 100[2420| 100(3860! 100
No.1...... Tj47 1281 9/ 9 1'25{ 0.49 | 43{ |1840| 123|2540| 105[3710| 96
none | 0.54 | 514 |1940] 100/2980| 100/4560 100
No.2...... T4} 28112} 9 1'15{ 0.48 | 43; |2450| 126[3240| 112|4410| 97
none | 0.54 | 5% [1520| 100/2440| 100{3990| 100
No.3..... I |45(30] 7| o 0.78{ 038 | 35; |2190| 144/2000| 123/4280] 107
none | 0.54 | 514 |1560| 100{2540| 100/4340| 100
No. 4...... 49 31 6| 8 0'70{ 0.47 | 43; |2550| 164|3590| 141|4810| 111

Note.—Gravel aggregate, maximum size 34 in.; nominal slump 3 in.; nominal air content of
plain mixes 2 per cent, of mixes containing admixture 514 per cent; amount of water reducer A

0.175 Ib per sack of cement.

sition of four representative California
cements on the performance of water re-
ducer A (class 4), which was of the air-
entraining type. Determined were prop-
erties of fresh concretes and their
compressive strengths at ages 3, 7, and
28 days. The amount of water reducer
employed was 0.175 lb per sack of ce-
ment. Of the four portland cements em-
ployed, two were ASTM type I and two
were ASTM type IL.* The control con-

5 Standard Bpecifications for Portland Ce-
ment (C 150 — 56), 1958 Book of ASTM Stand-
ards, Part 4, p. 1.

1 and 2) were of normal type I composi-
tion; their C3A contents were 9 and 12
per cent, respectively.

The use of admixture A reduced the
water-cement ratio of the concrete con-
taining cement 1 by only 0.04, of con-
cretes containing cements Nos. 2 and 3 by
0.06, and of concrete containing cement
4 by 0.07. The relative magnitudes of
the strength values indicate that the
effect of the water-reducer on compres-
sive strength cannot be explained by the
reductions in water-cement ratios alone
but must also be a function of cement
composition. This water-reducer’s effec-



TABLE IV.—EFFECT OF WATER REDUCER B ON COMPRESSIVE STRENGTH OF
CONCRETES CONTAINING DIFFERENT BRANDS OF TYPE I AND TYPE II CEMENTS.

Portiand Cement Water. | e Saeaees ot ™
v Composition, per cemAlkali pater R‘i‘,‘.;f'{f}, 3. days 7.days zf« days
P less | os o car [ ANED veleht | psi | Zoe| Pt |cent| PSi | cemt
No.5 ... 4528 11| 8 | Lasf|mpe| 033 | TS0 100 2080 100) 3560 oo
No.6 ... 45|25 12| o |o.sof| mope| 034 | 1060 To 2100 100l 4020l 1oo
No.7 ... 25| 13| 7 |oraf)nopel 0201 1000} 100 020 1001 4020 Yom
No.8 .... a5 (2| 10| 11 0.73{ nONC | Ey | ol Vol omol 1on| do60) 100
No.9 ... w28 10| s ool "o 05| 800 10 270l 00| om0 96
I
No. 10.... 50 |26 |10 8 0.63{ e g:i; ;;38 }% 2% }2‘2’ 45323 }(1)(5)
No. 11.... 49 31| 9| 7 0.51{ e g;g‘; ;g?g }g‘,’ §Z,‘5’8 }‘1’2 ‘13:-,3 ‘33
No.12.... 45 |29 | 12| 7 0.50{ nee 8:2? ;‘1‘28 }2‘1’ §(7,§8 }‘1"2’ i‘;?g igg
No. 13 2| 8| 7 oar{{"ge| O30 | 200l 100 Shac) 108l domo) 'ou
Nota i || 0| 22|12 & [oaaf e | 057 | oo 1o 2 100 o)
No.15.... w27 8] 10 onof "G 028 | 1300 100 Soacl 00| aa00| 100
No. 16 46 (24| 8| 14 |0 70{ " g:i; ;3‘;8 }g‘,’ 34"38 }(1)(1) 2328 182
No.17. .. a7 (50| 7|10 [oer{ "F) 05 | 5250 199| Savo) 1vs) 4| 102
No.18.... w20 7| fos(| "5 OB | 20l 199] Sl 10a) sasel 109
No.19.... 5|30 7| w0 el 2pe] S0 | 1080 100 20001 199 aenl 1o
No.20. |V 1 las a2 | 6| o ot o] O30 | 12201190 SO 100 34701 108
No.21.... 2l 6| o oo "5l 08 | 8010 Sa0l 154 ded| 1o
No.22.... 46131 7| 10 0.54{ e g;_:’;;‘, s }(2)50 333?, b 1228 }82
No.23.... 5030 | 71 0 |osa| ™G] 08 | 13H0] 198] 50| 195] sae0| 192
No. 24. ... 43132| 8| 14 0.45{ e g:gg }3‘;8 }g‘; %g }‘2’2 % }(1)(1)
No. 2. .. 36| 7] o040 "F°| 03 | 1000 100l 5760l 1ol oeel 141

NoTte.—Cement content of concretes without admixture 534 sack per cu yd, with admixture 5
sack per cu yd; gravel aggregate, maximum size 34 in.; nominal slump 3 in.; nominal air content of
plain mixes 2 per cent, of mixes containing water reducer 514 per cent; dosage of admixture B 0.20
1b per sack of cement.

128



PorLivka AND KLEIN ON INFLUENCE OF PORTLAND CEMENT COMPOSITION

tiveness in improving compressive
strength appears to be related to the
alkali and C;A contents of these cements.
The admixture is more efficient in im-
proving the compressive strengths of
concretes containing the cements of mod-
erate alkali content (cements Nos. 3 and
4) than of those containing the high-
alkali cements (cements Nos. 1 and 2).
Admixture A increased the 3-day com-
pressive strength of the concrete contain-
ing cement No. 4 by 64 per cent but the
concrete containing high-alkali cement 1
by only 23 per cent. In general, however,
these marked differences tend to decrease
with age.

Class 4 Water Reducer with Twenty-One
Type I and Type I1 American Cements:

Results obtained with the four Cali-
fornia cements prompted the investiga-
tion of the effectiveness of a class 4 air-
entraining type water reducer (admixture
B) in concretes containing 21 American
cements produced outside of California.
Ten of these cements were of type I and
eleven of type II composition. Again,
properties of fresh concretes and com-
pressive strengths at ages 3, 7, and 28
days were determined. The cement con-
tent for the control mixes was 5% sack
per cu yd, and for the concretes contain-
ing admixture B in the amount of 0.20
Ib per sack of cement was 5 sack per cu
yd. Results of this series of tests are sum-
marized in Table IV, arranged in the
order of decreasing alkali content of the
cements, with the two types (I and II)
grouped separately.

The alkali content of the type I ce-
ments ranged from 1.18 per cent (cement
No. 5) to 0.36 per cent (cement No. 14)
and of the type IT cements from 0.70 per
cent (cement No. 15) to 0.40 per cent
(cement No. 25). The C;A content of the
type I cements ranged from 8 to 13 per
cent and of the type II cements from 6
to 8 per cent.
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For the concretes containing two type
1 cements, the use of the admixture re-
duced the water-cement ratio by 0.02
(cement No. 5) to 0.08 (cement No. 10).
The water-cement ratios for the other
eight concretes containing type I ce-
ments were reduced in amounts varying
between 0.03 and 0.05.

The data for the type I cements (Table
IV) reveal no fixed relationship between
the alkali content of the cement and the
efficiency of the admixture in improving
compressive strength, although on the
average the admixture was more effec-
tive with the cements of lower alkali con-
tent, as shown in Table V which gives
the average values of compressive
strengths of concretes containing the
first 5 cements (Nos. 5 to 9) which are of
higher alkali content (0.70 to 1.18 per
cent) and of the remaining 5 cements
(Nos. 10 to 14) of lower alkali content
(0.36 to 0.63 per cent).

A similar comparison of the compres-
sive strengths of the concretes containing
type II cements (Table IV) reveals that
again on the average the admixture was
more effective with the cements of lower
alkali content. The average compressive
strength values for the 5 cements (Nos.
15 to 19) of higher alkali content (0.60
to 0.70 per cent) and of the 6 cements
(Nos. 20 to 25) of lower alkali content
(0.40 to 0.57 per cent) are given in Table
VI

A comparison of the values given in
the preceding two tabulations shows that
on the average for both type I and type
II cements the percentage increase in
compressive strength of concretes con-
taining water reducer B was greater for
the lower alkali cements than for those
of the higher alkali content. It may also
be noted that on the average the admix-
ture was more effective with the type II
cements. The average compressive
strengths of concretes containing the
ten different brands of type I cement
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TABLE V.
Compressive Strength
Cement 3 days 7 days 28 days
Wate: Content,
Type of Cement Reduc:r saclit |:Itler
cuyd psi |per cent| psi [per cent| psi |per cent
AVERAGE FOR 5 CEMENTS
Type I higher alkali (0.70 to 1.18 none 514 1790 | 100 | 2850 | 100 | 4220 | 100
percent).................... B 5 2160 | 121 | 2910 | 102 | 4160 99
Type I lower alkali (0.36 to 0.63 none 514 1800 | 100 | 2840 | 100 | 4390 | 100
perecent).................... B 5 2400 | 133 | 3280 ( 116 | 4570 | 104
TABLE VI,
Compressive Strength
Wat &entleentt 3 days 7 days 28 days
ate ntent,
Type of Cement Reduc:r sack per .
cuyd psi |per cent| psi |per cent] psi |per cent
AVERAGE FOR 5 CEMENTS
Type II higher alkali (0.60 to 0.70 none 514 1850 | 100 | 3050 | 100 | 4750 | 100
percent).................... B 5 2370 | 128 | 3410 | 112 | 4920 | 104
AVERAGE PoR 6 CEMENTS
Type II lower alkali (0.40 to 0.57 none 513 1390 | 100 | 2290 | 100 | 3910 | 100
pereent).................... B 5 2000 | 144 | 2990 ( 131 | 4630 | 118
TABLE VII.
Compressive Strength
Wat gen:enlt: 3 days 7 days 28 days
e ontent,
Type of Cement Ret‘ruc:r sack per
cuyd psi |per cent| psi |per cent] psi [per cent
AVERAGE FOR 10 CEMENTS
Type I none 514 1790 | 100 | 2850 | 100 | 4310 [ 100
YPE Lo B 5 2280 | 127 | 3100 | 109 | 4370 | 101
AVERAGE roR 11 CEMENTS
T I none 5L% 1600 | 100 | 2640 | 100 | 4300 | 100
YPE A B 5 2170 | 136 | 3180 | 121 | 4760 | 11l
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and those containing the eleven different
brands of type II cement are shown in
Table VII.

The average values shown above indi-
cate that the admixture when used in
concretes containing type Il cements
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pressive strength in psi as shown in Fig.
1, it affords a very interesting compari-
son. For the type I cements (Fig. 1 (a))
on the average the increase in compres-
sive strength of treated concretes (con-
taining admixture B) becomes smaller

800

.B g J

a 700
o7 J Lower Alkoli

t 600

s Lower Alkali ;{pe Ir
& 500 +

. \ \

‘a 400

1]

& \ \

g' 300 T _
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c 200 L
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2 100

z \
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100 Lt ) (
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Age ot Test, days
(a) Type I (b) Type 11 (c) Types I and I
lower alkali (0.36 to lower alkali (0.40 to type 1
0.63 per cent) av- 0.57 per cent) av- average for 10 cements
erage for 5 cements erage for 5 cements type I1

higher alkali (0.70 to

1.18 per cent) av-

erage for 5 cements

Fic. 1.—Effect of Alkali Content on Increase in
Water Reducer B.

higher alkali (0.60 to
0.70 per cent) av-
erage for 6 cements

average for 11 cements

Compressive Strength of Concretes Containing

s Difference in compressive strength between admix concretes (admixture B 0.20 Ib per sack) and
corresponding plain concretes. Cement content 514 sack per cu yd for plain concrete; 5 sack per cu

yd for admix concrete.

produced an increase in compressive
strengths that was on the average about
10 per cent greater than that observed
for concretes containing type I cements

Data in Table VII show that the
percentage improvement in compressive
strength decreases with age of concretes.
However, when this improvement is ex-
pressed in terms of the increase of com-

with age of test for both the higher and
the lower alkali groups. For example, the
average compressive strengths of treated
concretes containing the low-alkali type
I cements were greater by 600 psi at 3
days, 440 psi at 7 days, and only 180 psi
at 28 days, than those of the correspond-
ing plain concretes. A similar trend can
be observed for treated concretes con-
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TABLE VIIL—EFFECT OF DIFFERENT WATER REDUCERS ON COMPRESSIVE
STRENGTH OF CONCRETES CONTAINING THREE CALIFORNIA CEMENTS.

Campressive Strength (3 by 6-in. cylinders;
Portland Cement Water ampressl Standard curing)
C ¢ t
Composition, per cent Rvgg‘:gr 1 day 7 days 28 days 1yr
cs | s | caA Alkali I per . | per - | per . | per . | per
¥ % as NasO cﬁe; 4 cent Psl | cont | P51 | cent!| PS! | cent| P! | cent
none | 317| 100! 200! 100/1380| 100{2530| 100|4580| 100
C 266/ 84| 330 165(1580( 115{2960( 117(4650| 101
No.26....[52 (23 8 0.56 D 281 89 325 162(1380! 100(2620| 103|4540( 99
E 297 94| 330{ 165/1400{ 101|2610| 103{4370] 95
F 267 84| 315 157|1390| 101|2680| 1064400 96
G 2711 85! 315! 157(1460| 1062550 101(4380| 96
none | 321| 100, 440| 100{1800, 100{3650| 100|5230| 100
: C 268| 83| 715| 162{2530| 140{4220| 116{5290| 99
No.27....45136 | 7 0.514 D 295| 92 495] 112/1960| 109/3650, 100/4880| 93
E 205/ 92 470 107|2020| 112|3820] 105/4800] 92
F 271] 84| 505 115/2140] 119|3710| 102|4660| 89
G 277| 86{ 530! 120/2000| 111]|3790| 104/4750 94
none | 305 100 425/ 100{1490| 100{2380| 1004280 100
C 252| 83| 550{ 129(2050| 137|3390| 142|5130| 120
No.28....| 60|23 | 2 0.154 D 275/ 90| 440| 103{1630| 109|2620| 110{4710| 110
E 2701 92| 475 112|1530 103(2670| 112|4490| 105
F 258 85| 460 108|1760] 118|3110| 131|4880| 114
G 256 84| 425/ 100{1730| 116/2950| 124|4960| 116

Note.—Cement content of concretes without admixture 5V4 sack per cu yd, with admixture 414
sack per cu yd; gravel aggregate, maximum size 34 in.; nominal slump 35 in.; admixtures C, F,
and G entrained 3 per cent additional air; dosage per sack of cement of admixture C 0.25 Ib, D 6
fluid oz, and of admixtures E, F, and G 0.20 1b.

TABLE IX.
Water Cement Compressive Strength, per cent
Cement Water Reducer Content, (s::gll‘egér’

per cent cu yd 1 day | 7 days |28 days| 1yr

No. 26 none 100 514 100 | 100 | 100 | 100
C AR Average for C to G 87 414 162 | 105 | 106 98
No. 27 none 100 514 100 100 100 100
sl Average for C to G 87 414 122 | 118 | 105 94
No. 28 none 100 514 100 | 100 | 100 | 100
c BT Average for C to G 87 414 111 117 124 | 113

taining the higher alkali type II cements
(Fig. 1 (b)). Treated concretes containing
the low-alkali type II cements, however
(Fig. 1 ()), exhibited a somewhat greater
increase in compressive strength with age

of test, namely, 610 psi at 3 days, 700 psi
at 7 days, and 720 psi at 28 days. Figure
1 (¢) shows the average increase in com-
pressive strength of concretes containing
the ten brands of type I cement and of
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concretes containing the eleven brands
of type II cement. On the average the
strength increase of concretes containing
the type II cements is nearly the same
at the three ages of test, whereas it de-
creases rapidly with age for the concretes
containing the type I cements.

Other than the relations noted above
for C;A and alkalies, there appears to be
no other significant relationship between
composition of cement and performance
of admixture.

Different Classes of Water Reducers with
California Cements:

This series of tests was designed to
show the effect of cement composition
upon properties of concretes made with

several different types of water reducers. .

Evaluated were 5 water reducers with
each of three California portland ce-
ments. In Table VIII are shown the com-
pound compositions of the cements, the
water requirements of the concretes, and
the compressive strengths at ages 1, 7,
and 28 days and 1 yr. The plain concretes
had a nominal cement content of 5} sack
per cu yd, and the concretes containing
water reducers had a nominal cement
content of 4% sack per cu yd. Data of
Table VIII are arranged in order of de-
creasing alkali content and decreasing C;A
content of the portland cements. Of the
water reducers employed, two were of
class 2 (C and D), one of class 3 (E), and
two of class 4 (F and G). Water reducers
C, F, and G were of the air-entraining
type, increasing the neminal air contents
of the concretes by 3 per cent.

For purposes of comparison of the
effect of brand of cement on the perform-
ance of these water reducers, the aver-
age water contents and compressive
strengths for all of the 5 admixtures
with a given portland cement are shown
in Table IX. The values given are ex-
pressed as a percentage of the corre-
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sponding control mixes whose values are
taken as 100 per cent.

On the average, the admixtures al-
lowed the water contents of the concretes
to be reduced by the same amount (13
per cent) for each of the three cements.
The admixtures were most effective in
increasing the compressive strengths of
concretes containing cement No. 28
which was of a very low alkali content
(0.15 per cent) and low C;A content (2
per cent). With this cement the percent-
age increase in compressive strength was
greater at age 7 days than at age 1 day
and was also greater at age 28 days than
at age 7 days. Although the percentage
increase in compressive strength was
lower at age 1 yr (13 per cent) as com-
pared with that at age 28 days (24 per
cent), the average strength increase in
psi was actually larger at age 1 yr (750
psi at 1 yr, 570 psi at 28 days).

It may be noted from Table VIII that
the 1-day compressive strength of the un-
treated concrete containing cement No.
26 was only 200 psi and that of concretes
containing cement No. 27 was 440 psi. It
has been noted in other investigations
that at early ages the lower the strengths
of the untreated concretes the more effi-
cient is the water reducer in increasing the
compressive strength percentagewise.

A study of Tables VIII and IX reveals
that although the cement composition
has a definite effect on the behavior of
the admixtures, there is little difference
between the relative effectiveness of the
individual brands of admixtures with the
various cements. Although the use of
water reducer C resulted in substantially
greater strengths percentagewise at early
ages as compared with corresponding
strengths of concretes containing water
reducer G, the difference was small at
age 1 yr.

Considering the water contents of the
concretes containing the five admixtures
(Table VIII), it will be observed that the
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individual admixtures reduced the water
content by about the same amount irre-
spective of brand of cement. It therefore
appears that the effectiveness of these

SymposiuM ON ADMIXTURES IN CONCRETE

STIFFENING CHARACTERISTICS OF PASTES
CONTAINING SET RETARDERS

A limited investigation was conducted

to determine the effect of cement com-

TABLE X.—SETTING TIMES AND HEAT GENERATION OF CEMENT PASTES
CONTAINING CLASS 3 RETARDERS.

Portland Cement Set Retarder Heat of Hydration
Initial
" Peak Total Amount, cal per
Composition, per cent Amount, (Visec:t), Tull::'a II:A e:k &, up to age
Type | fluid oz br cal e,r
Alkali per sack g per br 2| 3|4
CiS | CsS | CaA | CaaF | ARl 1day| gays | days | days
none 7 11 3.64 | 44 | 56
H 4 9 13 3.61 | 36 | 54
No. 29 42 | 27 | 17 6 | 0.871 5 9 13 2.57 | 30 | 54
I 4 12 16 2.87 | 30| 49
5 17 20 2.70 | 23 | 47
none 6 9 2.27 | 35 | 45
H 4 14 19 3.03 [ 28 | 43
No. 30...| 46 | 27 71 10 | 0.58 5 19 22 3.26 | 23 | 43
I 4 24 30 2.21 |10 40| ... ...
5 38 51 2.00| 3 (12| 34| 45
none 7 9 2.63 | 37 | 49
H 4 14 20 2.68 | 27 | 44
No.31...| 56 | 23 7 8 | 0.564 5 17 22 2.66 | 26 | 45
I 4 25 32 2.50 5|4 ...] ...
5 49 64 2.23 0 0| 31|41
none 8 11 2.47 | 35 | 43
H 4 18 24 2.90 7| 41
No. 32 41 | 36 3| 13 | 0.43 5 25 30 2.75 51| 36
I 4 30 36 2.39 3135 ... ...
5 61 79 1.64 0 1 7133

¢ Time to reach maximum rate of heat of hydration.
Notre.—Water-cement ratio of cement pastes 0.40 by weight; heat of hydration determined in
conduction calorimeter using a water-bath temperature of 77 F.

water reducers in improving the com-
pressive strengths of concretes containing
various brands of cement depends not
only on the water reduction which they
allow but also on the characteristics of
the portland cement.

position on setting times of cement
pastes of 0.40 water-cement ratio and on
heat of hydration of corresponding ce-
ment pastes also of 0.40 water-cement
ratio by weight. Included were 4 cements
and 2 class 3 set retarders used in
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amounts of 4 and of 5 fluid oz per sack
of cement.

The results obtained indicate the exist-
ence of a relationship between the setting
times of a paste and the stiffening charac-
teristics of a concrete mortar containing

84
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conditions are shown in Table X in
which the cements are again arranged in
order of decreasing alkali content (cal-
culated as Na,0O) which ranged from 0.87
for cement No. 29 to 0.43 for cement No.
32. It is apparent that the two admix-
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3 per cent C3;A
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(&) Cement No. 31
7 per cent C3A
0.56 per cent

(c) Cement No. 30
7 per cent CsA
0.58 per cent
alkalies

(d) Cement No. 29
17 per cent C3A
0.87 per cent
alkalies

Fic. 2.—Effect of Composition of Cement and Type and Amount of Set Retarder to Reach Max-

imum Rate of Heat of Hydration.

the same cement, both with or without
admixture. Using these limited data, an
attempt is made to define this relation-
ship.

Setting T'imes:

Time of initial set and ‘“‘peak time”
(age, in hours, at which rate of heat of
hydration is a maximum) for the several

tures were more effective in retarding
setting times of cement pastes containing
low-alkali, low-C3A cements (cements
Nos. 31 and 32) than of those containing
cements of higher alkali and C;A content
{cements Nos. 29 and 30). Cement No.
29, which had a very high C;A content
(17 per cent), was least affected by the
admixtures used in these tests. The effect
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of alkali and C;A content on peak time
is demonstrated in Fig. 2. For a 5-0z
dosage of retarder I, the peak time for
the low-alkali, low-C;A cement (cement
No. 32) was 79 hr, whereas the peak time
for the high-alkali, high-C;A cement
(cement No. 29) was only 20 hr. It may
also be noted that retardation induced
by set retarder I increases exponentially
with dosage. This demonstrates clearly
the danger of accidental overdosage with
some retarders when used with certain

SyMposiuM oN ADMIXTURES IN CONCRETE

The data of Table X demonstrate
that these set retarders are more effective
in delaying the heat of hydration of low-
C3A cements. For example, for cement
No. 29 up to age 1 day for paste con-
taining set retarder H in the amount of
5 oz per sack, the total heat of hydration
was reduced by 32 per cent. For cement
No. 32, the corresponding reduction was
86 per cent. Much greater reductions
were observed for set retarder I, espe-
cially for cements of low C;A content.
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Fic. 3.—Effect of Set Retarders H and I on the Rate of Heat of Hydration of Cement No. 30.

cements. The data of Table X show
similar trends for initial set.

Heat of Hydration:

Heat of hydration data obtained from
calorimeter curves are summarized in
Table X. The calorimeter tests were
carried on for at least two days for all
conditions, and for four days for tests
with cements Nos. 30, 31, and 32 with
set retarder I in the amount of 5 oz per
sack of cement. As an example of heat
of hydration, there are shown in Fig. 3
rate curves up to age 36 hr for untreated
cement No. 30 and for the same cement
with set retarders H and I at a dosage
of 4 oz per sack.

With these cements (Nos. 30, 31, and 32),
the 5-0z dosage of set retarder I resulted
in total heats of hydration up to 4 days
about the same as the heats obtained up
to 2 days with the 5-oz dosage of set re-
tarder H. It should not be inferred, how-
ever, that the use of set retarders results
in lower ultimate heats of hydration.

Correlation Between Time of Set of Ce-
ment Pastes and Rate of Stiffening of
Concrete Mortars:

For correlation studies with time-of-
set results, rate of stiffening at 70 F of
corresponding concrete mortars by the
Proctor-needle penetration method de-
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TABLE XI.—CORRELATION BETWEEN TIME OF SET OF CEMENT PASTES AND
RATE OF STIFFENING OF CONCRETE MORTARS AT 70F.

Troig
Portland Cement Retarder Resista:,cle to Proctor Resistance®
le, br %ﬁgg‘:;b tlgleeldcl‘::t
Penetration
Composition, per cent C(;x;:%n_t,)K *| at Initial
Amount, §et_
.| Type | fluid oz Tsoo Taooo §, psi
s | Cs | CaA | CaaF | ARall) per sack
none §.5 9.4 2.35 440
H 4 8.1 10.8 2.77 420
No. 29.. 42 | 27 | 17 6 | 0.874 5 9.0 12.0 2.77 420
I 4 9.4 13.0 2.57 540
5 11.0 14.2 2.98 630
none 7.0 10.8 2.09 610
H 4 8.0 10.9 2.65 510
No.30....| 46 | 27 7 10 1 0.58 5 9.4 12.0 3.06 640
I 4 9.5 12.5 2.85 490
5 11.2 156.5 2.56 550
(| none 6.1 8.6 2.47 610
H 4 8.6 11.1 2.98 400
No.31....[ 56 | 23 7 8 | 0.56 5 10.0 13.1 2.89 510
I 4 9.9 13.6 2.66 570
5 12.2 16.9 2.54 580
none 6.5 10.6 1.90 690
H 4 8.6 10.9 3.11 450
No.32....| 41 | 36 3] 13 | 0.43 5 9.6 11.9 3.28 540
I 4 9.9 13.8 2.53 700
5 12.9 18.0 2.53 570

¢ Mortars for Proctor penetration tests wet-screened from 5 sack per cu yd conerete mixes (34-in.
maximum size aggregate) on No. 4 riddle screen.

b K computed from: K = —4.6 X 1073 logyo (1 - I‘“ﬂ), Eq 2.
T4o00

¢ § computedfrom: K = K’ =

efficient of variation

e (

S;’s loguo
scribed by Tuthill® was determined for
cements Nos. 29, 30, 31, and 32 in com-
bination with the class 3 set retarders H
and 7 in dosages of 4 and 5 oz per sack

16.5 per cent.

6 Lewis H. Tuthill and William A. Cordon,
“Properties and Uses of Initially Retarded
Concrete,” Journal, Am. Concrete Inst., Vol.
27, No. 8, Proceedings, Vol. 52, pp. 273-286
(1955).

l___..—

Tis , Eq 3. Average 8’ = 543 psi, its co-
Tpr

of cement. The results are summarized
in Table XI.

It was observed that in general a plot
of the logarithm of resistance to pene-
tration versus time after mixing yields
a straight line as shown in Fig. 4. Stiffen-
ing may therefore be described by an
equation of the form
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Tsg = Tun(l — ¢ k8)

or,
23 Ts
K =—1o 1———1}...... 1
_ S gm( T«mo) ( )
where:
Ts = the time required to reach a re-

sistance to penetration of S,
T'4y000 = the time required to reach a re-
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of a mortar, an equation of the form of
Eq 1 may be expected to describe resist-
ance to Vicat penetration as a function
of time, and a new reaction-velocity
constant K4 may be calculated as

—-23 Tys
— | 1—-—1}....3
g 0810 ( TPT) 3)
where:

T';s = time of initial set,

K =

Conventional Methad of Plotting |
4000 -
4
e None
2
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®p
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Elapsed Time, hr

Fic. 4—Typical Rate-of-Stiffening Curves for Concrete Mortars Containing Cement No. 32 and

Set Retarders H and 1.

sistance -to penetration of 4000
psi, and
a reaction-velocity constant.

If T'sis chosen as the time to reach 500
psi to correspond with the ‘“‘vibration
limit” as defined by Tuthill,® Eq 1 be-

comes:
T'so0
.. (@
T«lon)

Values of K, calculated from Eq 2
using values of T'500 and Tsgp0 taken from
Proctor-needle penetration curves, are
shown in Table XT.

Since Vicat penetration of a paste is
physically similar to Proctor penetration

K

K —4.6 x 103 lOgm (l et

Tpr = peak time (time to reach maxi-
mum rate of heat of hydration),
and

S’ = resistance to Vicat penetration at

initial set.

Assuming that the reaction-velocity
constants for corresponding mortars and
cement pastes of 0.40 water-cement ratio
are the same, Eq 3 may be solved for S’
using values of K’ = K determined from
Proctor-penetration data. Values of S’
for the several conditions are given in
Table XI.

It will be observed that these values of
S” are all in the neighborhood of 500 psi.
The average value of S’ for the 20 tests
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(Table XI) is 543 psi, and its coefficient
of variation is 16.5 per cent. It therefore
seems possible that data for initial set
and peak time of pastes of 0.40 water-
cement ratio may be used interchange-
ably with Proctor-penetration data for
studying the effect of admixtures on rate
of stiffening. It would, of course, be de-
sirable to use pastes of the same water-
cement ratio as that used in correspond-
ing concretes, since the difference in
water-cement ratios will probably have
some effect on the values of §’. However,
there is presently no reliable method for
preventing bleeding of pastes of such
high water-cement ratio during tests for
time of initial set and for heat of hydra-
tion without influencing the chemical
reactions taking place. Because of the
simplicity and economy of working with
cement pastes rather than mortars from
concretes, this method appears to hold
promise for determining the effect of ad-
mixtures on rate of stiffening or setting.

CONCLUDING STATEMENT

Based on results of tests here reported
and on other supporting data, it appears
that:

1. The effect of a water reducer on
compressive strength of a concrete can-
not be explained by only the reduction
in water-cement ratio. The brand of
cement, through its chemical composi-
tion, has a large influence on the effec-
tiveness of a given water reducer.

2. Water reducers seem to improve
more the compressive strengths of con-
cretes containing cements of low alkali
content than of concretes containing ce-
ments of high alkali content. Best per-
formances of water reducers were ob-
served in concretes containing cements
whose alkali content expressed in terms
of NasO was below 0.60.
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3. Water reducers are on the average
more effective with type II cements than
with the type I cements, probably be-
cause of the generally lower alkali and
C;A contents of type II cements.

4. If a water reducer exhibits poor per-
formance with a given cement, it may be
expected that other water reducers also
will show similarly poor performance.

5. Generally, the largest percentage
improvement in the compressive strength
of a concrete through the use of a water
reducer is obtained at an early age, and
this percentage decreases with time.

6. The effectiveness of set retarders in
controlling the stiffening characteristics
of concretes and the setting times and
early-age heat of hydration of pastes is
influenced by the composition of the ce-
ment employed and by the composition
of the set retarder. It appears that set
retarders are more effective with cements
of low alkali and low C;A content.

7. In view of the large variation in
composition among different brands- of
cement and in view of the evident de-
pendence of the behavior of water re-
ducers and set retarders on cement
composition, the current practice of em-
ploying fixed dosages as recommended by
the manufacturer can result in marked
differences in results achieved. With some
retarding admixtures in combination
with a low-alkali, low-C;A cement, the
usual dosage may result in undesirably
high retardation.

8. Water reducers used in amounts ap-
propriate to the composition of a given
cement will usually allow a reduction in
cement content of 5 to 15 per cent with-
out loss in compressive strength. Any
admixture should be evaluated with the
materials and mixes to be used on the job
to determine optimum dosage.
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FIELD EXPERIENCE USING WATER-REDUCERS IN
READY-MIXED CONCRETE

E. L. Howarp,! K. K. Grirritas,! Anp W. E. MouLTON!

SYNOPSIS

This paper covers the use of water-reducing admixtures in the design and
production of ready-mixed concrete. Specification requirements are evaluated
against actual on-job problems. Disadvantages in control of uniformity and
some advantages that accrue in summertime use are outlined. Producers who
use more than one brand of cement are in some difficulty, and data illustrating
this fact are presented. Some dangers inherent in reducing cement content are
highlighted with test data of on-job sampled specimens.

The use of water-reducing admixtures
has changed the normal operations pat-
tern of the ready-mixed concrete pro-
ducer. Three areas of his operations are
affected by the use of these admixtures:
(1) the specifications and their interpreta-
tion directly affect the cost and quality
of the concrete; (2) the batching of ad-
mixtures into the concrete is rarely an
accurate procedure, yet accuracy is of
the utmost importance; (3) the delivery
of concrete treated with water-reducing
admixtures, when properly controlled,
will ensure better concrete on the job.

SPECIFICATIONS

A sentence common to concrete speci-
fications is ‘“The concrete admixture
shall be brand 4 or brand B or equal.”
Usually the admixture 4 is a water-
reducing agent and the alternate B is
calcium chloride in solution. Salesmen’s
claims being what they are, the specifi-
cation writer may believe an “equal” is
any item labelled “concrete admixture.”

1 Chief Testing Engineer, Assistant Testing
Engineer, District Testing Engineer, respec-

tively, Pacific Cement and Aggregates, Inec.,
San Franeisco, Calif.

Two of every five specifications which
come through our office have this phrase
“brand 4, brand B, or equal.”’ The final
choice of the admixture will be made by
the contractor or concrete producer and
may be dictated by cost alone. This
specification, obviously, does not ensure
any particular desired quality in the con-
crete.

Manufacturers of water-reducing ad-
mixtures properly claim increased work-
ability of the concrete with the use of
their admixture. Put another way, the
desired slump may be maintained while
the water content is reduced. If the water
is reduced, cement may also be reduced
with no loss of compressive strength.
This planned reduction of cement in a
concrete design is sometimes beneficial
and economical.

The manufacturers of water-reducing
admixtures usually recommend 15 to 20
per cent water and cement reduction.
The authors’ field experience dictates
caution in using these recommended
values. With some cements and ag-
gregates, 5 per cent reduction of water is
all that can be made when the water-
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F16. 1.—Comparative Strengths of Concrete Using Each of Four Brands of Cement.

6% gal water per sack, 2
and 16 are lignosulfonic acid type.

reducing admixtures are used, if the
original concrete workability is main-
tained.

The authors’ experience is with ten
aggregate deposits and six portland
cements in Northern California. Using
available water-reducing admixtures with
these possible aggregate-cement com-
binations in concrete, slumps are in-
creased 2 to 5 in. The per cent of water
reduction to maintain original slump is
5 to 15 per cent.

A local agency is writing specifications
based on the standard recommendation
of manufacturers of water-reducing ad-
mixtures. Further, it requires that 15 to
20 per cent cement savings be shownin its
favor. A 15 to 20 per cent water reduc-
tion being impossible with some ma-
terials, the specified saving of cement is
accomplished by overdesigning an un-
treated concrete mix by about % sack of
cement. From the hypothetical design a
cement saving of about 1 sack of cement
per cubic yard of concrete can be shown.
In a 6-sack mix the saving is nearly 17

maximum aggregate, 4- to 5-in. slump, water-reducing admixtures 4

TABLE I.—TYPICAL CHEMICAL
ANALYSES OF TYPE I CEMENTS AVAIL-
ABLE IN NORTHERN CALIFORNIA.

Cement.............. A c E J
Si0. . .......... 21.26{ 24.06| 23.38| 21.34
FedOp........... 2.69/ 2.93 2.50; 2.96
AlLOs........... 6.03| 2.81| 3.98| 5.76
CaO............ 62.80| 65.70| 64.80( 64.10
MgO............ 2.44] 095 1.73| 1.81
80s............. 2.21} 1.95 1.78] 2.10
Loss............ 1.12; 0.90f 1.02] 1.26
Insoluble........ 0.14| 0.16| 0.19] 0.27
KO............ 0.76| 0.12f 0.21 0.54
Na,O........... 0.57| 0.09( 0.28; 0.35
Total as NasO 1.07] 0.16) 0.42| 0.71
S 43 56 51 50
CS.. ... 28 27 29 24
CaA. ... ... ... 114} 2.5( 6.3 |10.3
CAF........... 8.2 89} 7.6 9.0
CaS0; 3.8) 3.3| 3.0) 3.6

per cent on paper and satisfies the speci-
fication agency. The “real” cement sav-
ing is less than 9 per cent.

It is not a safe practice to specify a
percentage reduction of cement with the
use of an admixture unless the cement-
admixture compatibility is known. Each
cement yields results peculiar to itself.
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Figure 1 illustrates the wide variance in
compressive strength changes when
water-reducing admixtures are used.
With water-cement ratios and slumps
held constant, cements 4, E, and J show
a decrease in strength when the water-
reducing admixtures are used. Cement C
shows increases in strength under these
conditions.

SYMPOSIUM ON ADMIXTURES IN CONCRETE

depend on the specification writer and
admixture manufacturer’s recommenda-
tions if he has to guarantee the quality of
the concrete.

BATCHING

Accurate batching of water-reducing
admixtures is most important. Short
measures of water-reducing admixtures

F16. 2.—Admixture Dispenser Showing the Calibrated Sight Glass.

Table I shows the chemical analyses of
the four cements. Beyond the scope of
this paper, but worthy of note, is that
cements 4, E, and J are the highest in
alkalies and show the greater percentage
of C;A. Cement C, lowest in these con-
stituents, yields the greater increases in
strength when used with water-reducing
agents.

The ready-mixed concrete producer
must know the compatibility of his ag-
gregates and cements to water-reducing
admixtures to safely sell concrete on
strength specifications. He cannot always

will result in lower slumps in the con-
crete. If water is added to the truck
mixer at the jobsite to increase the slump
the strengths of concrete are lowered.
Overbatching of some water-reducing
admixtures lengthens the setting time
of the concrete and may prevent the
hardening of the concrete. Excessive air
entrainment and high slumps in con-
crete are also possible results of over-
batching water-reducing admixtures.
The concrete mix proportions ap-
proved for a job become the batch plant
operator’s responsibility to weigh and
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measure into the mixer. The batch plant
used as an example of this problem pro-
duces ready-mixed concrete for down-
town San Francisco and is typical of
many other ready mixed concrete plants.
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mixtures are not actually water-reduc-
ing as defined by this symposium.

This batch plant has 4 admixture
dispensers, not counting a bucket and
scoop with which 10 of the admixtures

J )

=

Wiring diogram

DPDT —\ [——— Hov

B- Barrels

C- Calibrated sight
D- Dump valve, electric

DPDT - Double pole doubie throw switch
H- Hose,
L- Load valve, electric
0 - Operating
S- Selector
T- Timer

glass

plastic

reminder lights

switch

F1c. 3.—Liquid Admixture Dispensing System.

Fourteen admixtures of the type cov-
ered by this symposium are stocked to
satisfy the demands of customers’ speci-
fications. The sales representative for
each of these 14 admixtures states that
his product will permit a reduction of
water. However, at least 4 of these ad-

are measured into the concrete. Even
automatic dispensers cannot always be
trusted to deliver the proper amounts of
admixture to the batch. To overcome
this potential trouble, it is common prac-
tice to feed the liquid admixture into the
mixing water through a calibrated sight
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1‘5- e
Fic. 4.—Powdered Admixture Dispensing System Showing the Scoop Method Used.
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Fic. 5.—Comparative Strengths of Concrete
with and Without Water-Reducing Admixes,
at 4 to 5-in. estimated slump, § maximum ag-
gregate.

Each point is the average of ten tests

glass. Such a procedure allows the
operator a visual check of the amount
measured by the automatic dispenser
(Fig. 2). The operator selects the amount
to be batched by setting the automatic
timer and checks the amount actually
batched visually with the sight-glass
tube.

As a general practice, most liquid ad-
mixtures are roughly measured in a can
or bucket becauseit is impractical to have
a dispenser for each brand of the many
admixtures used. Described in Fig. 3isa
new batching system that utilizes one
dispenser unit for several admixtures.
This will help remove some of the clutter
and confusion common to batching
liquid admixtures. Most powdered ad-
mixtures are ‘“‘guesstimated” by the
scoop method (Fig. 4) because the time
required to weigh the comparatively
small amounts each time the mixer is
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charged is inconvenient and costly.
Packaging the proper amount of pow-
dered admixtures in advance of concrete
batching time lowers costs and insures
accuracy of measuring the admixture.

ADMIXTURE-TREATED CONCRETE
ON THE JOB

When concrete with the reduced water
and cement, made possible by the use of
an admixture, arrives on the job it has a
different appearance than a regular con-
crete mix without the water-reducing
admixture. The admixture-treated con-
crete has less water sheen, no mortar-
aggregate separation, the ‘“fat” does not
work up to the surface as readily, and
it looks “sticky” coming down the
chute. The Kelly ball-slump cone rela-
tionship can be used to show this dif-
ferent appearance. An untreated con-
crete with a Kelly ball penetration of

1.75 in. may slump 3.5 in. An admix-

ture-treated concrete with a 2-in. Kelly
ball penetration may still slump 3.5 in.
The Kelly ball has detected the increase
in workability that is missed by the
slump test.

The ‘“eyeball test” also fails to note
the difference between the actual work-
ability in the placing and the “apparent
workability” as the concrete is dis-
charged from the truck. The concrete
foreman who uses the “eyeball test”
cures the “sticky mud” problem with
water. If the specifications require a
maximum water-cement ratio, inspec-
tion with authority is needed to maintain
the water-cement ratio on the job.

INSPECTION IMPORTANT

A large portion of ready-mixed con-
crete goes to jobs where inspection is not
provided. Concrete delivered to projects
where inspection is provided is not al-
ways controlled concrete. Too many
inspection agencies use men who lack the
ability, the authority, or the desire to
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maintain the water-cement ratio speci-
fied. Concrete strength data obtained
from cylinders made on typical non-
inspected jobs are shown in Fig. 5. Con-
crete made using water-reducing ad-
mixtures show no strength advantage
over untreated concrete of the same
cement factor. The tendency to add
water after the “eyeball test” on the
jobsite to concrete with water-reducing
admixtures is the cause of this condi-
tion. The one high value in Fig. 5 desig-
nated as inspected concrete are tests from
jobs properly inspected and controlled.

The authors believe that in addition
to the good practices established for
producing and handling materials, three
more elements are essential for good con-
crete control: (1) devices to detect ag-
gregate moisture changes; (2) Kelly ball
tests to detect concrete consistency
changes; and (3), and most important of
all, a technician who is able to evaluate
test results quickly and adjust the con-
crete batch weights to maintain con-
tinuously the specified water-cement
ratio. Lacking these elements of control,
the 15 to 20 per cent reduction of cement
generally recommended by manufac-
turers of water-reducing admixtures is
not a safe practice, if the concrete pro-
ducer must guarantee the strength of the
concrete.

Ready-mixed concrete delivered to
summertime jobs in the hot Central
Valley area of California is most dif-
ficult to control. Long hauls and stand-
ing time on the job on hot days cause the
concrete to lose slump and stiffen rapidly.
Water added on the job to raise the
slump and improve workability increases
the water-cement ratio, often beyond the
maximum specified for the job. A state
agency has permitted water-reducing ad-
mixtures to be added to increase the
slump where these conditions exist, while
not exceeding the specified water-cement
ratio nor reducing the cement content.
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Fi6. 6.—Material for Test for Consistency of Hydraulic Cement Showing the Paper Cones Used

as Molds.
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Fi6. 7—Comparative Flow of Concrete Mor-
tar Cured at 110 F and 20 per cent Relative
Humidity.

When hauling and standing times are
not uniformly controlled, the best prac-
tice is to add the admixture as needed on
the job.

The type of sand, brand of cement,
air temperature, and length of delivery
time all contribute to the stiffening
problem. The authors have developed a

test method that supplies enough infor-
mation for estimating the amount of
water and admixture needed to deliver
the desired slump to the job.

TEST TO PREDICT STIFFENING RATE
oF CONCRETE

From a trial batch of the proposed
concrete mix the mortar portion, ob-
tained by wet screening through the No.
4 sieve, is placed in paper cones, 4 in. in
diameter at the base by 5 in. deep
(Dixie cup No. 7082). A dozen of the
filled cones are stored at 110 F and 20
per cent relative humidity. Flow tests
are made of the mortar samples at inter-
vals of 15 min, using equipment and pro-
cedure described in ASTM Method
C 187-58, Section 4 (a), except that a
paper cone is used as a mold (Fig. 6).
From these test data (Fig. 7) the rate
of stiffening is determined and the need
for the water-reducing admixture can be
closely estimated. By this test the au-

2 Standard Method of Test for Normal Con-

sistency of Hydraulic Cement (C 187 - 58),
1958 Book of ASTM Standards, Part 4, p. 174.
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thors have found that a mortar with less
than 20 per cent flow represents a con-
crete that is unworkable. The mortars
shown in Fig. 7 indicate that the admix-
ture-treated concrete will be workable
for 1 hr longer than plain concrete.

Hor WeATHER CONCRETE

Some water-reducing admixtures are
used to retard the set of concrete. This
is held by some to be a blessing in hot
weather. Finishing hot concrete (over 80
F) in slabs has been definitely improved
by the retardation of set. The finishers
are able to do a proper job because the
admixture delays the setting time of hot
concrete. Hot concrete without admix-
ture ordinarily will set faster than the
finisher can work it.

Not all concrete poured in hot weather
is hot concrete. Many producers use
wetted aggregates, cool cement, and cool
water with resulting concrete tempera-
ture of about 70 to 75 F. The cool con-
crete dries out rapidly on hot dry days
and often with shrinkage cracks. Re-
tarders accentuate this problem by hold-
ing the concrete plastic and increasing
the “drying out” time. Before using a
retarder to prevent drying shrinkage
cracks, the ready-mixed concrete pro-
ducers should know the temperature of
the delivered concrete. He should deter-
mine whether a crack problem is caused
by loss of moisture (drying out) or by
early stiffening due to accelerated hydra-
tion processes. In the first instance re-
tarders will accertuate the drying and
‘cracking problem.

SuMMARY

The ready-mixed concrete producer
will find an increasing demand by his
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customer for water-reducing admixtures
in concrete he produces. The concrete
producer must evaluate carefully all spec-
ifications and recommendations for the
use of admixtures and reserve for him-
self the right to reject mix proportions
and admixtures he knows will not yield
the quality of concrete he has guaranteed
to his customer.

Savings do not accrue directly to the
concrete producer from the use of wa-
ter-reducing admixtures. Savings by re-
duction of the cement factor are passed
on to the customer. The cost of applying
tighter controls to all phases of his oper-
ations while producing guaranteed
strength concrete containing water-
reducing admixtures and the usual
specified cement reduction may reduce
his profits under competitive market
conditions.

Accurate and convenint dispensing
units and methods are available that
take the guesswork out of batching ad-
mixture. Accurate measures of liquid and
powdered admixtures would prevent
most of the difficulties attributed to
water-reducing admixtures.

Advantages do occur in delivery of
concrete during hot dry weather if the
water-reducing admixtures are used to
control slump losses common in the sum-
mer season. Simple laboratory tests help
to determine the amounts of admixture
needed.

Set retarders are beneficial in prevent-
ing drying-and-shrinkage cracks under
certain conditions. The user must de-
termine whether his problem comes from
accelerated hydration of the cement or
from loss of moisture.



DISCUSSION

MR. WiLLiaM A. CoRDON! (presenied
in written form).—This discussion supple-
ments the paper by Howard, Griffiths,
and Moulton and discusses the use of
water-reducing admixtures from the view
point of the small consumer.

The placing foreman of the small
builder or home owner makes the final
decision regarding the water content and
slump of concrete used in this type of
construction. It has been estimated that
80 to 90 per cent of this type of concrete
is placed at slumps ranging from 6 to 9
in. and even higher if measurements
could be made. Good quality concrete
may end up as poor quality concrete
under such an arrangement. Concrete
engineers and technical men of the in-
dustry have little or no control over such
practices even though the miscellaneous
uses of concrete account for a large ma-
jority of the total volume of concrete
placed. Producers in general cannot as-
sume authority to regulate slump and
still sell their product. Since the concrete
consumer may demand high-slump con-
crete, the concrete industry should make
every effort to produce high-slump con-
crete of the highest possible quality.

Most studies of the influence of ad-
mixtures deal with increased strength
and quality and the possibility of reduced
cement contents. It may be more impor-
tant to use admixtures to maintain de-
sired strength and quality where concrete
used by the small consumer may be of
the high slump variety. This discussion
has been prepared to indicate the desir-

1 Associate Professor of Civil Engineering,
Engineering Experiment Station, Utah State
University, Logan, Utah.

ability in the use of water-reducing ad-
mixtures in this type of concrete.

The accompanying Fig. 8 shows the
correlation between water requirement,
slump, and 28-day compressive strength
for low-, medium-, and high-slump con-
crete with and without water-reducing
admixtures. The curves in Fig. 8 repre-
sent only one combination of materials
and are not presented as being typical of
all concrete.

The concrete mixes containing a water-
reducing admixture required an increase
in water content from 302 to 320 lb per
cu yd in order to increase the slump from
3 to 8 in. The same concrete without the
admixture required an increase in water
from 318 to 354 Ib per cu yd for the same
5-in. increase in slump. This demon-
strates that water reduction by means
of admixtures is not uniform at different
consistencies and water-cement ratios.
In this case, reduction in water was 5%
per cent at a 3-in. slump and 10 per cent
at an 8-in. slump. This may explain con-
flicting results regarding the amount of
water reduction possible with various
admixtures.

The upper portion of Fig. 8 shows the
influence of admixtures on the strength-
producing properties of the concrete.
These tests indicate the water-reducing
admixture enabled the concrete to gain
an extra 200 to 300 psi strength at the
same water-cement ratio. At the same
slump the strength advantage is much
greater. For example, at an 8-in. slump
the strength of concrete without the ad-
mixture is 3250 psi compared to 4100
psi with the admixture. The variation in
strength for a change of slump from 3 to
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8 in. was 700 psi without the admixture
and 400 psi with the admixture.

The implication is that the small con-
sumer may be able to “have his cake and
eat it t0o,” or in this case wet up the
concrete and yet maintain a respectable
quality (Fig. 8).
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It would normally be expected that
the addition of another variable, such
as an admixture to concrete, would in-
crease variations in quality. Much has
been said regarding the importance of
accurate dispensing equipment. The na-
ture of water-reducing admixtures is such
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Fi6. 8, —Influence of a Water-Reducing Admixture on Water Content, Slump, Water-Cement

Ratio and Strength. Salt Lake Aggregate.

Familiarity with the work of the Amer-
ican Concrete Inst. Committee 214, “Eval-
uation of Strength Tests of Field Con-
crete,” contributes to understanding why
consideration of the influence of any
variable on uniformity of concrete is of
major importance. Consider for a mo-
ment the effect of water-reducing admix-
tures on the uniformity of concrete
strengths.

that the benefit to concrete is not pro-
portional to the quantity used. Figure 9
is a typical curve showing the viscosity
of clay slurry with various amounts of a
common water-reducing agent. The max-
imum benefit as a dispersing agent is
reached with very small amounts of the
admixture and may not change with in-
creased amounts. This is exemplified by
tests (Fig. 10) which indicate that double
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SyMmposTuM ON ADMIXTURES IN CONCRETE

the normal dosage of a water-reducing
admixture does not materially change the
water reduction, strength, or other prop-
erties of concrete.

One ready-mixed concrete plant made
trial runs using double the normal dosage
of water-reducing admixture. The only
noticeable difference in the concrete other
than time of set was a brownish color on
the surface of slab. Test results indicate
that within a reasonable range, 0.15 to
0.30 per cent by weight of cement, sul-
fonated-lignin water-reducing admixture
may not significantly change the proper-
ties of fresh or hardened concrete.
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Figure 11 shows the frequency distri-
bution of strength tests from a ready-
mixed concrete plant. There is nothing
unusual about these data. The coefficient
of variation of 13.7 per cent is lower than
generally expected and indicates a well
controlled concrete operation with strict
limitation on aggregate grading, moisture
control, and slump with time of mixing
and testing practices approved by the
best construction agencies. Figure 11
may be startling, however, when we
realize that these were random strength
tests taken during the placing of founda-
tions, sidewalks, driveways, curbs and
gutters, and miscellaneous construction
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2000 2400 2800 3200 3600 4000

Fic. 11.—Frequency Distribution of Control
Tests from a Typical Ready-Mixed Concrete
Plant.

of the typical small user of ready-mixed
concrete. There was absolutely no con-
trol of slump which varied from 23 to 9
in. depending upon the desire of the fore-
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man. The sand was pit-run and was used
as it came from the pit without washing
or classification, and with usual varia-
tions in grading and moisture content.
Mixing time varied with the distance
from the plant to the job. With this type
of control we would generally expect a
coefficient of variation of 25 per cent or
greater. The major difference between
this and the usual concrete delivered to
the small consumer is that a water-reduc-
ing admixture was used throughout.

In Fig. 12, data from a different ready-
mix plant is shown. Notice the slope of

TABLE IL—LABORATORY CHECK
TESTS WITH AND WITHOUT WATER-
REDUCING ADMIXTURES.

E3

Admix- u
Date Job ture, | Stump, | &
per cent| ™ na

3
9-58. . church { none | 314 | 2930

e 0.15 | 714

none | 2Y{ | 2650
5-58.... home { 0.15 | 7 2620
_ . none | 7 1350
3-58. ... sidewalk { 0.15 | 7 2650
none | 7 1490
6-58. ... home { 0.15 | 7 2510

the lines with and without admixture. A
change in slump from 3 to 8 in. without
the water-reducing admixture required
an increase in water-cement ratio of 1
gal, from about 7.0 to 8.0 gal, per sack
of cement. With the admixture, the same
variation in slump required an increase
in water-cement ratio of only 0.5 gal,
from 6.7 to 7.2 gal, per sack. We can
assume therefore, that the concretes of
Figs. 8 and 11 permitted variations in
slump with less than usual variations in
water requirement and water-cement
ratio.

Large sums of money are properly
spent in carefully controlling aggregate
grading, water contents consistency, and

SymMPOSIUM ON ADMIXTURES IN CONCRETE

mix proportions which in the final analy-
sis are methods of producing a more uni-
form water-cement ratio. Test results
would indicate that with a water-reduc-
ing admixture we have a built-in factor
of safety for high water requirements
which greatly reduces the variation of
water-cement ratio and variations in
quality.

Table II shows typical laboratory tests
made with high-slump concrete from a
number of ready-mixed concrete plants.
The difference in strength with and with-
out a water-reducing admixture are
much more than generally expected with
normal slump concrete. This again illus-
trates the importance of a water-reduc-
ing admixture for the high-slump con-
crete required by the small user.

We cannot be naive and assume that
these results are typical of all concretes.
Figures 12, 13, and 14 show tests results
of similar investigations from other
ready-mixed concrete plants using differ-
ent aggregates and different cements.
Although none of these series of tests
duplicate Fig. 8, most show the same
general trend of increased water reduc-
tion with increased slump and water-
cement ratio.

Sticky Concrete:

Concrete containing water-reducing
admixtures is sometimes described as
being sticky. This is not only used to
describe the appearance of the fresh
concrete but may also apply to finish-
ing properties.

Sticky concrete is generally associated
with rich mixes. Since the water and gen-
erally the water-cement ratio are re-
duced with the admixtures, it is normal
that these mixes appear richer. The fact
that the “fat” does not work up to the
surface as readily is probably due to the
smaller volume of paste (reduced water)
in the mix.
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The “drying out’’ problem on concrete
slabs before the concrete sets can be
traced to reduced bleeding. The surface
dries before the final finish is applied and
the finishers complain of sticky concrete.
Admixtures alone do not control bleed-

SyMpoSIUM ON ADMIXTURES IN CONCRETE

absorption. Mixes containing identical
proportions of cement and water indicate
that the increased wetting action of
water containing water-reducing admix-
tures increased the rate of absorption of
water by cement (Fig. 15).
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F16. 15.—The Combination of Water and Cement (Absorption) Is More Rapid When Water-

Reducing Admixtures Are Used.

ing, and in concrete which tends to bleed
excessively the admixtures are a definite
benefit to the finisher.

Considering high-slump concrete, the
tendency to richer “‘sticky” concrete re-
duces segregation, excessive water gain,
settlement, shrinkage, and grout leakage
through the cracks. In this case sticky
tendencies are highly desirable.

Stump Loss:

Reference has been made to the more
rapid slump loss of concrete made with
water-reducing admixtures. This may be
partially explained by increased rate of

More rapid combination of cement and
water which may result in more com-
plete cement hydration would be highly
desirable considering the lack of curing
on some structures. It has been noted in
the field that small quantities of con-
crete that spill out of forms and dry in
the sun were much stronger when water-
reducing admixtures were used.

Conclusions:

1. Laboratory tests and field experi-
ence indicate that water-reducing ad-
mixtures have important possibilities in
future construction with quality con-
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crete. Perhaps we should think of their
use as another means of improving or
maintaining desired quality of high-
slump concrete rather than reducing
cost.-

. 2. The cement requirement of con-
crete should be dictated by the require-
ments of the structure and the perform-
ance of the proposed concrete. Increased
strength through the use of admixtures
should be given no more consideration
than increased strength through the use
of superior aggregates and cement.

3. The use of water-reducing admix-
tures is particularly important to the
small consumer since the danger of poor-
quality concrete through the use of over-
wet mixes is reduced.

4. Field and laboratory experience
leads to the conclusion that the quantity
of water-reducing admixture used in con-
crete is not critical within reasonable
limits (0.15 to 0.30 per cent by weight
of cement).

Mgz.E. A. ABDUN-NUR? (by leiter) —The
authors have presented a most interest-
ing and thought-provoking commentary
on problems and trials in the use of wa-
ter-reducing admixture in ready-mixed
concrete operations. Part of these prob-
lems can be laid at the doorsteps of the
engineers and architects who specify and
are responsible for accepting concrete.

For example, in specifications a specific
trade name of an admixture with an
added “or equal” phrase to ostensibly
open it up to competition causes much
trouble and, as pointed out in the paper,
does not achieve what is intended to do.
It is open to many objections, among
which is the fact that it gives a psycho-
logical advantage to the named admix-
ture and does not really open the field to
equal competition. Secondly, as the au-
thors point out, the final choice is not
made in most cases by the engineer but
by the contractor or producer. Such

2 Consulting Engineer, Denver, Colo.
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phrases and approaches to the problem
have no place in a properly designed spec-
ification—they are in reality an admis-
sion of laziness on the part of the specifi-
cation writer. If the engineer would
decide what properties and limitations he
wants in his concrete and require these
in the specifications, the producer could
develop these properties in his ready-
mixed concrete operation in the manner
most economical for his particular plants
and conditions. If one producer knows
more about concrete than his competitor,
it gives him a chance to make a little
more profit. This is the basis of the highly
successful competitive economic system
in this country. As long as the engineer
gets the properties he wants under the
limitations he has imposed in his specifi-
cations, it should not be his concern how
the producer obtains these. Because a
ready-mixed concrete operation is a con-
tinuing endeavor, the plant technician
can, over a period of time, develop some
very successful procedures to meet speci-
fications of this type at minimum cost.

It is begging the question to force a
ready-mixed concrete operator to over-
design his mix in order to show an un-
realistic reduction due to the use of an
admixture. It would be much more in line
with proper engineering to be realistic at
the beginning and require what is reason-
able.

Is it possible for a plant to furnish con-
trolled concrete when it has to batch 14
different admixtures? When the chips are
down, one of class 1 or 3 admixtures, to-
gether with an air-entraining agent and
an appropriate accelerator will permit a
good technician to obtain any property
in the final mix that any of the 14 admix-
tures can possibly provide. This can be
done at a lower cost and with much less
confusion and, what is most important,
it will permit him to develop enough ex-
perience with this one admixture, so that
he will know exactly what he can do with



156

it under varying circumstances. Obvi-
ously, this is impossible to achieve with
14 products. In addition, in such a varied
ready-mixed concrete operation, it is
well-nigh impossible to make sure that
each of the 14 admixtures gets in the right
concrete mix at the right time, in the
proper amount. Under such circum-
stances, with the best effort on the part
of the ready-mixed concrete operator,
some one on the placing end is deluding
himself that he is getting what he is sup-
posed to get.

The problem of getting around the
difficulty of accurately dispensing pow-
dered admixture is to make solutions of
standard concentrations, and batch
these.

The three essential elements for good
concrete control mentioned by the au-
thors are very easily realized nowadays:

1. There are on the market aggregate
moisture indicators that are reliable, and
that work electronically, so that they can
keep up with the fastest batching.

2. It is no problem to check consist-
ency changes, as the equipment is avail-
able, simple to use, and takes very little
time.

3. Technicians who are skillful in what
they are doing can be developed through
proper training.

The writer’s experience has been that
the weak link in the chain of events is not
in any of these elements. It is rather in
getting management to insist that these
elements are maintained and that con-
crete will not be accepted which does not
meet the requirements of the job. Man-
agement must be made to realize that
improperly controlled concrete will cost
more in the long run, in increased main-
tenance and reduced life of the facility.

The simple rate of stiffening test de-
scribed by the authors is intriguing, and
it would be most interesting to get some
correlations between it and the Proctor

SymposiuM ON ADMIXTURES IN CONCRETE

penetration resistance needle test, for
which there are already extensive data
available,

The authors are to be commended for
placing before the profession some of the
problems encountered in their operations,
at least some of which are the responsi-
bility of the engineers, and which they can
correct with little effort and thus insure
that their clients receive better concrete.

Mr. Cordon has brought out some
most interesting, basic, and worthwhile
ideas regarding the use of admixtures.
The main thesis he advances is that as
long as the small concrete contractor is
going to place wet concrete of high slump,
irrespective of what anyone says about
it, then it is up to the producer to im-
prove the quality of this sloppy concrete
by adding an admixture. This sounds like
a very practical and realistic idea. How-
ever, such an addition will raise the price
of concrete to the contractor. If the con-
tractor were inclined to pay more for his
concrete, he could achieve essentially
equal improvement by adding cement or
by stiffening the mix and expending more
labor. The cost of improving his concrete
by each of the three methods may be dif-
ferent, and therefore one may be cheaper
than the others. That will depend on cir-
cumstances and cannot be predicted until
all the factors in the case are known. But
as long as the contractor does not have
any specification to meet, why would he
increase his cost, no matter how small, to
improve the quality?

A contractor will improve the quality
of his concrete only if he can do so with
increased profit. The best method to
achieve this is to require him to meet
specifications, the provisions of which
have been set up realistically with this
end in mind—that is, specifications with
a sliding scale that contains a profit in-
centive keyed to quality.

In referring to Fig. 11 of his discus-
sion, Mr. Cordon concludes that the dif-
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ference between the 13.7 coefficient of
variation obtained from the data and a
coefficient of about 25 per cent, which
would normally be expected from opera-
tions such as he describes, is due primar-
ily to the use of an admixture. It is fur-
ther stated that there was absolutely no
control of the slump. Under the circum-
stances, is the coefficient of variation ob-
tained from the analysis of such data of
any significance? Statistical treatment is
valid and provides results that have
meaning only when the data are obtained
from one universe and when they are ob-
tained from controlled conditions. In this
case, are the data from one universe only,
and therefore capable of providing co-
efficients that are valid, or are they just
an assembly of data thrown together
from a number of universes—therefore
with no significant central statistical
trends?

Mr. Cordon’s conclusion that the
quantity of water-reducing agent is not
critical within reasonable limits is of im-
portant significance. The writer agrees
with this conclusion as long as the same
proportion is maintained from batch to
batch in any given mix that is being con-
trolled. However, in deciding on the mix
proportions in the first place, in order to
arrive at concrete with certain properties,
it is true that the amount of admixture is
not critical,

Mr. F. W. Drury, Jr3 (by leiter)—
San Gabriel Ready Mixt operates six
ready-mixed concrete plants and two
rock plants in Southern California. In
one year, this firm delivers more than
250,000 cu yd of concrete, approximately
175,000 cu yd of the total being delivered
to small contractors and home owners and
the remainder consisting of specification
work in which laboratory mix designs
are required. We would estimate that at

3 General Sales Manager, San Gabriel Ready
Mixt, Pasadena, Calif,
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least 50 per cent of our ready-mixed con-
crete production contains an admixture.
By far the most commonly used admix-
ture is a water-reducing agent.

In general, our experience with water-
reducing agents has been excellent, al-
though we agree with the authors that
water reductions achieved in the field
very seldom approach the figures quoted
by admixture manufacturers. Our ex-
perience indicates that when class 1 and 2
admixtures are used, we may anticipate
from 7 to 13 per cent water reduction for
equivalent consistency and that when
class 3 and 4 admixtures are used, we may
anticipate. 3 to 8 per cent reduction in
water for equivalent consistency. In
either case we are assuming no purposeful
air entrainment. With respect to the class
1 and 2 admixtures, we agree with Mr.
Cordon in finding that concrete that is
poured excessively wet containing water-
reducing admixtures has certain self-pro-
tective features in that there appears to
be a breakover point, resulting in the
concrete going from a S-in. slump to a
9-in. slump, with the addition of not more
than 1 to 2 gal additional water per yd.
Our problems in using water-reducing ad-
mixtures in nonspecification work occur
when extremely lean mixes are employed,
as we have found that in such mixes.
water-reducing admixtures are never a
satisfactory substitute for cement paste
where considerations of finishability and
workability are of prime importance. At
higher cement factors, we agree that some
water-reducing admixtures tend to in-
crease the stickiness of concrete, but in
our opinion this is a function of air en-
trainment rather than effects of admix-
tures as such. In our area, air-entrained
concrete is rarely used and concrete fin-
ishers are not familiar with the finishing
characteristics of concrete containing
from 4 to 6 per cent air and generally
complain that such concrete is rubbery
and sticky.
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We appreciate the authors’ problem in
dealing with a variety of admixtures both
from the standpoint of predicting per-
formance and from the standpoint of
stocking and accurately dispensing more
than a few materials. We suggest that the
ready-mixed concrete companies con-
sider stocking relatively few well-known
materials, and insist that when other ad-
mixtures are to be used, the contractor
purchase and furnish such materials to
the ready-mixed concrete plant, and that
an appropriate service charge be made to
cover the extra expense of accurately dis-
pensing these materials. We have found
it necessary in many cases to discourage
the use of certain products in order to
overcome the problem of stocking a vari-
ety of products. In any case, however, we
insist that our personnel at the ready-mix
plants be aware of the danger of im-
properly adding admixtures. We furnish
them with adequate equipment to insure
that when admixtures for which no dis-
pensers are available are used, 3 per
cent accuracy in measurement is main-
tained.

Our prime complaint in the use of ad-
mixtures is that specification writers are
not aware of the performance characteris-
tics of various materials and that on
many occasions they will specify water-
reducing retarders for concrete being
placed under low-temperature condi-
tions. When the concrete fails to set until
the next day, the producer invariably
gets the blame.
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We believe that many of the techno-
logical improvements in concrete of the
future will be achieved through the use
of admixtures, and as a matter of policy
we encourage their use. Because we have
no control over the fifth ingredient of
concrete—*“workmanship”—we feel a
strong obligation toward educating the
contractor in the technology of concrete.
To achieve this, we have established and
operate monthly a course on ‘“Quality
Control of Ready-Mized Concrete,” a
full two hours of which are devoted to
discussion of the pros and cons of admix-
tures in general. The present and antici-
pated future competition among the
admixture producers will result in
competitive prices which will permit wa-
ter-reducing admixtures to be used in all
concrete and which will, in our opinion,
produce superior concrete at lower cost.

Messrs. E. L. Howarp, K. K. Grrr-
FITHS, AND W. E. MouLTON (authors’
closure) —We are appreciative of the fine
contributions to the practical problems of
admixture use made by Messrs. Cordon,
Abdun-Nur, and Drury. We are gratified
to note that they have recognized in their
field experience problems similar to those
we have discussed. We certainly agree
with Mr. Abdun-Nur that the answer to
control lies with management in the
ready-mixed concrete industry and their
support in supplying well-trained men
and facilities to accomplish the work.
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DETECTION OF LIGNOSULFONATE RETARDER IN
CEMENT SUSPENSIONS AND PASTES*

By E. G. Swenson! AND T. THORVALDSON?

SyNoPsIs

The problem of detecting the presence of the lignosulfonate type of retarder
or plasticizer in hardened cement paste is investigated by a spectrophotometric
method based on ultraviolet absorbance measurements of aqueous extracts.
The interaction of hydrating portland cement and lignosulfonate salt, whether
in water suspension or in hardened paste, results in the disappearance of the
characteristic 280 myu maximum of the original lignosulfonate and the appear-
ance of two new maxima at wavelengths of 245 and 350 mp. This change is at-
tributed to alkaline hydrolysis, with the formation of vanillin. The experi-
mental results are discussed in relation to the qualitative and quantitative
aspects of the method in detecting lignosulfonates in portland-cement products.

A lignosulfonate salt is the basic in-
gredient in certain commercial admix-
tures for concrete which are used primar-
ily as plasticizers and retarders (1,2,3).% ¢
Despite their extensive use for many
years, little or no published information
is available on the nature of the interac-
tion between lignosulfonate and cement,
on the response of different cements, par-
ticularly to overdosage, or on methods of
determining the presence or absence of
such admixtures in concrete.

* This paper is a contribution from the Divi-
sion of Building Research of the National Re-
search Council of Canada and is published with
the approval of the Director of the Division.

1Formerly, Research Officer, Division of
Building Research, National Research Council of
Canada, Ottawa, Ont. (Canada), now Director
%f léesearch, Miron and Fréres Ltd., Montreal,

? Dean Emeritus of Graduate Studies, Univer-
sity of Saskatchewan, Saskatoon, Sask.

3 The boldface numbers in parentheses refer
to the list of references appended to this paper.

4E. W. Scripture, U. 8, Patents Nos.
2,081,642 (1937); 2,127,451 (1938); 2,169,980
(1939); and 2,229,311 (1941).

Copyright© 1960 by ASTM International

Field problems frequently require anal-
ysis of concrete to determine the nature
or quantities of original ingredients. At
best, such analyses are approximate, ow-
ing to the nature of cement and aggre-
gate, but they are nonetheless of practical
importance. Detection of the presence of
certain admixtures may also present
difficulties.

In an investigation of a field problem
carried out by the authors, it became nec-
essary to determine the presence or ab-
sence of a lignosulfonate retarder in a
faulty concrete, and this led to the ex-
perimental work described in this paper.
Following preliminary studies which in-
dicated that direct tests for lignosulfon-
ate were apparently doomed to failure,
a possible method was explored which
is based on spectrophotometric determi-
nation of absorbance curves in the ul-
traviolet for water-soluble products of
interaction between lignosulfonate and
hydrating cement.
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PRELIMINARY OBSERVATIONS

Lignosulfonate salts are lignin deriva-
tives from waste sulfite liquors of the
wood pulp industry. They are normally
obtained by neutralization of the lignosul-
fonic acids, are variable in composition,
and contain impurities. The lignosulfo-
nate salt is considered to be a colloidal
electrolyte which ionizes in solution to
give metallic cations (usually calcium or
magnesium) and lignosulfonate anions,
the latter being positively absorbed by
the cement particles in aqueous medium.
It has been postulated that this phenom-
enon accounts for the dispersing effect
which such substances apparently have
on cement particle (3).

The detection and quantitative de-
termination of a lignosulfonate salt in set
cement paste and concrete presents diffi-
culties. Although it was found by the au-
thors that the usual qualitative test for
lignin (chlorination with subsequent
addition of sodium sulfite (4)) gave a dis-
tinctly positive result when 0.1 mg of a
commercial lignosulfonate product was
present, negative results were obtained
with aqueous extracts of set cement
pastes to which a larger quantity of the
soluble lignin salt had been added. This
suggested that the radical of the ligno-
sulfonate molecule or ion responsible for
the production of the color in this test
was modified or destroyed in portland
cement - water systems.

It was also found that mixtures of port-
land cement and the same lignosulfonate
salt, when shaken with water, developed
alkalinity much more slowly than simi-
larly treated mixtures of cement and wa-
ter. This may be due to adsorption of the
lignosulfonate anion or molecule on the
surface of the cement particle. At-
tempts to recover the lignosulfonate salt
from hardened cement pastes by extrac-
tion with various solvents were not suc-
cessful.

Zeisler’s method for methoxyl deter-
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mination (5) presented difficulties when
applied to cement pastes containing a
small amount of lignosulfonate. Authori-
tative advice indicated that modification
of the conventional procedure which
would be required to test such combina-
tions was likely to produce questionable
results. It is possible, however, that this
method may be adapted to such deter-
minations.

Ultraviolet spectroscopy has been used
for some time in studies on the structure
of lignin and its derivatives (6,7) but no
published results appear to be available
on the use of this method for detecting
lignosulfonates-in portland-cement prod-
ucts. For dilute aqueous solutions of two
lignosulfonates used commercially as
plasticizers and retarders for concrete,
two maxima are found in the absorbance
curve, one at a wavelength of about 205
my, the other at about 280 myu (absorb-
ance is the negative logarithm of p/P,,
the ratio of the radiant energy of the
transmitted light to that of the incident
light). For detection of ‘“lignin sub-
stances” this method appears to be ex-
tremely sensitive (8).

The sample of commercial calcium lig-
nosulfonate retarder used in most of the
spectrophotometric tests was subjected
to paste and mortar tests to ensure that
its influence on setting and hardening ac-
corded with claims made for such admix-
tures. Dosages varying from 5% to 10
times the prescribed or normal dosage
were used. Results showed that this lig-
nosulfonate product was typical of this
class of dispersing and retarding agent.

MATERIALS AND METHODS

The main test sample of lignosulfonate
was a commercial preparation derived
from sulfite liquor and used very consid-
erablyas a plasticizer and retarder in con-
crete. A second commercial admixture
containing lignosulfonate as a basic in-
gredient, and used very widely in prac-
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tice, was found to give essentially similar
absorbance curves in the ultraviolet re-
gion covered in the following experi-
ments. Several samples of type I cement
from five different plants were used.

The lignosulfonate salt dissolved or be-
came colloidally suspended in water with
no residue left. The cement pastes were
made as thin “pats” on Lucite or bake-
lite plates. After curing for 1 day they
were partly broken and stored in beakers
in a desiccator over water. They were
ground to powder just prior to aqueous
extraction for analysis.

The reaction vessels, used for shaking
the cement with the lignosulfate solution,
and the extraction vessels, in which the
powdered pastes were shaken with water,
were made of different materials in order
to eliminate any possible influence of the
container on absorbance values. Some
were steel, lined with pure silver or gold
foil and sealed with a suitable cap and
clamp; others were polyethylene bottles
with caps of the same material. Results of
many experiments showed that no sig-
nificant difference in absorbance values
could be detected when using any of these
materials. Mechanical shaking was used
to keep the cement particles dispersed.

The aqueous extracts were clarified by
high-speed centrifuging before absorb-
ance measurements were made. This
method gave more consistent results than
filtering. When extracts were ‘“‘cloudy”
they were centrifuged again, but stand-
ing for 1 day permitted settlement of such
suspensions.

The dosage of lignosulfonate used in
most of the experiments was approxi-
mately that recommended for this ma-
terial, 0.125 per cent of the weight of the
cement. This is designated as a “normal”
dose, NV, and higher doses are designated
as multiples of V.

Two Beckmann spectrophotometers
were used, with hydrogen lamps and
paired silica glass cells. The DU instru-
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ment was hand-operated; the DK1 was
an automatic recording instrument. With
the first unit the absorbance of the test
solution was measured against redistilled
water, and the blank for the particular
cement used was determined separately.
With the automatic unit, the measure-
ments were made directly against a blank
which consisted of a similarly treated
sample of cement, the absorbance of the
blank being automatically deducted from
the absorbance of the test sample.

The absorbance of the blank cement-
water suspension and of the extract from
the blank cement-water pastes was very
low in the region of 240 to 400 mu and
gave a smooth curve over this range (bot-
tom curve of Fig. 2). Since the results
obtained in these studies on cement-wa-
ter-lignosulfonate systems had a high de-
pendence on time of contact, the blank
values were not always deducted from
the test values.

Absorbance curves for saturated solu-
tions of lime, gypsum, and mixtures of
both were very similar to those for ce-
ment blanks, being of about the same
order.

ULTRAVIOLET ABSORBANCE
STUDIES

Dilute Solutions of Lignosulfonate:

Figure 1 gives typical absorbance
curves for two very dilute aqueous solu-
tions of the lignosulfonate retarder (0.002
and 0.004 per cent). They show a very
steeply sloping shoulder in the 220 to 240
my region, a minimum at 260 my, and a
characteristic maximum at 280 mp.
Beer’s law is applicable both on the basis
of relative total absorbance and on the
basis of the relative difference (280 maxi-
mum minus 260 minimum). While there
was a definite maximum in absorbance
at about 205 my, readings at wavelengths
below 215 mpu were not consistent and
were considered unreliable since the ce-
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for a 0.005 per cent solution were, respec-
tively, 0.33 and 0.41 after 2 days’ stand-
ing, and 0.32 and 0.39 after 3 months’
standing. For a 0.018 per cent solution,
the corresponding values were 0.91 and
1.26 at 1 day’s standing and 0.97 and
1.27 at 3% months’ standing. The same
was true for solutions stored in poly-
ethylene bottles.

No significant changes occurred in the
absorbance curves when the solutions
were shaken in glass, polyethylene, or
metal tubes for long periods of time.
Partial neutralization of a dilute solution
with HCI, boiling, or a combination of
the two, did not alter significantly the
absorbance values at the 260 myg mini-
mum or the 280 mu maximum. Aeration
of the solution appeared to lower the
absorbance values slightly, especially at
the shorter wavelengths. This may have
been due to the difficulty of equalizing
the pressure of water vapor in the air
stream and the vapor pressure of the
solution. The readings at 0 C were
slightly lower than those at 25 C (order
of 0.01 for wavelengths between 230 and
290 mp and of 0.005 for longer wave-
lengths). None of these altered the posi-
tion of the minimum at about 260 mu
or the maximum at about 280 mu.

Suspensions of Cement in Lignosulfonate
Solutions:

Figure 2 gives absorbance curves for
suspensions of 10 of type I cement in 50
ml of 0.025 per cent lignosulfonate solu-
tion. This represents a ‘‘normal” dosage
of retarder (0.125 per cent of the cement
by weight), but also represents an ex-
treme condition where a large excess of
the liquid phase is present. The time of
shaking was varied from 5 min to 6 days,
and measurements of absorbance were
made ‘mmediately after centrifuging.
The curve for a pure lignosulfonate solu-
tion of 0.025 per cent concentration (not
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shown) is in accord with Beer’s law when
compared with the curves in Fig. 1.

It is observed that the 5-min contact
between the lignosulfonate solution and
the cement has materially changed the
character of the absorbance curve from
that of the pure lignosulfonate solutions
(compare with Fig. 1). Calculation by
Beer’s law indicates that over 90 per cent
of the radical or group responsible for
the increase in absorbance at the maxi-
mum of 280 my has disappeared from the
liquid phase. Such a rapid change would
explain the failure of the sodium sulfite
color test referred to earlier.

It is also observed that, with increas-
ing time of contact between the cement
and the lignosulfonate, the characteristic
maximum of the latter at 280 mu has
shifted slightly to a higher wavelength
of about 290 myu and is finally replaced
by a minimum, or ‘trough,” at this
point. The shift of the 280 mu maximum
to about 290 mu has been observed for
lignin products when strong alkali is
present (7). At the same time the “shoul-
der,” which began to develop at 230 to
245 mp on 5-min contact has further
developed into a new minimum at about
230 mu and a new maximum at about
245 mpu. In this region, however, the
over-all absorbance shows a rapid de-
crease with time of contact. Concurrent
with these changes was the development
of a new maximum, at about 350 my,
which increased with time of contact up
to 6 days.

Not shown in Fig. 2 are corresponding
curves for 24 hr and 12 days of shaking.
The 24-hr curve fits in with the other
curves, as expected, but the 12-day curve
(the lower dotted curve in Fig. 3) shows
an over-all absorbance slightly lower
than the 6-day curve, even at the new
245 and 350 mp maxima. This “reces-
sion” in the absorbance curves for ce-
ment-lignosulfonate-water systems, after
long contact with excess liquid phase,
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was also found for paste extracts (see
next section).

Similar experiments were carried out
using four times the “normal” dose of
lignosulfonate, that is, 10 g of type 1
cement shaken with 50 ml of 0.100 per
cent lignosulfonate solution. The absorb-
ance curves were similar to those ob-
tained with the normal dose samples,
but the time for the reaction to run to
completion was longer. At 9 days’ shak-
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characteristic maximum at 280 mg is
modified by the presence of the hydrat-
ing cement so as to destroy its absorp-
tion of light of that wavelength. Con-
currently, two new maxima of light
absorption gradually appear, one at
about 245 my, the other at about 350 mu.
It is possible that the maximum of ab-
sorption for lignosulfonate observed at
about 205 to 210 mu also undergoes
change, but the only experimental evi-

0-7
0-§
08 2 N Dose, || days Shaking-
a® >¢\
a N Dose, 12 days Shaking
g > AN
] 3
3 N Dose, 24 hr Shaking
5 o3 ] Y S W
| W2 P 7
\ H‘\ N Dase 12 day~]
02 '=L Suspension Only 4
H
i
)3 PN A== \
0-! =]
N v "{V \
| ™)
o ]
200 220 240 260 280 300 320 340 360 380 400

Wavelength, ma
Fic. 3.—Absorbance Curves for Aqueous Extracts from Aged Cement Pastes Containing Ligno-

sulfonate Retarder.

NoTe.—4 month old pastes; 12.5-g powdered samples; extraction with 47.5 ml water; N, normal

dose (0.125 per cent) lignosulfonate; dotted curve,

ing, the 260 mp minimum and the 280
mp maximum had completely disap-
peared, with a new minimum absorbance
of 0.15 at about 300 mu. The maxima
at 245 mp and 350 mp gave absorbance
values of 0.40 and 0.44 respectively, as
compared with 0.10 and 0.13 for the
6-day run of the normal dose sample
(Fig. 2). At longer shaking times with
the 4NV samples, these maxima increased
and then subsided as for the N samples.

It would appear from these and other
experiments that the radical of the ligno-
sulfonate that is responsible for the

12-day old suspension.

dence available indicates increased ab-
sorbance in this region during the
growth of the maxima at 245 and 350
mpu. The addition of solid CaO to a di-
lute solution of calcium lignosulfonate
produced short-term changes in the ab-
sorbance curve similar to those produced
by the addition of cement.

Water Extracts from Hardened Cement
Pastes:

In the experiments discussed in the
preceding section, an excess of the aque-
ous phase was always present during
the interaction of cement and lignosulfo-
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nate. This would represent one extreme
or limiting condition not normally pres-
ent in concrete except in the first hour
or two in the plastic state. A large num-
ber of experiments were carried out on
aqueous extracts of hardened cement
pastes which would represent the other
limiting condition where the liquid phase
would be limited mainly to adsorbed
films on solid surfaces during most of the
period of “interaction.”

Figure 3 shows typical absorbance
curves for aqueous extracts from 4-
month-old cement pastes with ‘“normal,”
N, and twice normal, 2V, doses of ligno-
sulfonate retarder. The amount of ex-
tracting liquid used was such that con-
centrations of dissolved materials would
be comparable with the solutions used
in the preceding section. These results
were obtained on the DU hand-operated
instrument, with distilled water as a
blank.

These curves are strikingly similar to
the 12-day dotted curve for the cement-
lignosulfonate-water suspension in Fig. 3
and to the curves in Fig. 2. The max-
ima at 245 and 350 mp are increased
with longer shaking times up to about 11
or 12 days but tend to recede slightly for
longer shaking times (as with the sus-
pensions). The 2N curve has a higher
maximum than the & curves, but the
differences are not proportional to origi-
nal concentrations of the lignosulfonate.
From these and other experiments, it
appears to be quite definite that there is
a considerably greater build-up of the
molecules or radicals responsible for the
maxima at 245 and 350 myu in the paste
than in the cement-solution suspension.
It is conceivable that normal curing of
paste made with a limited amount of
mixing water (as for normal consistency
requirements) provides a condition more
conducive to degradation of the original
lignosulfonate and to the stability of the
new product or products.
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At younger ages of paste, results were
obtained similar to those for the cement-
lignosulfonate solution suspensions, but
again with a greater build-up of the
new maxima at 245 and 350 mu. Table I
gives absorbance values from cement-
lignosulfonate pastes after curing periods
varying from 6 to 67 days. These were
obtained with the KG-1 automatic in-
strument and with the blank deducted.
Original samples were made up sepa-
rately. The maxima show a general tend-
ency to increase with time of curing up
to 67 days. Comparison with Fig. 3 (with

TABLE L—ABSORBANCE OF AQUEOUS
EXTRACTS FROM PASTES CONTAINING
LIGNOSULFONATE, AFTER VARYING
INTERACTION PERIODS.

M cement; “Normal”’ dosage of lignosulfonate

Interaction Absorbance, p/Po , at maxima
Conditions and minima

= | Mini- ;| Mini- N

Paste Shaking| Marxi- Maxi-
Curing, Time, 2‘;'5“'; mum 2%“':‘0 mum
days days 230 mp 245 mp 300 mp 350 mp
6....... 2 0.13 | 0.15 | 0.05 | 0.22
9....... 11 0.18 | 0.21 | 0.07 | 0.33
22, ...... 11 0.12 | 0.20 | 0.06 | 0.35
67....... 11 0.20 | 0.28 | 0.10 | 0.48

a different cement) would indicate, how-
ever, that no appreciable additional
build-up of the peaks can be expected.
The minimum or “trough” at about
290 my shows only a slight increase in
absorbance with increasing curing time.
The minimum at 225 to 230 mu shows a
fluctuation which is not unexpected in
view of its nearness to the high absorb-
ance range for the blank.

At still younger ages of paste, with
only 1 or 2 days’ shaking time, absorb-
ance curves were obtained on the ex-
tracts which resembled closely that
shown for the 6-hr suspension in Fig. 2.
The characteristic 260 mu minimum and
the 280 mu maximum for the original
lignosulfonate were still prominent; the
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245 myu maximum had only begun to
develop at a relatively high absorbance
in the short wavelength region, and the
350 mu maximum had developed only to
a small extent.

Further experiments with varying cur-
ing periods, in the order of 2 days, and
with varying shaking periods, for 1 to 6
days, produced absorbance curves show-

TABLE II.—ABSORBANCE OF AQUEQOUS
EXTRACTS FROM PASTES INVOLVING 3
CEMENTS, 2 LIGNOSULFONATE CON-
CENTRATIONS, AND 2 AGES OF PASTE.

Period of extraction by shaking with
water, 10 to 11 days

Absorbance, #/P, , at
— maxima and minima
Cemenlt sulfo- %ﬁ:tgf -
el | e | s | Mk i, M|y
225 to |14 1270 to |,
230 mys| 245 M{300 my[350 ™
N 22 0.07] 0.18| 0.05| 0.39
B 67 0.21| 0.31{ 0.09| 0.56
3N 22 0.46| 0.65| 0.23| 1.06
67 0.54| 0.73| 0.25| 1.16
N 22 0.12( 0.20| 0.06| 0.35
67 0.20( 0.28| 0.10| 0.48
M.....
3N 22 0.39] 0.55; 0.18] 0.88
67 0.48) 0.66/ 0.21| 1.16
N 22 0.16| 0.21]{ 0.06( 0.29
P 67 0.17| 0.23| 0.06| 0.37
3N 22 ....[ 0.57{ 0.18] 0.86
67 0.46( 0.63! 0.19| 1.10

ing the gradual disappearance of the
original lignosulfonate and the gradual
build-up of the new product of interac-
tion. These also showed that the build-up
of the new product was favored by the
paste condition as compared with the
shaking of anhydrous cement with
excess water. The rate of disappearance
of the original sulfonate appeared, how-
ever, to be slower for the pastes than for
the suspensions at very short periods of
contact.

In Table II, absorbance maxima and
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minima are recorded for extracts from
normal, &, and thrice-normal, 3N, dose
cement pastes made with three different
type I cements and taken at two paste
ages, 22 days and 67 days. The cements
are from three different plants, and the
only significant difference in composition
is the low alkali content of the P cement
as compared with the high alkali con-
tents of cements M and B. All shaking
times were 11 days, and all readings were
made in the KG-1 automatic unit with
the blanks deducted. All samples are
separate preparations.

It may be seen that over-all absorb-
ance has increased with the longer curing
period, with higher maxima at 245 and
350 myu. The increase in these peaks go-
ing from N to 3N dosages is not uniform
for the three cements and is not propor-
tional to the original lignosulfonate con-
centrations. The “trough” at about 270
to 300 myu, which was quite flat for the
N samples, showed with the larger dos-
age a definite rise at about 290 my to
the higher wavelengths, suggesting re-
sidual amounts of unaltered lignosulfo-
nate in the extract. For 9V samples (not
recorded), inconsistencies were even
greater and unchanged lignosulfonate
higher, with a definite hump at 280 my.
It appears that only a limited amount
of lignosulfonate will react with a given
amount of cement under these condi-
tions of test. It might be added that
microscopic evidence for unaltered ligno-
sulfonate was found in aged pastes origi-
nally of high lignosulfonate content.

The stability of these products in solu-
tion after extraction appears to be high.
In Table III are given the values for
minima and maxima in the absorbance
curves for an N-dose paste for progres-
sively longer periods of standing of the
extract (up to 13 days). No significant
change occurred. The paste had been
cured for 6 days at 100 per cent relative
humidity, followed by 2 days of shaking.
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Table IV shows that the speed and
times of centrifuging within the ranges
used had no appreciable effect on ab-
sorbance values.

Identity of the Reaction Product Giving
Absorbance Maxima ai Wavelengihs
245 and 350 mpy:

J. M. Pepper, Professor of Organic
Chemistry at the University of Saskat-
chewan, drew the attention of the au-
thors to the similarity between the ab-
sorbance curves obtained above for the
aqueous phase of cement-lignosulfonate-
water systems and those for high pH
aqueous solutions of vanillin. J. M. Pep-
per and his assistant, M. Siddiqueullah,
then kindly made chromatographic
analyses of three of our aqueous ex-
tracts which showed the very prominent
typical absorbance maxima. One was
produced by the interaction of lignosulfo-
nate solution with type I cement (4N)
for 6 months in a gold-lined steel tube;
the second was an extract of a powdered
cement-lignosulfonate paste (2N, cured
over water for 6 months, then extracted
for 6 months in a silver-lined tube); the
third was obtained by shaking a type I
cement from another plant with a ligno-
sulfonate solution, &, for 24 hr in a
Pyrex bottle and allowing the mixture to
stand at 25 C for 2 months.

The liquids were acidified with HCI
and extracted continuously for 24 hr
with ether. The ether extracts were
dried over anhydrous magnesium sulfate,
then concentrated to small volume. All
the extracts gave strongly positive tests
for both the phenolic hydroxyl group and
the carbonyl group.

The extracts were chromatographed
on a Whatman No. 1 filter paper for
16 hr, using the developer petroleum
ether: n-butyl ether: water (6:1:1, or-
ganic phase). Concurrently, authentic
samples of vanillin and syringaldehyde
were chromatographed. Only a trace of
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sytingaldehyde was present, but the po-
sition and density of the spots con-
firmed the presence of considerable
amounts of vanillin in each sample of

TABLE IIL.—EFFECT OF TIME OF
STANDING OF AQUEOUS CEMENT
PASTE-LIGNOSULFONATE EXTRACTS
ON ABSORBANCE VALUES.

Lignosulfonate dosage = N cement M
6 day moist-cured paste plus 2 days
aqueous extraction.

Absorbance, p/Po , at maxima
and minima
Age of Extract at Mini-

Time of Measurement| Mini- | ygo . m:u; Maxi-
75 to| U (PR o

ately m,
230 mp my uzngo mp ~

lhe, .......... 0.13 { 0.15 | 0.05 | 0.22
2days......... 0.14 | 0.16 | 0.05 | 0.22
Sdays......... 0.13 | 0.15 [ 0.06 | 0.23
13days......... 0.14 { 0.16 | 0.05 | 0.23

TABLE IV.—INFLUENCE OF SPEED
AND TIME OF CENTRIFUGING ON
ABSORBANCE VALUES OF AN EXTRACT.

Cement M lignosulfonate dosage = N
9 days moist-cured paste plus 11 days
extraction time.

Absorbance, p/Pa , at maxima

and minima

Time of

Ohristreg- | Centri- | —— —
ing, rpm | UEINE, | Mini- | pppq | MinD | pay.
225 to | yas'my | 270 to Ry
230 mp B | 300 mp mp
9450. . ... 20 0.16 | 0.21 [ 0.07 | 0.33
14750.. ... 20 0.18 | 0.22 | 0.07 | 0.33
14750. . ... 40 0.17 | 0.21 | 0.07 | 0.33
16850..... 20 0.16 | 0.19 | 0.07 | 0.33

extract. Vanillin is an aromatic aldehyde
of the formula

HO CHO

OCH;

and is a degradation product of lignin.
It might be noted that a solution of
pure vanillin at pH 10.75 has been found
to be very stable at room temperature
(9). The observation of a slight drop in
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the absorbance of the two maxima, noted
above for aged mixtures, was therefore
probably due to reaction with other
products in the mixture or to a decrease
in the pH of the solutions.

The possibility that degradation prod-
ucts other than vanillin, such as alde-
hyde derivatives of lignin, might produce
similar maxima at 245 and 350 my is not
excluded (7).

Summary AND CONCLUSIONS

Interaction between a calcium ligno-
sulfonate salt and hydrating cement in
an aqueous medium is very rapid, as
shown by ultraviolet absorbance meas-
urements in the range of 220 to 400 mu.
This interaction is evidenced by the
rapid disappearance of the characteristic
280 mg maximum of the original ligno-
sulfonate, followed by a new absorption
system with maxima at| about 245 and
350 mu. An alteration or degradation of
the original lignosulfonate structure ap-
parently occurs, the product of which
possesses at least some degree of solu-
bility in aqueous media of high pH (or
containing calcium hydroxide).

The change in absorbance at these
maxima with change in ratio of original
lignosulfonate to cement do not show a
direct proportionality, although the ab-
sorbance at the maxima is roughly pro-
portioned at a given time to the original
quantity of lignosulfonate. At greater
ages there is some tendency to regression
of the absorbance at the maxima.

Experimental evidence indicates a
high stability of the product responsible
for the absorbance maximum at 350 mpu
and that its formation and stability
are favored by a limited aqueous phase
such as obtained in-a hardened cement
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paste under ideal curing conditions. This
peak can therefore be used as a reliable
indication of a lignosulfonate admixture
in hardened portland-cement paste, The
possibility that organic admixtures or
adulterants might interfere with this
determination was not investigated. The
probability of any such material exhibit-
ing a peak at this particular wavelength
was considered very slight.

The two absorbance maxima which
develop at wavelengths of about 245
and 350 mp appear to be due to the
alkaline form of vanillin resulting from
alkaline hydrolysis of lignosulfonate.

Reproducibility of absorbance curves,
under the conditions of test described,
appears to be good. Absorbance values
for the interaction product as well as for
the original lignosulfonate were not af-
fected significantly by certain deliberate
variations in conditions of test.

In the present study, concentrations of
lignosulfonate solutions and dosages in
pastes covered only a range consistent
with its use as an admixture in concrete.
Experiments were also limited to a short
wavelength range. It is possible that
significant changes may occur at other
wavelengths.

Despite these limitations and the pos-
sibilities of other methods, the experi-
mental studies described provide a basis
for a spectrophotometric method for
determining qualitatively the presence of
a lignosulfonate admixture in hardened
portland-cement pastes. It is suggested
that this method should prove equally
effective for hardened mortars and con-
cretes. Considerable further study would
be required, however, to determine the
influence of aggregate materials, organic
adulterants, carbonation, and other fac-
tors,
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DISCUSSION

Mgr. W. G. HiMe.'—The authors are
to be congratulated on their excellent
work in the very difficult field of organic
analysis. My comments are made in the
hope that they will be helpful in future
work designed to give detailed proce-
dures for the determination of organic
admixtures in concrete.

The authors’ statement concerning the
improbability of other organic admix-
tures or adulterants exhibiting a peak at
the ultraviolet wavelength of wvanillin
may be misleading. According to Fig. 3,
vanillin absorbs appreciably in the 240
to 260 mu range and in the 335 to 365
my range. These ranges represent 25 per
cent of the ultraviolet region.

Nearly all aromatic organic com-
pounds and several aliphatic compounds
possessing conjugated double bonds ab-
sorb in the ultraviolet region. In fact,
most organic compounds, except for some
of low molecular weight, absorb to some
extent. It would not appear to be un-
likely that many of these several thou-
sand compounds, each absorbing over up
to 25 per cent of the ultraviolet region,
could interfere in the lignosulfonate (as
its hydrolysis product, vanillin} determi-
nation.

1 Supervisor, Analytical Chemistry Labora-
tories, Portland Cement Assn., Chicago, Il

It would appear that a quantitative
determination must be preceded by a
qualitative test. This may be by spec-
trophotometric means or perhaps as a
colorimetric spot test. The authors de-
scribe a color test for lignin, but it is not
applicable to the vanillin resulting from
the alkaline hydrolysis of the lignin. A
specific color test for vanillin would be
of great value.

MR. E. G. SWENSON (author’s closure).
—MTr. Hime’s comments on the paper are
very useful, particularly in focussing
attention on the limitations of analytical
methods generally.

The limitations of the method de-
scribed in the paper were early recog-
nized by the authors. In suggesting the
improbability that organic adulterants or
admixtures would interfere with this
method, the authors had in mind the
improbability that the type of interfering
substances mentioned by Mr. Hime
would be found in mortars or concretes.

Analysts are well aware that even
well-established methods will fail if cer-
tain interfering substances are present.

In the opinion of this author, the possi-
bility of substances being present in
mortar or concrete which would interfere
with this method is very remote,
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INTRODUCTION TO PRODUCERS’ PAPERS ON WATER-REDUCING

ADMIXTURES AND SET-RETARDING ADMIXTURES
FOR CONCRETE

By M. E. Prior! anp A. B. Apams!

SyNoPsIs

Water-reducing admixtures and set-retarding admixtures are defined and
the functional difference between them explained. The products of the four
producers are divided into four chemical classifications, (1) lignosulfonic
acids and their salts; (2) modifications and derivatives of lignosulfonic acids
and their salts; (3) hydroxylated carboxylic acids and their salts; (4) modi-
fications and derivatives of hydroxylated carboxylic acids and their salts.
The four papers of the producers’ group are concerned only with products fall-
ing within this classification.

A brief explanation of the function and mechanism of the actions of such
admixtures in portland-cement concrete is suggested and discussed as it ap-
plies to this series of papers

The final section of this paper points out the significance of the design and
quality control exercised by the producers to insure the functional perform-
ance of these admixtures. Particular emphasis is placed on this portion of the

paper because of its importance to the consumer.

This is the first of four papers prepared
for the Symposium on the Effect of Wa-
ter-Reducing Admixtures and Set-Re-
tarding Admixtures on Properties of Con-
crete representing the coordinated
contribution of four producers of nation-
ally and internationally used water-re-
ducing admixtures and set-retarding ad-
mixtures for concrete.

The water-reducing admixtures and
set-retarding admixtures furnished by
these producers fall into four general
classifications by chemical type. Admix-

! Technical Service Manager and Research
Manager, respectively, Construction Chemicals,

Dewey and Almy Chemical Division, W. R.
Grace & Co., Cambridge, Mass.

tures of some of these four chemical types
have been furnished for the past 25 years,
and it is estimated that these admixtures
have been used for the purposes stated
in more than 200 million cubic yards of
concrete in the United States during this
period of time. They have been used ex-
tensively in Europe and Asia, as well as
in North and South America. The ac-
ceptance and use of such admixtures has
grown continuously since their introduc-
tion a quarter of a century ago, and it is
further estimated these admixtures are
being used at a rate to produce 25 million
cubic yards of admixtured concrete an-
nually in the United States alone.

170

Copyright© 1960 by ASTM International

www.astm.org



PRIOR AND ADAMS—INTRODUCTION TO PRODUCERS’ PAPERS

Further indication of current interest
is found in the fact that ASTM Com-
mittee C-9 and certain public agencies
are presently actively engaged in draft-
ing methods of test and specifications
governing the purchases and performance
requirements of water-reducing admix-
tures and set-retarding admixtures for
concrete. The first of the ASTM meth-
ods of test for such admixtures was is-
sued in 1957 and revised in 1959 as
ASTM Method C 403, Method of Test
for Rate of Hardening of Mortars Sieved
from Concrete Mixtures by Proctor Pene-
tration Resistance Needles.? These meth-
ods of test and specifications will supple-
ment those already in existence and in
use by other public agencies and numer-
ous private engineering firms.

Although there are some differences in
the chemical nature and chemical compo-
sition of the water-reducing admixtures
and set-retarding admixtures supplied by
the four producers participating in this
symposium, and although there may be
some difference in the effect that these
admixtures have on some of the qualities
of plastic and hardened concrete, the
fundamental influences on water require-
ment and retardation are basically the
same, Further, since these admixtures
have been used generally for like pur-
poses in the same and in all classes of
concrete, it appeared that the purposes
of this symposium could be better served
and unnecessary duplication avoided, by
the presentation on the part of the par-
ticipating producers of a series of coordi-
nated papers concerning the influence
and effect of water-reducing admixtures
and set-retarding admixtures on the
properties of plastic and hardened con-
crete, Such a series of papers must neces-
sarily entail a description of the chemical
nature, mechanism of action, specifica-
tions for the quality control and use of

2 Tentative Method (C 403 -57 T),
Book of ASTM Standards, Part 4, p. 712.

1958
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such admixtures, and most importantly,
a detailed account of the engineering ex-
perience in the use of such admixtures
during the 25 years of their application.
This presentation would not be complete
without an expression of the interest and
activity of producer companies in re-
search on chemical admixtures and in re-
search designed to enhance the engineer-
ing properties of concrete to the end that
concrete may continue to maintain and
even advance the prominent position that
it holds among materials of construction.
To this end, the subject matter has been
divided into the series of papers here
presented. Thus, in these four papers,
the participating producers have at-
tempted to present a summation of the
results of their cumulative research, lab-
oratory, and engineering experience in
this field. It is hoped that this joint pres-
entation of the producers may contrib-
ute to the understanding of the functional
benefits of water-reducing admixtures
and of set-retarding admixtures in con-
crete,

In this paper, water-reducing admix-
tures and set-retarding admixtures are
defined and the functional difference be-
tween them explained. The internation-
ally used admixtures of these types are
classified into the four chemical classifi-
cations under which they will be dis-
cussed in this group of papers. The be-
havior and the mechanism of action of
such admixtures in portland cement con-
crete is discussed; and finally, emphasis
is placed on the significance to the con-
sumer of the chemical design and quality
control exercised by the producers to in-
sure the functional performance of these
admixtures.

DEFINITION OF TERMS

Water-reducing admixtures are mate-
rials generally consisting of certain or-
ganic compounds or mixtures which,
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when added to portland cement concrete,
markedly increase the fluidity, other than
that effected through air entrainment of
the concrete as measured by the slump
cone or similar device. When such ad-
mixtures are used to produce concrete of
slump equal to that of plain or plain air-
entrained concrete of the same design, a
significant reduction in water content is
thereby made possible, thus enhancing
the desirable properties of both the fresh
and hardened concrete. Water-reducing
admixtures are normally designed to
have a negligible effect on the setting
properties of concrete, but they may be
modified for special purposes to produce
either an accelerating or retarding effect
on the concrete when desired.

Set-retarding admixtures are admix-
tures designed to delay in a controlled
manner initial and final set beyond the
normal setting time for the plain or plain
air-entrained concrete and thereafter to
have no effect upon the rate of strength
development, or other properties of the
concrete. Generally, and as considered
in this symposium, set-retarding admix-
tures also reduce the water content of
concrete and thus combine the functional
benefits of water reduction with initial
retardation.

CBEMICAL CLASSIFICATION

A review of the technical and patent
literature shows that a great many sub-
stances have been considered as water-
reducing or set-retarding admixtures for
concrete. Many of these substances were
suggested for certain specific applica-
tions. Some had undesirable effects upon
other properties of the plastic or hard-
ened concrete, and few have attained
technical or commercial significance. It is
generally recognized that present-day
usage of water-reducing admixtures and
initial-retarding admixtures in concrete
had a beginning in the disclosures by
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Tucker,? Scripture,* and Winkler® of the
effect of small quantities of organic com-
pounds on the fluidity of portland cement
pastes and concrete mixtures. These in-
vestigators showed that the addition of
small quantities, on the order of 0.02 to
0.50 per cent based on the weight of the
cement, of certain chemical substances
profoundly affected the fluidity of the
paste such that a significant reduction
in the water-cement ratio could be made
to produce concrete mixtures of a slump
equal to that of the untreated concrete.
Thus, in accordance with Abrams’ (1)®
finding, concrete of greater strength
would result. Subsequent investigations
have shown that strengths greater than
those anticipated by the water-cement
ratio law are usually obtained.

In the continuing research which these
disclosures stimulated, the chemical sub-
stances originally suggested have been
substantially improved for these purposes
by modification of the processes by which
those substances are refined from their
source or manufactured. Modifications
and derivatives of these substances have
enhanced their functional properties, and
other substances having these same prop-
erties in concrete mixtures, or which
have a synergistic effect upon the dispers-
ing activity of the basic substance, have
been discovered.

The nationally and internationally
used water-reducing admixtures and set-
retarding admixtures may be classified
in the following categories:

1. Lignosulfonic acids and their salts.

2. Modifications and derivatives of
lignosulfonic acids and their salts.

3. Hydroxylated carboxylic acids and
their salts.

3G. R. Tucker, U. 8. Patent No. 2,141,569

(1938).

4 E. W. Scripture, U. 8. Patent No. 2,169,980
(1939).

§ K. Winkler, U. 8. Patent No. 2,174,051
(1939).

¢ The boldface numbers in parentheses refer
to the list of references appended to this paper.
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4. Modifications and derivatives of
hydroxylated carboxylic acids and their
salts.

For the purposes of these papers, cate-
gories 2 and 4 are considered to include
mixtures of functional materials with
other substances added for specific ef-
fects.

Some few materials offered as water-
reducing or set-retarding admixtures
may fall into another or miscellaneous
category. It is not the intent or purpose
of these papers to discuss this category.

FuNCTION AND MECHANISMS

The principal active component of the
water-reducing and set-retarding admix-
tures considered in the classifications
given above are surface active agents;
that is, they are substances which be-
cause of their chemical configuration or
due to the influence of substituent groups
therein are concentrated at the interface
between two immiscible phases and alter
the physicochemical forces acting at this
interface. Such adsorption is sometimes
due to the amphipathetic (2) nature of
the molecule; but in the instances and
with the classes of substances with which
we are concerned, this adsorption is most
probably a chemisorption effected by
hydrogen bonding. The net effect is the
same in either case.

Interfacial tension is always present at
the interface between any two completely
immiscible phases. It arises from a dis-
symetry among forces acting upon the
molecules or atoms at or near the surface.
A disperse system in which there is a
measurable interfacial tension between
the two or more phases present is thermo-
dynamically unstable compared to the
same system in which the dispersed parti-
cles have coalesced, that is, in which the
total solid-liquid interface has been re-
duced.

Deflocculation, or dispersion, may be
facilitated by a reduction in the inter-
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facial tension of the system. Amphipa-~
thetic molecules may be adsorbed on the
surface of the disperse phase and reduce
the interfacial tension. Or such adsorp-
tion may be due to a positive attraction,
or to an actual linkage, between specific
polar groups in the adsorbent and in the
surface active molecule. Such an ad-
sorbed molecule, or ion, acts as a bridge
making the transition from solid phase to
liquid phase and the differences in the
forces prevailing at the interface less
abrupt.

Studies of the effect of dispersing
agents upon portland cement are compli-
cated due to the fact that in portland
cement concrete—in the paste—we are
dealing with suspensions of particles
which are unstable physically and chemi-
cally, due to hydration which commences
immediately the particles are wetted.
However, it has been shown (3) from
measurements of optical densities of fil-
trates from dilute suspensions of port-
land cement in water that substances
such as the lignosulfonates are adsorbed
by cement particles, and it can be shown
experimentally, by observing under a
microscope the electrophoretic migration
of suspended cement particles, that
through such adsorption the cement par-
ticles acquire a negative potential. Simi-
lar effects can be shown in the adsorption
of hydroxylated carboxylic acids.

According to the classical concept of
dispersion and the stability of disperse
systems, the adsorption of an ion on the
surface of a particle and the acquisition
by the particle of a negative (or positive)
potential creates an energy barrier caus-
ing an electrostatic repulsion between
the particles which contributes to the
degree and stability of dispersion. This
same negative potential will orient the
water dipoles around each particle and
form a hydrated sheath which acts me-
chanically to prevent close approach be-
tween particles. Thus, there are three
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factors contributing to the degree of dis-
persion and the stability of a disperse
system: (@) a reduction of the interfacial
tension; (6) an increase in the electro-
kinetic potential; (¢) a protective ad-
herent sheath of water molecules.

Zhuravlev and Tikhonov (4) have
studied the effect of increasing concen-
trations of ammonium lignosulfonate on
the electrokinetic potential of cement-
water systems and upon the mobility of
the paste. It is their conclusion that the
plasticizing action of ammonium ligno-
sulfonate on the cement paste is due pri-
marily to the formation of a hydrated
sheath around each particle of cement.

In its normal state, portland cement is
flocculated to some degree; that is, parti-
cles are held together, weakly, by forces
of attraction between them. Flocculation
is defined as the formation of clusters of
particles which are disturbed by rela-
tively weak mechanical forces or by a
change in the physical forces at the inter-
face between the solid and the suspend-
ing medium. It is the converse of dis-
persion. As stated, in portland cement
concrete, in the paste, we are dealing with
suspensions of particles which are un-
stable physically and chemically, due to
hydration which commences immediately
the particles are wetted. In the presence
of a water-reducing admixture and at the
time of initial contact with water, disper-
sion phenomena predominate. This does
not mean that each cement particle is
free to act independently of all others.
But it does mean that the reduction in
the forces of attraction between them
permits greater mobility of the particles,
that water freed from the restraining
influence of a highly flocculated system
is now available to lubricate the mix and
provide a wetter consistency. As a result,
the water content of a concrete mixture
of given consistency may be substantially
reduced.

The cement flocs are not dispersed by
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the addition of a dispersing agent, but
rather the particles are held apart once
the flocs have been broken up; that is,
the breaking up of the flocs is accom-
plished by mechanical action of a mixer
and then the particles are held apart by
physicochemical means. The separation
of the particles of cement by the dispers-
ant results in a minimum resistance to
movement of the grains which, in effect,
is lubrication; and this lubricating effect
results in decreased water requirement
for any given consistency.

Powers has stated (5) that the attrac-
tion between cement and water is so
strong that each cement grain becomes
completely surrounded by water even
though in dilute suspension the grains
are clustered. Scripture (6) has suggested
that experience with other hydrophilic
solids, such as clays, would indicate that
complete wetting of the surfaces of the
flocculated cement is improbable. One of
the effects of deflocculation or dispersion
would be to expose more surface area of
the cement to water and to possibly more
complete hydration at earlier ages of the
concrete. This, together with a more uni-
form distribution of the cement through-
out the concrete and over the surface of
the aggregate, could account for ob-
served strength increases greater than
those anticipated by Abrams’ law.

OTHER INFLUENCES

It is not the purpose of this paper to
discuss the means or mechanism by
which such adsorption alters the course
or rate of the chemical reactions which
result in the hydration of portland ce-
ment. Schmid (7) has indicated that ad-
mixtures of class 3 react with the hy-
drates initially formed to form complex
soluble salts reducing the quantity of
initial hydration products and thus de-
laying hydration. Hansen (8) advances
the theory that adsorption of ions or
molecules of the lignosulfonates or hy-
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droxylated carboxylic acids on the sur-
face of the solid cement particles by ionic
or by hydrogen bonding inhibits the ini-
tial hydration reactions.

Suffice it for the present purposes to
state that such chemical substances as
are being discussed in this symposium,
do have a retarding influence upon the
rates of these reactions. Consequently,
the dispersing agent must be chemically
modified or the water-reducing admix-
ture formulated to minimize this retard-
ing effect if retardation is not desired,
and the set-retarding admixture must be
designed to control this effect benefi-
cially.

The dispersing agent may be combined
with a catalyst or an accelerator to off-
set the retarding influence of the dis-
persant such that the resultant water-
reducing admixture will have a negligible
effect upon the rate of hardening of the
concrete. Certain organic materials used
in very small proportions materially in-
crease the strength of concrete. Forbrich
(9) terms such materials catalysts since,
he states, in the proportions used, it is
apparent that such materials cannot have
a significant effect on strength by direct
combination with any part of the cement
but must react to promote some reaction
of the cement in which the compound
takes no part or at least only the part of
an intermediate product. The catalyst
is used in minute quantities only to over-
come the initial retardation resulting
from adsorption of the dispersant on the
surface of the cement crystals. Accelera-
tors, on the other hand, function in an
entirely different manner. An accelerator
may participate (8} in the chemical reac-
tions which. it influences; and for this
reason, the system is more sensitive to
the concentration of the accelerator and
to changes in cement composition. This
type of reaction is generally accompanied
by the evolution of heat which, in turn,
may speed up the rate of hydration of the
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cement beyond that desirable, if propor-
tions are not carefully controlled. Ac-
celerators are normally incorporated into
water-reducing admixtures only to over-
come the inherent retarding influence of
the dispersant, but they may also be used
under controlled conditions in sufficient
concentration to exert a pronounced ac-
celerating effect such that the setting
time of the concrete is reduced. It
is ordinarily preferable, where reduced
setting time is desired, to consider and
use the accelerator as a separate admix-
ture for concrete. It is important that
the accelerator or catalyst in the concen-
trations employed have no adverse effect
on any of the properties of concrete,
either in the plastic or hardened state, or
otherwise impair its use in the design
application. Hence, the chemical charac-
ter and the formulation of these admix-
tures is a major factor in the production
of materials for this purpose.

Forbrich (9) has reported that it is pos-
sible to control the early rate of heat
liberation of cement in almost any de-
sired direction by the use of suitable com-
binations of a dispersing agent and of an
accelerator or a catalyst. He found that,
in general, the combination of a dispers-
ing agent and of an accelerator delayed
the time of rapid heat evolution, in-
creased slightly the total heat evolved
up to 7 days and had no appreciable
effect at 28 days and that the combina-
tion of dispersing agent, accelerator, and
organic catalyst retarded heat liberation
up to 3 days but had no effect thereafter.
A combination of dispersing agent and
organic catalyst reduced the early rate of
heat liberation but increased the total
heat liberated at 28 and 110 days.

Class 1 admixtures have been found’
generally to effect a substantial retarda-
tion of temperature rise (rate of hydra-
tion), but the precise effect varies with

7 Private communication,
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the composition of cement. On the other
hand, use of an admixture typical of
class 2 increases the rate of hydration so
that this thermal curve lies close to that
for the plain paste, thus indicating that
the retarding effect can be compensated
for by careful formulation.

Differential thermal analysis studies
of hydrated cements at ages 7 and 28
days have indicated that water-reducing
admixtures and set-retarding admixtures
of class 1 and class 2 do not change sig-
nificantly the identity or proportion
of the hydration products ultimately
formed during the hydration of portland
cement.

Crepaz and Semenza have reported
(10) that the presence of calcium lignosul-
fonate modifies the crystal development
of the hydration product of tricalcium
aluminate and of the ferric phase. They
suggest that the action of calcium ligno-
sulfonate is exerted chiefly on the trical-
cium aluminate and the ferric phase and
that the addition rate of chemical admix-
tures should be based on the exact knowl-
edge of the mineralogical composition of
the cement.

Each of the producer companies here
represented conducts extensive research
in the areas of their specific interest and
according to their respective concepts of
the basic needs of the industry. They
recognize the need of more knowledge
regarding surface-active materials, de-
spite the fact that they function accord-
ing to well-defined and established princi-
ples concerning the effects which such
materials make possible. Unfortunately,
most of the published research regarding
the use of these substances in portland
cement concrete has been empirical in
nature. It should be possible with a better
understanding of the physicochemical
relationship of surface-active agents in
portland cement and concrete to con-
struct surface active substances and ad-
mixtures having even more precise ef-
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fects. The principal manufacturers of
admixtures are engaged in research of
this nature. It is not timely to predict
what the results may be, but we can pro-
ceed with the assured knowledge that out
of similar research, although empirical,
has come our present knowledge of the
beneficial effect that chemical admixtures
have in modern concrete technology and
be confident that efforts expended in this
direction will produce new and even more
useful chemical admixtures for concrete.

Quariry CONTROL

Water-reducing admixtures are de-
signed for addition to a concrete mixture
in a predetermined quantity as recom-
mended by the manufacturer. The addi-
tion rate is based on the results of the
research and engineering experience of
the producer with various applications
and different mix designs. Water-reduc-
ing admixtures are furnished in both dry
and liquid form but generally are added
to the concrete mixture in solution to
afford more rapid and efficient distribu-
tion throughout the mass. As the term
water-reducing implies, the primary
function of this type of material is to
reduce the water requirement of a con-
crete mix while maintaining the desired
plasticity and workability. Normally
there is considerably more water used in
a concrete mixture than required for the
complete hydration of the portland ce-
ment. This excess water is commonly
referred to as water of convenience. Both
water-reducing admixtures and set-re-
tarding admixtures of types referred to
in the producers’ papers effect a marked
reduction in this water of convenience
with the result that the concrete to which
admixture has been added is improved
to an even greater extent than can be
attributed to the familiar water-ce-
ment ratio law. The properties that are
most notably benefited by this action
are bleeding, segregation, compressive
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strength, flexural strength, permeability,
volume change, abrasion resistance, and
durability. These effects will be discussed
in the subsequent papers of this group.
Set-retarding admixtures are some-
times referred to as water-reducing re-
tarding admixtures for, as considered in
this symposium, these combine some
water reduction with initial retardation.
Their primary function is to retard ini-
tially the set of concrete for a predeter-
mined period of time. It has long been
recognized that under certain conditions,
concrete will set up too rapidly to be
properly handled in the field. Difficult
placing conditions may cause delay to
such an extent that set takes place be-
fore the concrete is properly consolidated.
Hot weather, low humidity, drying winds
all contribute to rapid drying and fast
setting which can result in cold joints
between successive pours, plastic shrink-
age, and poor bond to steel—to cite a
few examples. The addition rate of a
set-retarding admixture will vary, or it
may be substituted by one of a series
of set-retarding admixtures, depending
upon the ambient temperature and spe-
cific job requirements. With higher tem-
peratures, higher addition rates are em-
ployed in order to maintain the concrete
in a plastic state for the desired period
of time. While dispersing agents will
normally have a retarding influence on
the rate of hydration of portland cement,
it is essential that this property be regu-
lated in such a manner that the setting
time of the concrete can be controlled in
a manner and to the extent desired. The
influence of some dispersing agents on
the rate of hydration of portland cement
may vary considerably with normal var-
iation in the composition of the cement.
Tt is essential that admixtures be spe-
cifically designed for the intended pur-
poses. Responsible producers recognizing
the importance of quality control, main-
tain physical and chemical laboratory
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facilities where these materials are sub-
jected to exacting chemical and perform-
ance specifications, from raw materials
through processing to finished product
to insure that the designed characteris-
tics are maintained.

The use of water-reducing and set-
retarding admixtures is based on funda-
mental principles of concrete design.
Admixtures, like other ingredients of con-
crete, must be used in strict accordance
with the design criteria of the mix. Rela-
tively small quantities of these admix-
tures are added to the concrete and
therefore, percentagewise, variations in
addition rates may markedly change the
properties of the concrete even as varia-
tions in cement content, water, or aggre-
gate. The major manufacturers and dis-
tributors of admixtures have pioneered
the development of dispensing equipment
for proper proportioning the admixtures
to concrete. The growing demand for
automatic batching equipment, coupled
with the recognition that admixtures
have become an integral part of high-
quality concrete, has resulted in batch
plant manufacturers incorporating dis-
pensing equipment in their latest con-
struction. Similar types of equipment are
also available for use on paving mixers
and in product plants. ‘

The producers of admixtures have at-
tempted to recognize the needs of the
concrete engineer and, through close
liaison between the field and the research
laboratory, are constantly striving to’
improve the application of these products
to meet the increasing technological ad-
vances in the field of concrete. Knowl-
edge of these requirements is based on
the combined experience in the use of
these admixtures in over 200,000,000 cu
yd of concrete, plus a basic knowledge
of the beneficial types of additions and
admixtures in cement and concrete. This
background enables these producers to
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evaluate the need of the design engineer,
as well as the supplier.

SUMMARY

Water-reducing admixtures and set-
retarding admixtures are surface-active
chemicals specifically designed to per-
form their separate functions in portland
cement concrete. Water-reducing admix-
tures are normally designed to have a
neglibible effect upon the setting time of
concrete, but they may be designed for
specific purposes to have an accelerating
or a retarding effect upon the setting
time of concrete. Set-retarding admix-
tures, as considered in this symposium,
have water-reducing characteristics.

The available water-reducing admix-
tures and set-retarding admixtures are
divided into four general classifications
by chemical type.

Although the study of the physico-
chemical effects that such admixtures
have on portland cement is complicated
by the inherent instability of the cement-
water system, the surface active compo-
nents of these admixtures appear to act
in accordance with established physico-
chemical principles. Normally flocculated
cement is broken up by mechanical ac-
tion of the mixer, and then the particles
are held apart by physicochemical
means. Water freed from the restraining
influence of the flocculated system be-
comes available to lubricate the mix. As
a result, the water content of a concrete
mixture of given consistency may be
substantially reduced. Adsorption of
these surface-active materials on the sur-
faces of the cement minerals does not
appear to change the proportion or
the identity of the hydration products
formed; but such adsorption, unless com-
pensated by incorporation into the ad-

SyMPOSIUM ON ADMIXTURES IN CONCRETE

mixture of an accelerator or of a catalyst,
may have a retarding effect upon the
rates of the reactions. The use of water-
reducing admixtures and set-retarding
admixtures in concrete contemplates the
attainment of significant beneficial ef-
fects discussed in the other papers of this
series.

The chemical substances selected for
these purposes and the admixtures into
which they are converted are subjected
to exacting chemical requirements and
performance qualities prior to their use.
The use of the commercial, nationally
and internationally available, water-re-
ducing admixtures and set-retarding ad-
mixtures is supported by the research
and technical personnel and facilities of
the producer companies. The extensive
research engaged in by the producer com-
panies anticipates continued enhance-
ment of the engineering qualities of con-
crete through chemical admixtures.
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EFFECT OF WATER-REDUCING ADMIXTURES AND SET-RETARDING
ADMIXTURES ON THE PROPERTIES OF PLASTIC CONCRETE

By C. A. Vorrick!

SyNops1s

Commonly used water reducers and set retarders are divided into four basic
categories. The effect of materials from each of these classes on water reduc-
tion, set retardation, air entrainment, bleeding, workability and unit weight

of plastic concrete is discussed.

Data are presented to show the effect of normal dosage and over-dosage of
the admixtures at various temperatures. Influence of type and brand of cement,
air entraining agents, and other admixtures on properties of plastic concrete is

shown.

Application and dosage of the admixtures are given. Qualities of plastic con-
crete containing water reducers or set retarders that may be used to the ad-
vantage of the engineer who is seeking to solve a particular problem in the con-

struction of a project are discussed.

Information presented in this paper is
based upon field and laboratory tests and
exchange of information among the pro-
ducers participating in this symposium.
This paper discusses the effect of water
reducers and set retarders on the prop-
erties of plastic concrete. It should be
recognized, however, that the properties
of the plastic concrete influence prop-
erties of hardened concrete, including
compressive strength, shrinkage, etc.
Water-reducing admixtures discussed in
this paper are compounds that derive
their effect from influences other than
air entrainment. Some of these products
may also entrain air.

For the purpose of this symposium,
nationally distributed water reducers
and set retarders, as indicated in the in-
troductory paper, are divided into four
main classes:

1 Chief, Engineering Laboratories, Sika

Chemical Corp., Passaic, N. J.

Class 1—Lignosulfonic acids and their
salts.

Class 2—Modifications or derivatives
of lignosulfonic acids and their salts.

Class 3—Hydroxylated carboxylic
acids and their salts.

Class 4—Modifications or derivatives
of hydroxylated carboxylic acids and
their salts.

The various products have been given
a letter designation, which is the same
in all of the producer papers.

Most water-reducing chemicals are
also set retarders. The water-reducing
effect of these admixtures is generally
caused by one component that has re-
tarding effects. Retarders may be modi-
fied by addition of an accelerator with-
out losing their water-reducing effect.
The resulting product, depending on
formulation, may accelerate, retard, or
have little effect on the rate of harden-
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ing of concrete. Class 1 admixtures are
retarders that usually entrain small quan-
tities of air. Class 3 admixtures are non-
air-entraining retarders. Admixtures be-
longing to classes 2 and 4 may or may
not entrain air and they may retard, ac-
celerate, or have no effect on setting
time.

Although all of these compounds are
water reducers, their influence on specific
properties of concrete may be quite dif-
ferent. In order to obtain desired results
in modifying characteristics of plastic or
hardened concrete, admixtures of one
class or within one class, may be pre-
ferred over others, depending on type of
concrete or job and temperature con-
ditions.
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can be properly compacted. Better con-
crete with increased compressive,strength
and less drying shrinkage may result
from the use of water-reducers when the
stump and air content are maintained
constant. Water reduction is particularly
desirable if aggregates have a high water
requirement or if concrete slump must be
greater than 3 in. for placing.

Recommended proportions of water
reducers or set retarders will permit a
reduction in mixing water of 5 to 16 per
cent for a given slump. The actual water
reduction is influenced by several fac-
tors, including type and brand of cement,
air entraining capacity of the admixture,
and richness of mix.

Water reduction can be obtained with

TABLE IL—WATER REDUCTION OBTAINED WITH CONSTANT AIR, ONE BRAND OF
CEMENT, AND DIFFERENT WATER REDUCERS OR SET RETARDERS.

i Neutralized | Product 4, | Product J, Product H | Product ¥
AdmExture. .....c..ooeevoieiii Vinaol R:.sin rClal;s f lélal;s >’ Class 3 Class 4
Slump, in...........oo 234 234 214 3 3
Air content, percent. .. .. ... .. ... ... 4.8 4.3 4.5 4.5 4.7
Water reduction, per cent (compared
with non-air-entrained concrete) . . . . 8 13 11 13 12

EFrFeECT ON PrLasTic CONCRETE

Water Reduction:

Less water is required in a concrete
mixture for a specified workability when
a water reducer or set retarder is added.
The use of these admixtures will permit
reduction in the water-cement ratio if
the cement content is maintained con-
stant. The benefits derived from reduc-
tion in water-cement ratio may thus be
expected to result from the use of these
admixtures if all other conditions are
equal. In many cases the benefits are
much greater than would be expected
from a simple reduction in water-cement
ratio. Benefits can often be expected
from their use even if the water content
is not reduced.

Water reduction is desirable in any
concrete mixture, provided the concrete

air entrainment alone, but additional
water reduction is possible when a water
reducer or set retarder is added to the
air-entrained concrete. Results shown in
Table I were obtained with one brand of
type I cement. Cement factor was 5.5
sacks per cu yd. Neutralized Vinsol resin
was used as the air-entraining agent.
Recommended dosages of admixtures
were used and air content was adjusted
where necessary by changing the propor-
tion of air-entraining agent.

Table II demonstrates the relative
effect of different air-entraining agents
and water-reducing admixtures on water
reduction at equivalent air content.
Brand 4, type I, cement was used with
natural sand and crushed limestone
coarse aggregate.

Increased water reduction is possible
with air-entraining water reducers when
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the dosage, and consequently the air
content are increased. Table III shows
the water reduction and air content of
concrete containing 5% sacks per cu yd of
a blend of four type I cements and var-
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retarder (product H) are shown in Table
IV. Original water-cement ratio of these
mixes varied from 0.52 to 0.54 by weight.

Different types or brands of cement
may not show the same water reduction

TABLE II.—RELATIVE EFFECT OF AIR-ENTRAINING AND WATER-REDUCING
ADMIXTURES OF CLASSES 1 AND 2 ON WATER REDUCTION AT EQUIVALENT AIR

CONTENT AND 34 IN. OF SLUMP.

Air-Entraining Admixture Water-Reducing Admixture
Cement Water- Air Water
grams per g.o;l':ep":r' (;‘:l't;':' Content, | Reduction,
sack of | Product | Class |lbpersack| cuyd cuyd | Percent | percent
cement
None...... None 4.97 34.8 1.9 .
Class 3..... 0.99 None 5.02 32.2 5.0 7.5
Class 3..... 0.57 D 2 0.25 5.00 29.4 5.0 15.5
None. .. ... 4 1 0.25 5.02 29.7 4.5 14.7

TABLE IIIL.—EFFECT OF DOSAGE OF
WATER-REDUCING AND SET-RETARD-
ING ADMIXTURES OF CLASSES 1 AND 2
ON WATER REDUCTION AND AIR CON-
TENT OF CONCRETE.

D , Air Con-| Water

Admixture Ib per | Stump, | “ierp | Reduc-
sack per cent per cent

A 0.15 | 34 3.8 111.3
A 0.25 | 414 | 5.0 | 14.2
AL 0.35 | 414 | 6.5 | 17.9
D....... ... .. 0.15| 4 2.5 5.8
D 0.25 | 315 | 3.3 | 9.9
D.............. 0.35 ) 4 3.8 [ 12.8
E. . ............ 0.15 | 314 2.8 8.0
E..............| 0.25| 4 4.0 | 13.5
E. .. ........... 0.35 | 4 5.0 {15.3
None........... 34 | 2.0

ious dosages of water-reducing admix-
tures of classes 1 and 2.

Effect of Type and Brand of Cement:

Water reduction can be obtained with
all hydraulic cements, including alumi-
nous cement and portland blast-furnace-
slag cement. Some data obtained with a
variety of cements in non-air-entrained
concrete using 53 and 6 sacks of cement
and recommended dosage of a class 3

with a given water-reducing admixture
or with different admixtures. A few ce-
ments may not show the anticipated
water reduction when tested in concrete
with recommended proportions of water
reducers.

Cement 4 in Table V is an example of
a cement that permitted relatively low
water reduction in concrete when admix-
tured with product H, class 3; product
D, class 2; and product J, class 2. For
comparison, data on concrete admix-
tured with product H, class 3 and prod-
uct J, class 2 using the same fine and
coarse aggregates, but with a different
cement, are shown. Nominal cement con-
tent was 5% sacks per cu yd, in all mixes.

Scripture and Litwinowicz (1)* re-
ported a series of tests with twelve ce-
ments from different sections of the
country. Nine of the cements were type
I portland cement, two were type III,
and one was type II. Concrete mixtures
containing nominal cement contents of
4% and 6 sacks of cement per cu yd were
made with each cement and the influence
of a class 1 (product C) water-reducing
admixture was determined.

2 The boldface numbers in parentheses refer
to the list of references appended to this paper.
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TABLE IV.—WATER REDUCTION OB-
TAINED WITH ONE CLASS 3 WATER-RE-
DUCING RETARDER (PRODUCT H) AND
DIFFERENT CEMENTS.

Water

Cement A Cement

Reductiop: | Factor

Aluminous. ............. 5.0 5.5
Type I, brand A. .. ... .. 7.7 5.5
Type I, brand B. . ...... 5.4 5.5
TypeIl,brand C........ 6.4 5.5
Type I, brand D. .. .. ... 5.1 6.0
Type I, brand E. .. .. .. 5.1 6.0
Type II, brand F........ 6.3 6.0
Type IIL............... 4.9 8.0
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An air-entraining agent (AEA-1) was
added to the mixtures containing ex-
panded shale and blast-furnace slag to
increase air content.

Water reduction obtained with ilmen-
ite, natural sand and gravel, expanded
shale fine and coarse aggregate, and nat-
ural sand and crushed stone coarse ag-
gregate with a class 3 admixture (prod-
uct H) is shown in Table VII. No air-en-
training agent was added to any of these
mixtures.

A few aggregates will have a different

TABLE V..—WATER REDUCTION INFLUENCED BY BRAND OF CEMENT.

Cement 4 Cement B
Admixture
None |Product H |Product D { Product /| None | Product H| Product J

Water, gal percuyd......... 35.9 34.6 34 34 33.4 30.4 20.7
Slump,in.................... 2.3 2.3 2.5 2.8 2.3 2.0 1.8
Entrained air, per cent. ... ... 1.1 1.2 2.5 2.0 1.6 2.1 1.9
Computed cement factor, sack

pereuyd................. 5.42 5.44 5.38 5.43 5.46 5.51 5.54
Computed water-cement ratio,

galpersack............... 6.62 6.36 6.32 6.26 6.12 5.52 5.36
Water reduction, per cent... .. 3.6 5.4 5.4 .. 9.0 1.1

Water reduction obtained with the
water-reducing admixture varied from
9.2 to 18.7 per cent in the 6-sack mixes
and averaged 13.7 per cent. Water re-
duction in the 41-sack mixes varied from
10.8 to 19.5 per cent and averaged 16.0
per cent.

Effect of Aggregate:

Significant water reduction can be
obtained in concrete using angular,
rounded, lightweight, and heavyweight
aggregate. Table VI shows the water
reduction obtained with natural sand
and gravel, expanded shale coarse and
fine aggregate, and expanded blast-fur-
nace slag coarse and fine aggregate, when
a class 2 admixture (product D) was
added to the mixtures. The same brand
of type I cement was used in all of these
concrete mixtures.

effect on water reduction and strength
development ordinarily expected from
the admixture concrete. Sand and gravel
from source B in Table VIII permitted
approximately 50 per cent as much water
reduction as sand and gravel from source
A when used in concrete with the same
cement and recommended amounts of a
class 2 admixture. In addition, the ad-
mixture concrete containing aggregates
from source B did not produce the ex-
pected increase in compressive strength.

Effect of Cement Conteni:

Water-reducing admixtures have been
used in concrete containing 3 to 9 sacks
of cement per cu yd. Water reduction
obtained with two class 2 admixtures
(products D and J) when cement content
was varied from 4 to 8 sacks per cu yd is
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shown in Table IX. Cement was a blend
of types I and IT. Natural sand and %-in.
maximum size gravel were used in the
mixtures.

Different admixtures may not have
the same effect on water reduction with
a particular cement when the cement
content is increased. The data shown in
Table X were obtained with one brand
of type I cement and natural sand and
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tained with three different admixtures in
3-in. and 6-in. slump, air-entrained con-
cretes containing approximately 5 sacks
of type I cement per cubic yard.

Effect of Fly Ash:

Water reducers and set retarders may
be used in concrete in which fly ash is
used as an addition or a replacement for
part of the cement. Total water reduc-

TABLE VI—EFFECT OF AGGREGATES AND CEMENT CONTENT ON WATER
REDUCTION OF A CLASS 2 ADMIXTURE (PRODUCT D).

C t Water-C t P Wat:
Admixture Slump, in. C:nntl:xl:t, zi{aiio,e;fln Air S‘:;;etm' Red:c:i:m,
sack per cu yd per sack pe per cent
NATURAL SAND AND GRAVEL
None.................... 314 to 4 4.45 7.31 2.6
D............... .. .. ... 3to4 3.91 7.37 4.1 11.4
None.................... 4to05 5.91 5.64 2.6
D.... . ... il 3 to 414 4.91 5.85 4.0 13.8
Do 4 to 415 5.84 5.00 3.8 12.9
ExPaNDED SBRALE COARSE AND FINE AGGREGATE
Nome.................... 2 4.97 6.31 8.9
D. .. 2 4.34 5.93 11.4 18.0
Nome.................... 2 6.00 5.35 7.8
D...... ... 2 5.38 4.91 9.5 17.9
None.................... 2 6.90 4.69 8.7
D.. ... . 2 6.37 4.29 7.6 15.2
ExXPANDED BLaAST-FURNACE SraG COARSE AND FINE AGGREGATE
None.................... 2 to 214 5.55 9.31 10.3
D........ ... .. ... 2t03 5.41 8.74 10.7 8.4
None.................... 2to3 7.70 6.70 8.7
Do 214 to 3 7.13 6.11 10.7 15.6

gravel. Generally admixtures that en-
train air show high water reduction with
low cement contents and less water re-
duction as the cement content is in-
creased. They also show higher air-en-
training capacity for lean mixes than for
richer mixes.

Effect of Slump:

Water-reducing admixtures are effec-
tive in concrete with high or low slump.
Table XI shows the water reduction ob-

tion is influenced by the type and amount
of fiy ash. Results of a series of tests made
with varying proportions of two fly ashes
are shown in Table XII. A class 2 ad-
mixture (product D) was used and neu-
tralized Vinsol resin was added to pro-
duce the air contents shown.

Retardation:

Subcommittee III-n on Methods of
Testing Setting Time of Concrete of
ASTM Committee C-9 on Concrete and
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Concrete Aggregates has prepared a ten-
tative method of test for time of setting
of concrete mixtures by Proctor penetra-
tion resistance needles (ASTM Method C
403 T).? The test is performed on mortar
sieved from the concrete and is intended
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concrete is often desirable when tempera-
ture increases to avoid loss in stump and
greater water demand. Retardation is
beneficial when concrete must be trans-
ported or pumped long distances. Danger
of cold joints in large concrete sections is

TABLE VIL—EFFECT OF AGGREGATES, BRAND OF CEMENT, AND CEMENT
CONTENT ON WATER REDUCTION OF A CLASS 3 ADMIXTURE (PRODUCT H).

C t Water-Ce- : Water
Admixture Cement Slump, in. Contee‘:ansack ment l'll,atio, Alr Cl,°c“et:t“t' Reduction,
per cu yd by weight be per cent
ILMENITE FINE AND COARSE AGGREGATE
None type I 1.0 6.1 0.61 1.0
2 brand A4 1.0 6.1 0.58 1.1 4.9
ExpanpEp SHALE FINE AND COARBE AGGREGATE
None............... type I 3.0 8.0 0.49 2.0
H.. brand B 3.0 8.0 0.43 2.5 12.2
NATURAL SAND AND GRAVEL AGGREGATE
None............... type I 2.8 7.5 0.41
H.. ... oot brand C 2.5 7.5 0.39 4.9
H.................. 2.5 6.5 0.4 6.9
NATURAL SAND AND GRAVEL AGGREGATE
None............... type I1 3.8 5.4 0.54 2.3
H.. . . o brand D 4.3 5.4 0.49 2.9 9.3
NATURAL Sanp, CRUSHED STONE AGGREGATE
None............... type 1 4.5 5.5 0.63
H.. ... ... ... brand E 5.0 5.0 0.62 10.4
None brand F 3.5 6.1 0.55 1.5
H.. ................ 3.0 6.0 0.52 1.9 7.0
Nome............... brand E 4.3 8.0 0.42 L
H.. ............... 4.0 7.0 0.43 10.4
None............... type 11 3.0 6.0 0.57 1.3
H.. .. ..... ..oy brand G 3.0 6.0 0.54 1.6 5.3

for use in determining the effect of vari-
ables including temperature, cement, and
admixtures on the setting time and hard-
ening characteristics of concrete.
Retardation of the setting time of
3 Tentative Method of Test for Rate of Hard-
ening of Mortars Sieved from Concrete Mixtures
by Proctor Penetration Resistance Needles

{(C 403 ~ 57 T), 1958 Book of ASTM Standards,
Part 4, p. 712.

reduced if a retarder is incorporated in
the concrete.

Manufacturers of some class 1, class 2,
and class 4 admixtures recommend that
a fixed proportion of their admixture be
used. Some manfacturers of class 1 and
class 2 products make available several
formulations so constituted that the
effect of differing temperature can be
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TABLE VIII.—EFFECT OF TWO AGGREGATES ON WATER REDUCTION
OF A PRODUCT OF CLASS 2.

Source 4 Source B
Aggregate
Plain Admixture Plain Admixture

Specific gravity of sand. . . ............. 2.62 2.62 2.64 2.64
Specific gravity of gravel . ... ......... .. 2.62 2.62 2.68 2.68
Fineness modulus of sand............... 2.42 2.42 2.49 2.49
Dry rodded unit weight of gravel, b per

cuft. ... ... ... 104.5 104.5 96.7 96.7
Slump,in.................. ... ........ 4.5 3.0 4.0 3.5
Cement content, sack percu yd......... 5.51 4.69 5.48 4.64
Water-cement ratio, gal per sack. .. .. ... 6.19 5.91 6.56 6.97
Air content, percent................... 1.4 4.4 2.0 4.5
‘Water reduction, percent. . ............ 18.7 10.0

TABLE IX.—EFFECT OF CEMENT CONTENT ON WATER REDUCTION
OBTAINED WITH CLASS 2 ADMIXTURES, PRODUCTS D AND J.

Nominal Cement Content, sack per cu
ydo o 4 5 6 7 8
Admixture ... g g g H H
Q ~ |z Q ~ | Z Q ~ |z ~ 4 ~

Water-cement ratio, gal per

sack. ... ... ... .. ... ... 8.9/ 8.3/ 8.1 7.3/ 6.7} 6.6 5.9| 5.6/ 5.5 5.1| 4.8 4.7| 4.4
Slump, in..................... 4.0/ 4.0] 4.0| 4.5| 4.5| 4.5/ 4.3| 3.8| 3.8/ 4.3| 3.8| 4.3| 3.5
Air content, per cent.. .. .. .. .. 2.7 4.7{ 4.9| 2.2] 4.9 4.7 1.9| 3.8 3.9| 1.9 3.5 1.9| 3.2
Water reduction, per cent. .. ... 6.7] 9.1 8.2( 9.5 5.1 6.8 6.0 6.4

TABLE X —EFFECT OF CEMENT CONTENT ON WATER REDUCTION.

Obtained with Class 3 Admixture, Product H; Class 1 Admixture, Product 4; and Class 4 Ad-
mixture, Product M.

Nominal Cement Content, sack per cu yd.... 415 5% 6% %
No Air{ Air |{No Air{ Air |No Air! Air |No Air| Air
Added | Added ! Added | Added | Added | Added | Added | Added
Crass 3, Propuct H ADMIXTURE
Slump,in........................... 3.0 2.8 3.0| 3.0(3.3 3.313.0 3.3
Air content, percent................. 2.6 4.2 1.5 4.1 | 2.0 3.8 1.8 4.3
Water-cement ratio, by weight. ... .. .. 0.65 0.60] 0.57] 0.50) 0.45 0.41{ 0.40 0.39
Water reduction, percent. ... ........ 5.5 12.8 5.0{11.4 | 5.8 13.1 ] 9.0 10.3
Crass 1, PropucT A ADMIXTURE
Slump, in.. ... 3.5, 3.0| 3.0 2.8 3.3 3.3 4.0
Air content, percent................. 3.3 4.0 2.4 4.0 4.1 3.2 4.5
Water-cement ratio, by weight. ... .. .. 0.62] 0.58] 0.52] 0.50, 0.44 0.41 0.38
‘Water reduction, pereent. . ... ... ... 9.0 15.6 | 11.5{ 11.8 | 8.9 7.8 12.9
CrLass 4, PRopucTt M ADMIXTURE
Slump,in,......... ... ... ... 3.0 3.3 2.5 3.0 2.8
Air content, percent................. 5.0 3.6 4.3 3.6 4.0
Water-cement ratio, by weight..... ... 0.61 0.53 0.44 0.42 0.40
Water reduction, percent. . .......... 11.4 11.3 8.2 7.4 9.0
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controlled by using a different admixture
for each temperature condition but at a
constant proportion. Manufacturers of
class 3 retarders suggest that the dosage

187

Effect of Specific Admixtures and Dosage:

Setting time is influenced differently
by different admixtures. Admixtures in
classes 1 and 3 normally retard. Modifi-

TABLE XI1—WATER REDUCTION OBTAINED WITH DIFFERENT WATER
REDUCERS IN 3-IN. AND 6-IN. SLUMP CONCRETE.

Admixture . ...... ... oo Neutn;]{ize_d Vinsol | Class 1, Product 4 | Class 3, Product H| Class 4, Product M
esin

Slump, in................... 6.3 2.8 6.3 2.8 6.0 3.0 6.0 3.0

Air content, per cent......... 5.6 4.8 5.6 4.3 5.0 4.5 4.7 4.7

Water reduction, per cent....| 9.1 8.0 14.7 13.0 14.0 13.0 13.4 12.0

TABLE XII.—WATER REDUCTION OBTAINED WITH A CLASS 2 ADMIXTURE (PRO-
DUCT D) IN CONCRETE CONTAINING VARYING AMOUNTS OF TWO FLY ASHES.

Fly Ash No. 1 Fly Ash No. 2
Cement content, lb per cu yd..| 475 452 352 250 452 352 250
Fly ash,lbpercuyd......... None 75 126 225 75 126 225
Slump,in.. .. ............... 4.5 5.0 4.5 5.0 4.5 4.5 4.5
Air content, percent......... 4.0 4.0 4.5 4.6 4.4 4.5 3.9
Water reduction, per cent.. ... 12.6 8.7 9.9 10.2 10.6 8.6 5.1
5000 —5
53 socks cement per cu yd
3-in. slump
Type I cement
Temperoture: 74 F
4000
‘ Product H,

Product L, Closs 4 Admixture

Closs 3 Admixture

3000

Ploin Concrete

T 1
L—— Product M,
Closs 4 Admixture
/

2000 1
T Product I, \— Product A,
Class & Admixture Closs | Admixture
1000 / 4 /
500

Penetration Resistance, psi (Proctor needle)

0 !é&

/

2 3 4 5 6

7 8 9 10 I

Hours After Mixing
F16. 1.—Effect of Recommended Dosage of Various Classes of Admixtures on Rate of Hardening

of Concrete.

of their retarder be increased as tempera-
ture increases in order to maintain similar
setting time and a constant water-cement
ratio at all temperatures. Some manu-
facturers of class 1 retarders also recom-
mend that the dosage of their material be
varied with temperature.

cations of these materials, represented
by classes 2 and 4, may retard, have little
effect on setting time, or may accelerate
setting time. The recommended dosage
for one retarder may have a different
retarding effect than the recommended
dosage for another material. If the dos-
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age is doubled, greater differences may
be observed.
The effect of recommended dosages of

SYMPOSIUM ON ADMIXTURES IN CONCRETE

gates from the same source meeting the
requirements of ASTM Specification
C 33 - 57* were used in all tests. Concrete

‘5000 =
53 sacks cement per cu yd
s 3-in. slump
§ Type I cement
€ 4000 Temperature: 74 F ,
;‘3 Product I /
g Froduct L, Closs 2 Admixture /
o Closs 4
a Admixture ,__‘l/ | /
< Plain Praduct H
e Concrete Class 3 Admixture
=]
£ 2o S
& V Product M /
c / loss 4 Admixture /
-] X
B 1000 Product A —]
® / /‘/ / /C/ass ! Admixture
$ 500 A
; Z =
R 0 . — -
2 3 4 5 6 7 8 9 10 11 12 13 4 15 18 17 18

Hours After Mixing
F1c. 2.—Effect of Twice Recommended Dosage of Various Classes of Admixtures on Rate of

Hardening of Concrete.

14
5’;’_ socks, cement per cu yd
3% to 43 in. of slump
12 Blend of 4 type 1 cements
Crushed limestone coarse aggregate
Admixture proportion: 0.25 b per sack of cament
Temperature: 70 F
10
2
£ 8
o
] Product D, Closs 2 ~—Product £, Closs 2
26 7 = IT }
2
Q / ,-' / /| < Product BClass 2
3 / P
[P ra L
£ Y/ K4 4 /, i I
a Ploin Concrete 2,7 A7 | =—Product A Closs |
2 A |
- T 7o
m.ﬂ«l‘-’-"-;é o
o -yz!-!“‘ ~=1
4 5 6 7 8 9 10 1l 12 13 14 15

Hours After Mixing

F16. 3.—Effect of Admixtures of Classes 1 and
Bond Pull-Out Pins.

five different admixtures on rate of hard-
ening of concrete at 74 F is shown in
Fig. 1, and the effect of double dosage of
the same admixtures is shown in Fig. 2.
One brand of type 1 cement and aggre-

2 on Hardening Rate of Concrete as Measured by

mixtures were all designed for 3-in.
slump. One of the admixtures used in
this series (product L) is a class 4 accel-

4 Specification for Concrete Aggregates,

(C 33-57), 1958 Book of ASTM Standards
Part 4, p. 457.
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erator. The other class 4 admixture cement used in these tests was a blend of
(product M) is a retarder. four type I cements. Coarse aggregate

TABLE XIII. —EFFECT OF TWO CLASS 3 RETARDERS ON HARDENING OF
CONCRETE AT DIFFERENT TEMPERATURES.

Dosage 60 F 8 F 95 F
Cement Admixture oz per,
sack hr |percent! hr |percent/ hr |percent
ViBRATION LimiT, 500 pst PRocTOR NEEDLE PENETRATION RESISTANCE

none 8.2 | 100 5.8 100 4.5 | 100

3 8.4 101 5.8 | 100 4.9 | 109

product N 4 9.0 ] 110 6.9 | 119 5.6 | 124

Type I 5 11.0 | 134 | 7.7 ] 133 | 6.2 | 138
3 9.9 | 121 7.1 122 5.2 | 118

product H 4 11.1 ] 135 8.4 | 145 6.0 | 133

5 13.1 | 160 9.3 | 161 7.9 | 176

none 7.0 100 5.2 | 100 4.4 100

3 9.3 | 133 6.1 { 117 5.2 118

product ¥ 4 10.0 | 143 7.1 136 5.5 | 125

Blend of three type I ce- 5 11.9 | 170 8.1 156 6.5 | 148

ments

3 10.6 | 151 7.1 136 5.7 1 130

product H 4 12.6 | 180 8.7 | 167 7.1 | 162

5 15.6 | 222 | 11.2 | 215 9.3 211

FiNaL SET, 4000 P81 PROCTOR NEEDLE PENETRATION REBISTANCE

none . 13.6 | 100 7.9 100 6.2 | 100

3 12.1 849 7.6 96 6.5 105

product ¥ 4 13.1 96 8.0 101 6.8 110

Type 1 5 149 110 | 9.1} 115 [ 7.5 | 121
3 13.9 | 102 8.9 | 115 7.0 113

product H 4 15.0 | 110 | 10.1 | 128 8.0} 129

5 18.5 | 136 | 12.4 | 157 9.9 | 160

none 12.1 | 100 7.0 100 5.7 | 100

3 13.2 | 109 7.6 | 109 6.4 112

product N 4 13.7 | 113 8.6 | 123 6.9 121

Blend of three type I ce- 5 16.4 | 136 9.8 | 140 8.0 | 140

ments

3 14.7 | 122 9.0 | 129 7.3 128

product H 4 16.3 | 135 | 10.8 | 154 9.0 158

5 20.3 | 168 | 13.5 | 193 | 11.4 | 200

The effect of recommended dosages of was a crushed limestone, 2-in. maximum
three class 2 admixztures and one class 1  size, and its nominal cement content was
admixture on rate of hardening of con- 5} sacks per cu yd. Rate of hardening
crete at 70 F is shown in Fig. 3. The was measured by bond pull-out pins (2).
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Effect of Temperature: different temperatures if the retardation
Retarding admixtures will retard the is expressed in hours.
set of concrete at all temperatures. Table XIII shows the percentage of
5000 7
5 7 sacks cement per cu yd
3-in. slump

> Type Icement
T 4000

H]

c .
§ Product M, Class 4 Admixture -Product H, Class 3 Admixture

[%3
,,f_ 3000 -
i Product J, Class 2 Admixfure~

1 /

8 2000 f

8 . 4
2 Plain Concrete / Product 4, Class | Admixture
p A
§ 1000

2 .
4 [y ——— ___ —m
2 3 4 5 6 7 8 9 10 n 12 13

Hours After Mixing

0 Fic. 4.—Effect of Recommended Dosage of Admixtures on Rate of Hardening of Concrete at
F.

5000 r—
55 sacks cement per cu yd

3-in. slump
Type I cement

4000

Product A,

— / Type | Admixfure
2000 4 \7/ /A //
Ploin Concrete \P/ ///

¥
}lroducf M, Type 4 Admixture A \7/ T;p-;—; go:/z?:fu‘ﬁe
3000 / /
Product H, Type 3 Admixture 74

Penetration Resistance, psi (Proctor needie)

1000 / ;,/ /,/
500 -
V // //
0 ==
7 9 T 13 5 i7 19 21 23 25

Hours After Mixing

© IFT‘IG. 5.—Effect of Recommended Dosage of Admixtures on Rate of Hardening of Concrete at
5

Retardation at a given temperature is retardation obtained with three propor-
increased as the proportion of set-retard- tions of two class 3 admixtures in concrete
ing admixture is increased. The retarda- made with two different cements and
tion produced by a given dosage of a tested at different temperatures. The
given admixture will be different at number of hours required for admixture



VOLLICK ON PROPERTIES OF Prastic CONCRETE

concrete to reach vibration limit or final
set has been calculated as a percentage of
the number of hours required for plain
concrete to reach the same degree of
hardening. When expressed in this man-
ner, the effect of retarders is remarkably
uniform.

Setting times of concrete containing
recommended proportions of admixtures
and maintained in a temperature-con-

191

controlled by using a different admixture
for each temperature but at a constant
proportion.

Comparison between rate of hardening
of plain concrete and four admixture
concretes at 55 to 60 F and at 90 F as
measured by bond pull-out pins is shown
graphically in Fig. 6. Three class 2 ad-
mixtures and one class 1 admixture were
used in the tests.

5% sacks cement per cu yd

40 to 4.5 in. of slump

Blend of 4 type I cements
Crushed limestone coarse aggregate

Admixture proportion: 0.25 b per sack of cement

z
S 90F 55-60F
58
7]
5 Product B, Closs 2 s ProductE, ,
@6 S Chss2 s A
3 Product D, Class 2 7 /s
o .7 Product B, ,/ B
£ 4 Class 2 r /&
a Vi s
’ P
» 73 ,,J",,..
7 ot —Product A,
7 TR Closs !
o . N A A
2 3 4 5 6 7 8 9 10 N 12 13 =3

Hours After Mixing
Fic. 6.—Effect of Class 1 and 2 Admixtures on Hardening Rate of Concrete at 55 to 60 F and

90 F as Measured by Pull-Out Pins.

trolled room at 92 F are shown in Fig. 4;
setting times at 50 F are shown in Fig. 5.
The proportion of class 3 admixture used
at 50 F was reduced in accordance with
the manufacturer’s instructions, The
standard proportion of other admixtures
was used. The data indicate that setting
time can be controlled at any tempera-
ture by varying the amount of admix-
ture. Water reduction and other benefits
resulting from the use of admixtures can
be obtained at low temperatures without
undue influence on setting time if the
correct proportion of admixture is used.
Some manufacturers of class 1 and class
2 products make available different for-
mulations for use at different tempera-
tures. The rate of hardening can be then

Effect of Type and Brand of Cemeni:

Different types of cements and ce-
ments of the same type from different
mills have different hardening character-
istics. Specific retardation with a particu-
lar cement can be determined only by
trial. Set retarders have been used
successfully with a wide variety of ce-
ments from all parts of the world.

Rate of hardening at 76 F of four
concretes made with different types of
cement and standard dosage of a class 3
(product H) set-retarder is shown in
Fig. 7. Nominal cement content was 5%
sacks per cu yd and slump was 3 in. The
vibration limit was delayed approxi-
mately the same amount with all ce-



192

ments, but final set was delayed more
with type 1 and type III cements than
with the slower setting cements.

Effect of Overdosage:

The dosage recommended by the
manufacturer should be used unless a
specific degree of retardation is desired
and tests have been made to determine
the correct proportion of admixture re-
quired. Overdosage may result in exces-
sive retardation, delay removal of forms
and necessitate longer curing periods.

5000

SYMPOSIUM ON ADMIXTURES IN CONCRETE

Products sold by nationally recognized
manufacturers have been tested in the
laboratory and the field under a variety
of conditions. These products have been
refined, and harmful constituents of the
raw materials have been reduced or re-
moved. Unrefined products are variable
in action. A slight overdosage of these
materials may result in abnormal setting
characteristics, and compressive strength
may suffer. An example of results ob-
tained with an unrefined product of class
1 is shown in Table XIV.

4000 I

3000

5'5 socks cement per cu yd
3-in. slump Portland Slag Cement
Temperature: 76 F
Class 3 retarder (Product #)
T 1 NV
Type I Ceminf | / 3 ,‘ (
! I} il i
| l K’ll / i, / y / ;
R [ L7 ane
Type I Cement 1.4 ; ~, it mnlr ure
r I ! —-—L Type I _|

2000 T
| J

Type IO Cement

1000 ]

F, o |
jZ /é,_,_,-f Tywe I + Admixture
7
;‘-, | |

i +Admixture
Fd

4

Penetrotion Resistance, psi (Proctor needle)

T i
“Portland Slaq + Admixture

500 ,/’ /, }’ |
_— ":.“.““,.»'
ol ,w/u\l“’ bt T e
3 4 5 & 7 8 8 1 N 12 3 u

Hours After Mixing
F16. 7.—Admixtures Retard All Types of Cement.

Proven retarders will not cause per-
manent damage to concrete if acciden-
tally used in excess, provided the concrete
is protected from drying by fog spray-
ing or other methods and forms are not
removed until control cylinders indicate
satisfactory strength has been attained.

During construction of the Kittimat
Project by the Aluminum Company of
Canada, Ltd., tests were made with con-
crete containing seven times the normal
dosage of a class 3 admixture (product
H). Tt is reported that the concrete did
not harden for 19 days. At 28 days the
compressive strength of the retarded
concrete was 2190 psi and at 90 days it
was 6900 psi.

An investigation of the effect of four
times normal dosage of two air-entraining
and two non-air-entraining retarders
was made in the Joint Research Labora-
tory sponsored by the National Sand and
Gravel Assn. and the National Ready
Mixed Concrete Assn. (3). They found
that four times the recommended pro-
portions of these admixtures produced
long delays in hardening. The two non-
air-entraining retarders behaved much
the same at four times their normal rate
of usage as at normal rates except that
setting and hardening were delayed
longer. The air-entraining retarders pro-
duced an early stiffening which was fol-
lowed by a period of inactivity of several
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days. At four times the recommended
rate of usage, the air-entraining retarders
produced lower strengths than normal
cement concrete at all ages.

Air Entrainment:

Some of the basic chemicals used and
some of the products marketed as water
reducers or set retarders cause entrain-
ment of air in concrete in addition to
influencing water requirements or setting
time of concrete, or hoth. Air entrain-
ment also increases plasticity and is
partly responsible for the water reduction
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agent they will not entrain air or will
only entrain limited amounts of air.

Set-retarding and water-reducing ad-
mixtures have little effect on air content
of low-slump (1 to 2 in.) concrete, pro-
vided the water content is reduced to
maintain the same slump in the admix-
ture concrete. If they are added to an
air-entrained concrete mixture having
3 to 6 in. of slump, the air content will
usually increase unless the quantity of
air-entraining agent is reduced.

The proportion of air-entraining agent
can sometimes be reduced 25 to 75 per

TABLE XIV.—ABNORMAL SETTING AND STRENGTH REDUCTION MAY RESULT
FROM USE OF UNREFINED PRODUCT OF CLASS 1.

Unrefined Class 1 Refined Class 1
Plain Concrete Admixture, Admixture,
0.5 1b per sack 0.5 Ib per sack
Computed cement content, 1b per cu yd. . . .. 517 496 520
Water-cement ratio, by weight. .. ...... ... 0.60 0.52 0.51
Slump,in.............. ... e 3.0 3.3 3.5
Air content, percent...................... 1.6 7.4 3.3
Hours to reach vibration limit, 500 psi Proc-
tormeedle.............................. 5.5 19.5 13.0
Hours to reach final set, 4000 psi Proctor
needle. ... ... ... ... ... 7.8 23.1 17.1
Compressive strength at 28 days, psi........ 4265 3855 4595
Compressive strength at 90 days, psi........ 4900 3930 5570

possible with these materials. Water-re-
ducing or set-retarding admixtures may
be used in plain or air-entrained concrete.
If the concrete is to be exposed to freezing
and thawing and the admixture does not
entrain sufficient air for frost resistance,
a regular air-entraining agent must be
added to secure the required air content.

Class 1 admixtures generally entrain 2
to 3 per cent air, but higher air contents
are sometimes obtained. Class 3 ad-
mixtures do not ordinarily entrain air.
Either class can be modified to entrain
air and become class 2 or 4 admixtures,
respectively. Class 2 and class 4 admix-
tures may or may not entrain air
depending upon the modifications that
were made. If the modifications do not
include the addition of an air-entraining

cent for the same air content and slump
when a water reducer or set retarder is
incorporated in the mixture. Water re-
ducers or set retarders that normally
entrain air must be used with less air en-
training agent than admixtures that do
not entrain air. As shown in Table XV,
air content can be easily adjusted when
recommended proportions of water re-
ducers or set retarders are used. One
brand of cement, Vinsol NVX, and a
standard dosage of each of the four
classes of water reducers and set retarders
at 3-in. slump was used in the concretes.

The air content of concrete made with
air-entraining cement may be more dif-
ficult to control because the air-entrain-
ing agent is interground in the cement
and proportions cannot be varied. Air
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content of the concrete can only be con-
trolled by adding an air-detraining agent
or by substituting a regular portland
cement for part of the air-entraining
cement.

Some admixtures may entrain varying
amounts of air with regular portland
cement when the quantity of admixture
is varied. Air contents obtained with 3-in.
slump concrete containing 5} sacks of one

SYMPOSIUM ON ADMIXTURES IN CONCRETE

of cement. The product was tested with
two type I, type III, and one type II
cements. When the dosage was reduced
to 0.1 1b per sack of cement, air content
of nominal 53-sack concrete varied from
5 to 6 per cent.

Bleeding:

Water-reducing and set retarding
admixtures that entrain air will reduce

TABLE XV.-—AIR CONTENTS OBTAINED WITH RECOMMENDED DOSAGES OF
WATER REDUCERS AND SET RETARDERS IN CONCRETE CONTAINING AN AIR-

ENTRAINING AGENT.

Water Reducer or Set Retarder None Péﬁ::tl’i Prg(li;r;tz.l ’ Pr&iauscstsﬂ, Proq:scst 4‘”’
Quantity Vinsol NVX, oz per

sack cement................ 0.5/ 0.5 0.25| 0.5 0.375| 0.5 0.375| 0.5 0.125
Slump, in.................... 3.0 3.0 3.0 3.0, 3.0 2.75 3.5 3.0l 3.25
Air content, percent...... .. .. 4.8 7.4 4.4 5.7) 4.7 5.9 4.4 7.8 4.9
Cement content, 1b per cu yd. . . 512} 517 514 515 514 517 513 513| 512

TABLE XVI.—AIR CONTENTS OF CON-
CRETE CONTAINING VARYING PRO-
PORTIONS OF WATER REDUCERS OR
SET RETARDERS.

Air Content, per cent
Water Reducer or Set .

er eer T Se Recom- RHalf Twice

mended |Recom- Recom-

Dosage mended {mended

Dosage | Dosage

Class 1, product A...... 2.4 1.7 3.3
Class 2, product X .. .... 4.6 3.1 8.5
Class 2, produet J. .. ... 2.5 1.9 3.1
Class 3, product H. ... .. 1.5 1.6 1.8
Class 4, product M ...... 3.6 2.7 6.7
Class 4, product L. . . ... 1.4 1.4 1.6

brand of type I cement per cubic yard
and different water reducers or set retard-
ers are shown in Table XVI.

Some class 1 admixtures that have not
been refined or properly engineered for
use in concrete may produce abnormal
air contents when used in normal pro-
portions. One such product, which was
submitted by a paper company for evalu-
ation, produced air contents in concrete
that ranged from 8 to 12 per cent when
used at the normal rate of 0.25 Ib per sack

bleeding and settlement of plastic con-
crete compared to plain concrete having
the same mix proportions and slump.
Bleeding can be reduced by air entrain-
ment alone, but greater reduction in
bleeding at the same air content can be
obtained if the concrete contains a water-
reducing admixture. Reduced bleeding
in admixture concrete is attributed to
the reduction in water requirement in
addition to the air-entraining effects.

Table XVII shows the effect of normal
dosages of four admixtures of classes 1
and 2 on bleeding of concrete containing
5% sacks of a blend of four type I cements
per cu yd. This table also shows the
effect of air entrainment on bleeding. All
of the admixture concretes bleed less than
plain or air-entrained concrete, but bleed-
ing is further reduced if the air content
of the admixture concrete is increased
by addition of an air-entraining admix-
ture.

Water-reducing or set-retarding ad-
mixtures that do not entrain air may
modify bleeding characteristics by in-
creasing the rate and capacity to bleed
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clear water. Rapid bleeding reduces the when the rate of evaporation exceeds the
total amount of water in the plastic con- rate at which water rises to the surface.
crete and may be partially responsible Admixtures that increase bleeding with-

TABLE XVIIL.—EFFECT OF ADMIXTURES OF CLASSES 1 AND 2 ON BLEEDING OF
CONCRETE CONTAINING 5% SACKS OF A BLEND OF FOUR TYPE 1 CEMENTS PER
cu Yo AND CRUSHED LIMESTONE COARSE AGGREGATE.

Bleeding
. : Air-Entraining . Air Content, | Sand-. ~

Water-Reducing Admixture Ad.l?\ixul.ll:le Slump, in. ';er";:? g:t e %gﬂgé: per cent of
mlpersqam | St iy

of surface water

Nome................. none 34 1.6 0.45 0.48 14.2

None................. AEA-1 4 5.3 0.42 0.30 9.7

Class1................ none 414 4.8 0.43 0.19 6.3

Product A............. AEA-1 414 5.5 0.42 0.17 6.1

Class 2................ none 414 4.7 0.43 0.25 8.6

Product B............. AEA-1 415 5.5 0.42 0.18 6.4

Class 2................ none 34 3.0 0.43 0.30 10.2

Product D............. AEA-1 4 5.4 0.42 0.23 7.8

Class 2................ none 4 3.8 0.43 0.28 9.5

Product E............. AEA-1 413 5.7 0.42 0.16 5.8

TABLE XVIIL.—EFFECT OF CLASS 3 ADMIXTURE ON BLEEDING OF CONCRETE
CONTAINING 5} SACKS OF TYPE 1 CEMENT PER CU YD.

: Compressive
Bleeding, Air Water- Strength, psi
: Type of ; cent of :
Admixture Aggylgg:te Slump, in. pgﬁtgix gglx_xtceel;j_jtt, C]{::iegt

7 day 28 day
None................... rounded 2 4.3 1.5 0.58 3180 4615
Class 3. product H...... rounded al4 5.5 1.3 0.58 3605 5240
None................... angular 4 7.1 1.0 0.63 2520 4170
Class 3, product H.... ... angular 334 8.6 1.1 0.59 3600 5100

TABLE XIX.—UNIT WEIGHT OF 3-IN. SLUMP CONCRETE CONTAINING 5} SACKS
OF TYPE 1 CEMENT, PER CU YD.

None
i Product 4, Product J, Product H, Product M,
Admixture (Con- "Class 1 Class 2 Class 3 Class 4
Dosage. ...........c.c.oo.on.. . X |4-X| X |1-X| X | 4-X| X |4X
Air content, per cent.......... 1.9 2.4 1.7 2.5 1.9 1.5 1.6 3.6 2.7
Unit weight, lb percu ft....... 146.6| 146.6| 147.5) 146.2| 147.6] 148.4| 147.6| 144.8| 146.1

for the increased strengths obtained with out increasing laitance formation can be
concrete containing admixtures that pro- helpful in reducing surface drying dur-
mote bleeding. ing hot or windy weather.

Plastic cracking in concrete occurs Total bleeding in concrete containing
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53 sacks of type 1 cement and two types
of coarse aggregate when a class 3 ad-
mixture (product H) was used is shown
in Table XVIIL.

Unit Weight:

Unit weight of concrete can be in-
creased by the use of water reducers or
set retarders provided air content is not
increased.

The unit weight of 3-in. slump concrete
containing 5§ sacks of cement per cubic
vard can be increased 1 to 2 Ib per cu ft
if the air content is not increased. Ta-
ble XTX shows the unit weight obtained
with normally recommended dosage and
one half normally recommended dosage
of admixtures.

Compaction:

Compaction has been defined as the
elimination of unintended voids con-
taining entrapped air or water (4). It is
brought about by the movement of solid
particles into closer contact with each
other. The ease with which concrete is
compacted is determined by the mobility
or flow as determined by the ability of
the concrete to fill out the section and
the workability, or work required for full
compaction.

Water reducers and set retarders may
improve workability over that of plain
concrete at a given water content or
water-cement ratio by decreasing the
work necessary for manipulation. They
may increase compaction, which is re-
flected in higher unit weight. Retarders
increase the period over which fresh con-
crete can be mixed, placed, and com-
pacted.

Flow characteristics or mobility of
plastic concrete is improved when water
reducers or set retarders are incorporated
in the mixture. If the water content is
maintained constant, slump is increased.
An increase in slump may be particularly
important where concrete with very low
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water content is used. Admixtures have
increased slump 2 to 3 in. without in-
creasing water or reducing strength when
additional mobility was required for
placing. In some cases the addition of an
admixture will increase strength in addi-
tion to increasing slump, which may be
partially caused by more thorough com-
paction.

Uniformity:

The water-cement paste which binds
the aggregates together is the most im-
portant ingredient in a concrete mix. It
has been well established that strength,
permeability, and abrasion resistance of
concrete are governed to a large extent
by the water-cement ratio, provided all
other things are equal.

In order to produce concrete of uni-
form quality, it is important that a uni-
form water-cement ratio be maintained.
Uniform water-cement ratio is main-
tained by controlling the water content
of the mixture.

Temperature variation is one of the
chief factors contributing to variation in
unit water content. As the temperature
at which concrete is mixed and placed
rises, more water is required to maintain
the same slump. Tests made by Tuthill
and Cordon (5) have shown that the
increase in water requirement caused by
increased temperature can be largely off-
set by effective use of a water-reducing
retarder, provided the quantity of ad-
mixture is increased as the temperature
increases. According to their results,
plain concrete required approximately 35
Ib more water per cubic yard to maintain
constant slump when the temperature
was increased from 40 to 100 F. Admix-
ture concrete required only 14 b addi-
tional water to maintain constant slump
over the same temperature range. As the
temperature rises, the increased propor-
tion of retarder largely offsets the
increased water demand, resulting in
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uniform slump, water-cement ratio and
unit water content. Uniformity of the
concrete quality is increased and coeffi-
cient of variation is decreased.

ADMIXTURE PROPORTIONS AND
Use WiTH OTHER MATERIALS

Proportions:

Water-reducing and set-retarding ad-
mixtures are usually added to a concrete
mixture in an amount proportional to
the cement content. Manufacturers have
established proportions that produce op-
timum results with their product under
the greatest number of conditions. The
recommendation of the manufacturer
should be followed unless tests indicate
a different proportion would be more
suitable for a particular application.

Manufacturers of most class 1, 2, and
4 admixtures specify that a fixed amount
of their admixture be used regardless of
temperature. One class 1 admixture is
used in varying proportions depending
on temperature. Some manufacturers
compensate for the effects of varying
temperature by furnishing different for-
mulations which can be used at different
temperatures at a constant proportion.
Increasing the dosage of some of these
materials may increase water reduction
or set retardation but in some cases may
also result in high air content. Tests
should be made to determine the air en-
trainment obtained and the hardening
characteristics.

Many of the commercial admixtures in
classes 1 and 2 are powders; a few are
liquids. The recommended proportion of
these admixtures varies from 0.20 to 1.0
1b per sack of cement for the powders and
6 to 9 oz per sack for the liquid.

Class 3 admixtures can be in liquid or
powder form. These admixtures are usu-
ally added to a concrete mixture in vary-
ing proportions depending upon air or
concrete temperature in order to main-
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tain uniform setting time. Powder ad-
mixtures are normally added in the
proportion of  to 1 Ib per sack of cement
and liquid admixtures are added in the
proportion of 2 to 4 oz per sack of
cement, depending upon temperature.
Sometimes these admixtures are used to
secure extreme retardation for revibra-
tion or other purposes and then are used
in much higher proportions.

Method of Addition:

Powder admixtures are usually added
to the weighed aggregates. To facilitate
addition to the mix soluble admixtures
are sometimes dissolved in water and the
resulting solution is used as part of the
mixing water. Liquid admixtures may be
added to the mixing water or added
to the weighed aggregate. They should
never be added directly to the cement.

Air-Entraining Agenis:

Water-reducing and set-retarding ad-
mixtures may be used in concrete con-
taining any of the common air-entraining
agents. The exact amount of air obtained
with a given proportion of air-entraining
admixture and a given proportion of
water-reducer or retarder should be de-
termined by trial.

Air-entraining agents and water re-
ducers or set retarders should not be
premixed unless tests indicate that no
adverse effects will occur from the com-
bination. If the admixtures are pre-
mixed with many common air-entraining
agents, coagulation or precipitation may
occur. It has been demonstrated that cer-
tain alkyl aryl sulfonates can be inter-
mixed in solutions containing calcium
lignosulfonate, but neutralized extracts
of wood resins should not be so inter-
mixed.

Cements:

Water reducers and set retarders can
be used with any standard portland ce-
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ent. Admixtures of all classes have also
been used successfully with high-alumina
cement and portland slag cement.

Performance of water-reducing and
set-retarding admixtures may vary with
different types of cement or with the
same type of cement from different mills.
Different classes of admixtures and dif-
ferent admixtures in the same class may
produce different results with a given
cement.

Few cements may not produce results
as good as expected with one admixture
or with several admixtures.

Aggregates:

Commercially available admixtures
may be used with any type of aggregate
including angular, rounded, lightweight
and heavy aggregates. Results may vary
with different aggregates and with dif-
ferent admixtures when used with the
same aggregate and cement.

Pozzolans:

Field and laboratory tests have shown
that water-reducers and set-retarders will
reduce water and delay slump loss in
structrual or mass concrete containing
fly ash or other pozzolans. Total water
reduction varies with the type of poz-
zolan and the type of concrete mixture.
Usually less water reduction is obtained
in concrete containing a pozzolan than
in comparable concrete without pozzo-
lan.

B. Michelis (6) reported a reduction
in water content of more than 14 per
cent in mass concrete containing 6-in.
maximum size aggregate with a class 1
admixture when no pozzolan was used.
Water reduction was 7.5 per cent when
pozzolan was used.

During construction of the Tecolote
Tunnel (7), a class 1 admixture was used
in conjunction with a pozzolan in ap-
proximately 16,000 cu yd of concrete.
‘Total water requirement was 9.4 per
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cent less in the admixture concrete than
in the concrete without admixture.
Tests made with structural concrete
containing different types of fly ash have
shown that the total mixing water may
be reduced 5 to 10 per cent when an
admixture is used in the concrete.

ENGINEERING APPLICATION OF
PropPERTIES OF Prastic Con-
CRETE CONTAINING WATER
REDUCERS AND SET RE-
TARDERS

Water reducers and set retarders have
been successfully used for a variety of
purposes in all types of concrete in-
cluding precast, cast - in - place, pre-
stressed and post-tensioned concrete.
They have been used to increase work-
ability and slump of concrete without
increasing water or reducing strength
where increased mobility was necessary
in order to place concrete without hon-
eycomb. They have been used in com-
bination with other admixtures includ-
ing air-entraining agents, accelerators,
and pozzolans to improve the quality of
concrete.

During hot weather considerable loss
of slump and workability is often en-
countered. Judicious use of set-retarding
admixtures will counteract these condi-
tions and permit concrete to be placed
at the desired slump without substan-
tially increasing the total water in the
concrete.

Occasionally it is desirable to use truck
mixers to transport concrete to several
small structures scattered over a wide
area. Slump and workability of concrete
may be increasingly reduced as the truck
mixer moves from structure to structure
until it finally becomes necessary to add
additional water to the concrete in order
to place it. Concrete containing a set-
retarding admixture has been trans-
ported 35 miles in truck mixers during
hot weather without appreciable loss
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of slump or workability (6). The use of
central mixed concrete can be expanded
with resultant economies if a set re-
tarder is used. .

Cold joints in deep girders and beams
can be eliminated by incorporating a
set-retarder in the concrete. Cracking
caused by form movement can be elimi-
nated by keeping concrete plastic until
formwork has deflected under the full
weight of the concrete. Monolithic con-
struction of bridge decks and beams is
made possible by the use of revibration
and retardation.

SuMMARY

Water-reducing and set-retarding ad-
mixtures have an important influence on
the characteristics of plastic concrete.
Changes in plastic concrete resulting
from proper use of these admixtures are
reflected in improvement in quality of
the hardened concrete.

These admixtures may be used in all
classes of concrete, including precast,
cast-in-place, prestressed and post-ten-
sioned concrete. They may be used with
all types of portland cement, portland
slag cement and aluminous cement; they
may be used with rounded aggregate,
crushed aggregate, lightweight aggregate
and heavy aggregate; they may be used
in mortar, and in concrete containing all
sizes of aggregate; they may be used
in plain concrete, air-entrained concrete,
and concrete containing pozzolans, cal-
cium chloride, or other additions.

Total reduction in mixing water re-
sulting from the use of these materials
may vary from 5 to 10 per cent for the
same air content. The amount of water
reduction is influenced by the type and
brand of cement, type of aggregate, ce-
ment content, dosage, type of admixture
and other additions, including air-en-
training agents and pozzolans.

Set retarders will delay slump loss and
improve uniformity of concrete placed
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at high temperatures or hauled long dis-
tances. They can be used to prevent cold
joints in deep sections placed in lifts.
They can be used to prevent or reduce
cracking caused by formwork deflection
or plastic cracking.

Hardening characteristics and set re-
tardation are influenced by many factors,
including temperature, type of admix-
ture, dosage, type and brand of cement
and other additions.

All admixtures in a given class do not
produce the same results in all types
of concrete. Occasionally an admixture
from one class may be preferred to other
admixtures for a particular application.
Unrefined products or products that have
not been thoroughly engineered and
tested may produce erratic results.

The type of admixture should be se-
lected and specified by the engineer. Un-
less experience has been previously ob-
tained with the admixture and other
materials in the concrete, the proper-
ties of admixtured concrete and the opti-
mum dosage for a specific application
should be determined by tests prior
to start of construction. Tests should be
made with the cement and aggregates
proposed for use on the job and under
conditions similar to those antcipated. If
preliminary testing is not feasible the
recommendations of the manufacturer
should be followed.
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THE EFFECT OF WATER-REDUCING ADMIXTURES AND
SET-RETARDING ADMIXTURES ON THE PROPERTIES
OF HARDENED CONCRETE

By D. R. MacPrERrsonN! anp H. C. FiscHER?

SyNoOPSIS

Concrete as an engineering material is judged, in the last analysis, by its
properties in the hardened state. It is in this state that the effects of imposed
load and environment are controlled by the properties of the concrete.

It is shown that specific water-reducing admixtures and set retarders per-
mit concrete to be made with properties superior to those attainable in un-
treated concrete. Such enhancement of properties can usually be achieved
simultaneously with economy of materials and labor.

In consideration of strength and its parameters, data are given herein to
exemplify the fact that certain admixtures, when propetly used, are beneficial
to the resultant concrete, For example, acceleration of strength development
at early ages can be accomplished even under conditions dictating the use of
retarders to delay setting time. Not only can this be accomplished without ad-
verse effects, but in some cases economies are possible while maintaining
strength requirements.

With respect to weathering and environmental conditions, as affecting dura-
bility, it is shown that admixtures permit improvement of resistance to cyclic

freezing and thawing and reductions in volume change and permeability.

Water-reducing admixtures and re-
tarders have become an accepted part of
the concrete industry. Opposition to any-
thing added to concrete, other than
cement, aggregates, and water, is gradu-
ally disappearing and considerable recog-
nition is being given to the value of using
other ingredients.

The future of better concrete lies in an
increased understanding of concreting
materials and the best manner of com-
bining them to produce the maximum in
strength and durability. An understand-

1 Product Manager, Celite Division, Johns-
Manville Products Corp., New York, N. Y.

2 Research Engineer, Johns-Manville Research
Center, Manville, N. J.

Copyright© 1960 by ASTM International

ing and intelligent use of water-reducing
admixtures and retarders complements
the means for producing better concrete
and, more often than not, in a more
economical manner.

Properties of hardened concrete lie in
the general categories of strength, dura-
bility, dimensional stability, and perme-
ability. Strength, being more readily
measured and yielding test results more

easily interpreted, has been investigated

to a far greater extent than other proper-
ties. As a result, durability and perme-
ability aspects have not been studied as
adequately as such important factors
would warrant.

The advent and acceptance of pur-

www.astm.org
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poseful air entrainment made the con-
crete industry durability-conscious to a
quite unexpected degree. Water-reducing
admixtures both with or without air-
entrainment enhance the durability of
concrete by virtue of the beneficial ef-
fects of reduced water contents. By
proper mix design and in keeping with
the general concepts of the water-cement
ratio law, strength can be simultaneously
increased. :

Strength and durability are comple-
mentary and the following discussion,
with exemplifying data, will show the
beneficial results obtained from use of ad-
mixtures. These admixtures are divided
into the four chemical classifications of
(1) lignosulfonic acids and their salts;
(2) modifications and derivatives of lig-
nosulfonic acids and their saits; (3) hy-
droxylated carboxylic acids and their
salts; (4) modifications and derivatives
of hydroxylated carboxylic acids and
their salts.

In the following discussions and tables
of data, admixtures have been given a
class number (1, 2, 3, or 4) in keeping
with the previously stated classifications.
Letters (4, B, C, etc.) have been affixed
to each class number to differentiate be-
tween the individual products in any one
class, in lieu of the use of trade names.

The test data presented in the follow-
ing sections will show that different ad-
mixtures produce results differing in de-
gree of enhancement; such differences
however are a result of the particular
nature of the concreting materials and
the manner of combining them. Reliable
admixtures cannot be said to be inferior
or superior to one another; they merely
perform differently under particular con-
ditions of use.

COMPRESSIVE STRENGTH

Compressive strength.is the most gen-
erally accepted criterion of good concrete,
and, although such acceptance can be
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misieading, it is nevertheless true that
compressive strength and other quality
characteristics are related. Although
compressive strength is an indication of
other properties and such indication is
not of a quantitative nature, it is of
value in the absence of tests specifically
designed for those other properties in
question.

The strength of a concrete will gener-
ally increase with the proportion of ce-
ment in the mix until the strength of the
cement paste or aggregate, whichever is
the weaker, is reached. This relationship
is, of course, based upon the premise of
similar materials and consistencies being
used.

Just as important as the cement con-
tent is the water content of a mix. Inas-
much as strength is inversely propor-
tional to the water-cement ratio and,
unfortunately, workability requirements
necessitate two to three times the water
required for chemical hydration of the
cement, it does seem logical to seek a
means of reducing the water content
while maintaining equal or improved
workability.

This much-desired water reduction can
be realized by means of admixtures spe-
cifically formulated to achieve such ac-
tion. The effect of water reduction on
compressive strength is in the direction of
greater strength when such water reduc-
tion is supplementary to that derived
from air entrainment alone. This, of
course, is to be expected in consideration
of strength and void-cement ratio rela-
tionships.

Table I, containing data on concrete
made with three of the four classes of ad-
mixtures, shows the significant increase
in compressive strength of the treated
concrete redesigned for air entrainment
and a change in cement content. The
water-cement ratio for the treated mixes
is, in some cases, greater than that of the
untreated mix; yet the strength data do
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TABLE I.—COMPRESSIVE STRENGTH OF CONCRETE CONTAINING. .
WATER-REDUCING ADMIXTURES. N

Compressive Strength

i Water Sand-
Admixtare Dosage, (F::I;g:f ge,:::;;: Reduc- | Air | Aggre-
Ih per | sacks | Ratio, | HoM Con- | gate 1-day 7-day | 28-day

per cent| tent, | Ratio
sack P & by iper cent| by
Class |Product weight weight psi

per . per |, .
cent | P! | cent | P& | cent

TypE I PorTLAND CEMENT. NATURAL SaND AND GRAVEL. SLUMP 3 TO 4 IN.
Treated mixes redesigned for 13 per cent cement reduction.
All tests in accordance with ASTM Methods.

None .. 5.08 | 7.20 - 2.1 | 0.49 | 425 { 100 | 1490 100 | 2380( 100
2....... J 0.44 | 4.37 | 7.56 10 4.3 | 0.47 | 440 | 103 | 1630| 109 | 2620( 110
2....... Ds 0.25 | 4.44 | 6.76 17 5.7 | 0.45 | 550 | 129 | 2050 137 | 3390| 142
2.. I 0.20 | 4.44 | 7.22 12 5.1 0.45 | 455 | 107 | 1720 115 | 3020| 127
3. 0 0.20 | 4.44 | 7.56 9 3.1 0.47 | 475 | 112 | 1530 103 | 2670] 112
4........ M 0.20 | 4.44 |1 6.99 15 5.3 | 0.45 | 460 | 108 | 1760 118 | 3110| 131

Type II PorTLAND CEMENT. SAME AGGREGATES AND CONDITIONS AB ABOVE.

None Cee 5.32 1 7.20 1.3 | 0.49 | 440 | 100 | 1800| 100 | 3650 100
2........ J 0.44 | 4.65 | 7.56 8 2.3 | 0.47 | 495 | 112 | 1960| 109 { 3650 100
2........ D 0.25 | 4.65 | 6.87 17 3.6 | 0.45 | 715 | 162 | 2530| 140 | 4220! 116
2........ I 0.20 | 4.63 | 7.22 12 4.4 | 0.45 | 520 | 118 | 2010 112 | 3730} 102
3........ 0 0.20 | 4.65 | 7.56 8 1.8 | 0.47 | 470 | 107 | 2020; 112 | 3820 105
4 M 0.20 ) 4.62 | 6.99 16 5.0 | 0.45 | 505 | 115 | 2140 119 | 3710] 102

¢ Plus AEA-3.

TABLE II.—EFFECT OF WATER-REDUCING ADMIXTURES ON EARLY STRENGTH
DEVELOPMENT OF CONCRETE.

Compressive Strength

Admixture® Cement | Water- Water . Sand-
Dosage, [Factor, (Cement thduc- Air | Aggre-
lhper | sacks | Ratio, | tion, | Con- | gate 1-day T-day 28-day
sack | per cu | gal per |PET Cent| tent, Ratio,
yd  |%sack | By, ipercent| by
weig weig . per . per - | per
Class | Product psi cent pst cent pst cent

BLEND oF Four TYPE I PorRTLAND CEMENTS. NATURAL SAND AND GRAVEL.
All tests in accordance with ASTM Methods. Slump 3 to 3%4 in. No cement reduction.

None ... | 5.00) 5.8 | ... 5.2 670 100 | 1385} 100 | 2960 100
1....... A 0.25 | 4.99 | 5.48 7 5.0 . 780| 116 | 1720 124 | 3805| 129
2........ B 0.25 | 5.00 | 5.55 5 4.7 S 930| 139 | 1890; 136 | 3950| 133
2. D 0.25 | 5.00 | 5.57 5 4.7 1155| 173 | 2095 151 | 3885 131
2. E 0.25 | 5.00 | 5.50 6 4.9 1055 158 | 2105 152 | 3975| 134

TypE II PorTLAND CEMENT. NATURAL Sanp aNp CruUsHED Stone. SLume 3 TO 314 1N
All tests in accordance with ASTM Methods. 13 per cent cement reduction.

None ... | 6.05617.21 .. 1.3 | 0.46 | 1150] 100 | 1640; 100 | 3330, 100
4........| P 0.20 | 5.14 | 7.45 12 4.3 | 0.44 | 1530} 133 | 2280 139 | 3920 118
4........ P 0.15 | 5.16 | 7.55 11 3.5 | 0.44 | 1450| 126 | 2160| 132 | 4030| 121
4........ P 0.10 | 5.20 | 7.89 6 2.8 | 0.44 | 1340| 116 | 2130| 130 | 3940( 118

s Air-entraining agent in each mix (including reference mix).
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not reflect this. It is thus apparent that
the admixtures have imparted some other
effect beneficial to strength development.

plemented with a separately added air-
entraining agent. Although the reference
mix is air-entrained concrete rather than

TABLE III.-EFFECT OF CEMENT FACTOR ON COMPRESSIVE STRENGTH OF
CONCRETE CONTAINING WATER-REDUCING ADMIXTURES OF CLASS 2.

Blend of Types I and II portland cements. Natural sand and gravel. Slump 314 to 414 in. Dosage
at producers’ recommended rates.

Compressive Strength
g’ ut"'t Water A
dmi emen = r
A roeet” Ratio, Redictior| Content, 1-day 7-day 28-day 3-month
gal per by weight per cent
' psi  |per cent| psi [per cent| psi [per cent| psi |per cent
CeMENT FACTOR 4 SACKS PER cU YD
SAND-AGGREGATE RaTio—0.422
None..... 8.9 2.7 395 | 100 | 1660 | 100 | 2820 | 100 | 3570 | 100
Y 8.1 9 4.7 505 128 | 2075 125 | 3440 122 | 3960 111
D........ 8.3 7 4.9 530 | 134 | 1995 | 120 | 3310 | 117 | 3710 | 104
CEMENT FACTOR 5 SACKS PER cU YD
SAND-AGGREGATE RaTio—0.408
None..... 7.3 2.2 705 100 | 2540 100 | 4005 100 | 5040 100
Joooo. 6.6 10 4.7 835 118 | 3200 126 | 4695 117 | 5500 109
D........ 6.7 8 4.9 900 128 | 3010 119 | 4370 109 | 4920 98
CeEMENT FaACTOR 6 SACKS PER CcU YD
SAND-AGGREGATE RaTi0—0.394
None..... 5.9 1.9 1160 100 | 3660 100 | 5365 100 | 6450 100
Jooo. 5.5 7 3.9 1355 117 | 4210 115 | 5950 111 7180 111
D........ 5.6 5 3.8 1425 123 | 4110 112 | 5840 109 | 6690 104
CeEMENT FACTOR 7 SACKS PER CU YD
SAND-AGGREGATE RaTio—0.345
None..... 5.1 1.9 1650 100 | 4265 100 | 6120 100 | 6770 100
Y 4.8 6 3.5 1895 | 115 | 5030 | 118 | 6750 | 110 | 7520 | 111
CeEMENT FACTOR 8 SACKS PER CU YD
SAND-AGGREGATE RaTi0—0.309
Nore. .... 4.7 1.9 2020 | 100 | 5165 | 100 | 6410 | 100 | 7780 | 100
Joooo. 4.4 6 3.2 2130 105 | 5230 101 | 6930 108 | 8240 106

This effect cannot be achieved by air en-
trainment and redesign alone; a specific
effect has occurred in each case and has
given rise to greater strength.

The strength data of Table II are
typical of those obtained at early ages.
In the first series of mixes the admixture
was used as a straight addition and sup-

plain untreated concrete, the strength
development is noteworthy.

The second series of Table II also pre-
sents early strength data with a differ-
ent type of cement and with a different
admixture. This admixture was used at
different dosages, and, although control
of the air content is thus effected, the
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TABLE IV.—COMPRESSIVE STRENGTH OF CONCRETE CONTAINING A CLASS 3
WATER-REDUCING RETARDER (PRODUCT N).

Type II portland cement. Natural sand and crushed stone aggregate. All tests in accordance with
ASTM Methods.

w Sand Compressive Strength
Cement | Water- | Y ater : anc-
Reduc- Air Aggre-
Mix Dl%s;i:’,’ F:;z‘lg’ Cﬁﬁei:t tion, | Shump, { Con- gate 3-day 7-day 28-day
sack | per cu | gal pe’r per cent| in. tent, | Ratio,
yd sack by per cent[ by
weight weight . | per . | per . | per
P8l | cent | P®! [ cent | P5! | cent
No.1..........| none | 8.75 | 5.30 4 1.2 | 0.43 (2240( 100|3270| 1005000 100
No.2.......... 0.15| 7.19 | 5.86 7 314 1.4 | 0.43 (2460| 110(3650| 112/5730] 115
No.3.......... 0.23 | 7.19 | 5.86 7 513 1.4 | 0.43 |2410| 108(3770| 115/5780| 116
1-day
No.4.......... none | 6.84 { 6.42 L. 314 1.4 | 0.43 | 700{ 100{2420] 100/4500 100
No.5........../ 0.23 | 6.88 | 6.42 0 7 0.9 | 0.43 | 920| 131|3060| 1265280} 117
No.6..........| 0.15| 6.93 | 5.98 7 3l 1.4 | 0.43 |1070; 152!3600 149|5290 118
No.7......... 0.23 [ 6.88 | 5.98 7 315 1.4 | 0.43 |1230; 1763780 15615770 128

TABLE V.—EFFECT OF AGGREGATE AND CEMENT CONTENT ON PERFORMANCE
OF A CLASS 2 WATER-REDUCING ADMIXTURE (PRODUCT D).

c Water- 4 Compressive Strength,
ement . Sand- psi
Dosage, Ib per sack |  Slump, in. | Factor, sacks lgiﬁl)ent . Air socner:lnt, A Ig{e cate,

P ' e 7days | 28days

NATURAL SAND anND GRAVEL
Type I portland cement; no added air-entraining agents; average of 3 tests.

Nome........... 315 to 4 4.45 7.31 2.6 0.40 3145 4550
Nome........... 4t0b 5.91 5.64 2.5 0.375 4435 5660
025............ 3to4 3.91 7.37 4.1 0.39 3520 4760
0.25............ 3 to 415 4.91 5.85 4.0 0.37 4225 5790
025............ 4 to 414 5.84 5.00 3.8 0.36 4890 6240

ExPANDED SHALE COARSE aND FINE AGGREGATE
Type I portland cement; AEA-1; average of 3 tests.

None........... 2 4.97 6.31 8.9 0.62 860 1425
Nomne........... 2 6.00 5.35 7.8 0.62 1535 2330
None........... 2 6.90 4.69 8.7 0.62 1935 2665
025............ 2 4.34 5.93 11.4 0.62 11556 1640
025............ 2 5.38 4.91 9.5 0.62 1800 2500
025............ 2 6.37 4.29 7.6 0.62 2310 2990

ExPANDED BLAST-FURNACE SLaGc COARSE AND FINE AGGREGATE

Type I portland cement; AEA-1; average of 3 tests on 6 by 12-in. cylinders made, cured, and tested
in accordance with ASTM Methods C 192 and C 39.

None........... 2 to 214 5.55 9.31 10.3 0.64 725 1110
None........... 2to03 7.70 6.70 8.7 0.64 1780 2490
026............ 203 5.41 8.74 10.7 0.64 890 1480
025............ 215 to 3 7.13 6.11 10.7 0.64 1920 2790
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strength is maintained at a level consider-
ably higher than that of the plain un-
treated concrete. Again the specific
beneficial effect of the admixture is ap-
parent; the water-cement ratios would
indicate expected strengths lower than
that of the plain mix.

SYMPOSIUM ON ADMIXTURES IN CONCRETE

sults obtained with a class 3 admixture,
a retarder, at relatively high cement
factors. Mixes Nos. 2 and 3 develop ap-
proximately equal strengths although of
different dosages. However, the degree of
retardation was decidedly different in
each case.

TABLE VI—EFFECT OF CLASS 3 WATER-REDUCING RETARDERS ON RATE OF
HARDENING AND STRENGTH DEVELOPMENT OF CONCRETE.

Type I portland cement (Mix Nos. 1 to 7); Type II (Mix Nos. 8 to 14), Natural sand and gravel.

Slump 314 to 4 in. Cement factor 5.00 = 0.03 sacks per cu yd. Sand—total aggregate ratio, by

weight, 0.49, All tests in accordance with ASTM

Methods.

'll;im‘e to Penetrast%gn
. esistan: t
o w Water | . Compressive Strength Ambientc’i‘:mpera-
- ter- t
Admix-| age, [Cement | RedUC-|cion. e
Mix ture | fluid | Ratio, | HO% itent,
Product ozsuptle: gaSL 5:: peby g;ll’t 1-day 3-day 7-day 28-day | 500 psi | 4000 psi
weight

pei | oyl st (Bl psi fen| psi | fmyl b [T Br|Some
No.1...... none | ... | 7.67 .. 1.3[{377{100] 874(100/1630{100|2905/100| 5.4(100{ 7.7/100
No.2...... N 3 7.10 8 2.11504(134(1450]162{2430{149]3500{117| 5.9|109( 7.9/103
No.3...... H 3 7.00 9 1.4(409|109(1240(138(2180{134(3750{126| 6.6[122 8.9(116
No.4.. ... N 4 6.88 10 2.3{494(131{1510/|168|2400/147|3495(117] 6.7|124| 8.3(108
No. 5...... H 4 6.88 9 1.8(406(108{1240|138|2170(133{3645(122| 7.6/141|10.0(130
No.6...... N 5 6.65 13 2.3|444(118{1550]173|2710|1663845{129| 7.2(133| 9.4|122
No.7...... H 5 6.65 12 1.7/374| 98|1250/139|2330(143(3975{133] 8.8|163|10.8(140
No.8...... none | ... | 7.67 1.3(330/100( 745{100(1140{100|2660(100| 5.4|100( 7.6[100
No.9...... N 3 6.65 13 2.4/540{169(1130{152(1780|156|3340{125| 6_0(111| 7.7(101
No. 10..... H 3 6.43 16 1.8/501(152{1200]|161|1840|161|3675(138| 6.8(126 9.2(121
No. 11..... N 4 6.65 13 2.3(501(152/1110]149(1690|148|3305/124| 7.0(130( 8.5(112
No. 12..... H 4 6.43 17 1.9(440(133|1270/170(1830(161|3780{142| 8.5(157|11.4|150
No. 13..... N 5 6.31 17 2.3:516|156/1300{175|1910/168(3890(146| 7.7(143| 9.9(130
No. 14..... H 5 6.31 17 1.7|237| 72/1340(180(2090(183/4185(1/57|11,5|213|15.9|209

The performance of water-reducing ad-
mixtures at variable cement factors is
illustrated by the comparative data of
Table III. These data show unusually
low water-reduction values for this class
of water reducers. The reason for this
lies in the use of a particular aggregate
known to show odd behavior. Regardless
of the relatively low reduction in water
content, the admixture-treated concrete
is of superior strength with respect to the
untreated concrete at each cement factor.

The data of Table IV illustrate the re-

Mixes Nos. 4 to 7 show the effect of
this admixture on the required water con-
tent and consequently on the slump. Mix
No. 5 has the same water-cement ratio
as mix No. 4, shows a considerable in-
crease in slump, and yet shows a marked
increase in compressive strength.

In mixes Nos. 6 and 7 the consistency
was held constant, with reference to the
plain mix, by utilizing the water-reduc-
tion characteristics of the admixture.
The compressive strength in each case is
significantly increased.
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Table V contains data illustrative of
the performance of an admixture with
aggregates of widely different character-
istics and at variable cement factors.

Although retarders perform their
prime function in the plastic state of
concrete, they do nevertheless have a re-
sponsibility to meet in the hardened
state. To merely retard or delay the rate
of hardening is inadequate; following the
period of desired retardation, the con-
crete must be capable of exhibiting suf-
ficient rapid strength-gain characteristics
to attain normal strength level at one
day.

Properly formulated retarders should
delay the rate of initial hardening but
not interfere with early strength develop-
ment. As a matter of fact, a reliable re-
tarder of the water-reducing type should
accomplish both functions.

It is not the purpose of this paper to
discuss retardation per se inasmuch as
such is a phenomenon of the plastic
state. However, in order to exemplify the
fact that hardened concrete does not suf-
fer a strength loss at any age when water-
reducing retarders are used, some data
are presented to illustrate strength de-
velopment at different degrees of retar-
dation.

Table VI contains such data for a
series of tests with two water-reducing
retarders of the hydroxylated carboxylic
acid type.

The time-penetration data show the
relative retardation at two degrees of
stiffening and hardening; these degrees
are taken as resistances of 500 and 4000
psi to a standard penetration, as speci-
fied by ASTM Method C 403.3

It can be readily noted that although
the degree of retardation is increased
with increasing dosages, the 1-day com-

3 Tentative Method of Test for Rate of Hard-
ening of Mortars Sieved from Concrete Mixtures
by Proctor Penetration Resistance Needles (C

403 - 57 T), 1958 Book of ASTM Standards,
Part 4, p. 712.
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pressive strength values are generally
well above those of the untreated refer-
ence mix. At a dosage of 5 fluid oz per
sack of cement and in the case of both
cements, admixture H (mixes Nos. 7 and
14) has strength values lower than those
of the reference mix. However, by simul-
taneous consideration of compressive
strength and the relatively large incre-
ment of retardation in both cases, such
phenomena are not without justification.
Mix No. 14 with its high degree of re-
tardation at both the 500- and 4000-psi
levels and its relative strength of 72 per
cent at 1 day is indicative of an over-
dosage of this particular admixture at
the ambient temperature of 80 F. How-
ever, such overdosage effects are only
temporary as witnessed by the great
strength development over the succeed-
ing 2 days (180 per cent at 3 days).

In early development work on water-
reducing and set-controlling agents, the
possibility of variable performance of
these materials, with different cement,
was recognized. Later research on re-
tarders has shown that the compound
composition of cements has a great in-
fluence on performance. It may be that
the lower the C3;A content, the greater the
retardation for a given dosage of a re-
tarding agent. A research program was
undertaken to determine the perform-
ance of a water-reducer of the class 4
type on the properties of concrete, using
19 different cements. These cements were
of types I and II from plants widely
distributed through the country. Table
VII presents the results of this program.

The eight type I cements produced un-
treated concrete 28-day compressive
strengths that varied from 2460 to 3440
psi, whereas the eleven type II cements
produced strengths that varied from
2960 to 3980 psi. All untreated concretes
contained 6.1 sacks per cu yd and 1.3 to
1.7 per cent air (entrapped). The water-
cement ratios for all the untreated con-



TABLE VII.—EFFECT OF DIFFERENT CEMENTS ON THE PERFORMANCE OF
CONCRETE CONTAINING A CLASS 4 WATER-REDUCING ADMIXTURE (PRODUCT
M).

Cement factor 6.1 sacks per cu yd for plain mixes,® 5.3 for treated mixes. Natural sand and crushed
stone. Slump 3 to 4 in. Dosage 2.0 1b per sack of cement.

Compressive Strength
Water- Air
Cement Type Rggigle:;[ Content, 3-day 7-day 28-day
per s’,ack per cent
psi per cent psi per cent psi per cent

A I 7.22 1.3 1250 100 2220 100 3280 100
""""" 6.99 4.6 1660 132 2670 120 3550 108

B I 7.33 1.5 780 100 1520 100 3230 100
""""" 6.99 4.6 940 120 1900 125 3540 109

C I 7.33 1.3 1320 100 2030 100 3640 100
""""" 7.10 4.7 1660 126 2570 126 4060 111
D I 7.33 1.5 1010 100 1650 100 3320 100
""""" 7.10 4.6 1060 105 1920 116 3580 108
B I { 7.33 1.5 1210 100 1860 100 3410 100
""""" 7.10 4.9 1410 116 2220 119 3600 105
P I 7.33 1.4 900 100 1710 100 2960 100
""""" 7.10 4.8 1150 128 2140 125 3040 102
G I { 7.33 1.4 1170 100 2175 100 3510 100
""""" 7.10 4.9 1230 105 2260 104 3600 102
H I 7.33 1.5 1190 100 1830 100 3210 100
""""" 7.22 4.5 1380 116 2150 117 3580 111

I I { 7.33 1.5 1110 100 2080 100 3380 100
""""" 7.10 4.9 1240 111 2190 105 3920 116
J I 7.45 1.6 1130 100 1920 100 2960 100
""""" 7.10 4.9 1240 110 2220 115 3160 106
K I 7.45 1.7 1180 100 2190 100 3440 100
""""" 7.10 4.8 1620 137 2660 121 3970 115
L II 7.45 1.3 680 100 1490 100 3140 100
""""" 7.10 4.6 965 141 1850 124 4060 129
o I { 7.45 1.6 1120 100 1810 100 3800 100
""""" 7.10 4.9 1400 125 2180 121 4500 118
N I 7.45 1.6 895 100 1550 100 3980 100
o 7.10 4.4 960 107 1820 117 4200 105
0 I 7.45 1.3 1150 100 1510 100 3040 100
""""" 7.22 4.5 1220 106 1880 124 3500 115
p I fl 7.45 1.4 1180 100 1950 100 3340 100
""""" 1 7.10 4.9 1310 111 1970 101 3110 93
0 I { 7.45 1.4 860 100 1315 100 2460 100
""""" 7.10 4.2 1040 121 1700 129 3200 130
R I 7.55 1.5 1200 100 1850 100 3080 100
"""""" 7.33 4.8 1530 127 2410 131 3850 124
8 o 7.45 1.5 1420 100 2260 100 3200 100
et 7.22 4.6 1710 120 2610 115 4200 131

% For each set of data the untreated mix is followed by the treated mix.
208
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crete averaged 7.4 gal per sack. The
treated concretes contained 5.3 sacks per
cu yd, 4.5 to 5.0 per cent air, and an
average water-cement ratio of 7.1 gal per
sack. A class 4 water-reducing agent was
used in all of the treated mixes. This ma-
terial was composed of a natural pozzolan
containing 10 per cent active ingredient.

With one exception, cement P at 28
days, the strengths of all treated mixes
were equal to or superior to those of the
untreated mixes. This particular cement
was the only one having a high alkali
content.

FLEXURAL STRENGTH

Resistance to flexure and bending is of
major importance in the case of slabs and
beams. However, interpretations of flex-
ural test results require a great deal of
consideration because of the high degree
of sensitivity encountered in the treat-
ment and testing of specimens and be-
cause of inherently different aggregate
properties (1).%

With a given set of materials, the re-
lationship between compressive strength
and flexural strength can be established
in the laboratory. Compressive strength
specimens are easier to fabricate, the test-
ing procedures less complicated, and the
results more readily interpreted than
those dealing with flexural strength. In
view of these practical factors, after es-
tablishment of the compressive-flexural
strength relationship, satisfactory con-
trol of flexural strength can be accom-
plished (2). However, with different ma-
terials and properties, compressive
strength tests are merely an indication
of flexural strength to the extent that
these parameters are somewhat parallel
(3.4).

The data given in Tables VIII and IX
indicate that definite beneficial effects,
with respect to flexural strength, result

4 The boldface numbers in parentheses refer
to the list of references appended to this paper.
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from the proper use of reliable admix-
tures; increased strength has resulted.
This, of course, would be expected in the
light of the improved compressive
strength of the same concretes.

The air contents of the mixes shown
in the upper portion of Table VIII were
not measured. However, this particular
water-reducing admixture does not have
air-entraining properties, and conse-
quently the air contents of all three mixes
are essentially the same.

BonND STRENGTH

The resistance to slipping of steel re-
inforcing bars embedded in structural
concrete is a property of considerable sig-
nificance in flexural members. The char-
acter of the hardened paste, particularly
with respect to dimensional stability,
greatly influences the bond maintained
between the paste and the steel.

The quality of the paste can be im-
proved by certain water-reducing admix-
tures and retarders. Water reduction
permits lower water-cement ratios and
superior volume change characteristics;
settlement or shrinkage away from rein-
forcing members is reduced during the
hardening period, thus providing more
extensive adhesion and improved bond
strength.

Tables X and XI present data which
show respectively slip measurements and
relative values of bond strength. Both
sets of data show a decided improvement
of bond as a result of the use of water-
reducing admixtures.

MoburLus oF ELASTICITY

Although the modulus of elasticity of
concrete is generally taken as being ap-
proximately equal to the compressive
strength multiplied by 1000, it is well
recognized that no definite relationship
holds between these two parameters.
The influence of testing techniques on re-
sults is of great significance. The moduli
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of aggregates also influence to a great
extent the ultimate results and conse-
quently become an important item for
consideration.

Water-reducing admixtures and retard-
ers, when properly used, aid in the devel-
opment of superior elastic properties.
These elastic properties are particularly
dependent upon the amount and type of
paste as well as upon the volume ratio of
paste to aggregate. As a consequence

SYMPOSIUM ON ADMIXTURES IN CONCRETE

air entrainment provides a means of
maintaining strength and desirable elas-
tic characteristics.

RESISTANCE TO FREEZING AND THAWING

A great deal has been published on the
resistance of concrete to freezing and
thawing, particularly during the past ten
years. The data have been primarily de-
veloped in laboratory-scale investiga-
tions, although a few major studies have

TABLE VIIL—EFFECT OF CLASS 3 AND 4 WATER-REDUCING ADMIXTURES ON
FLEXURAL STRENGTH OF CONCRETE.

28-Day Strength

Admixture b gement (‘}Vater- Water
08age, actor, ement . -
Ib per sack| sacks per | Ratio, gal [Reduction,| Content, | - Compressive Flexural
cu yd per sad DPer cen! Per c
Class | Product psi |per cent| psi |per cent
TypE I PorTLAND CEMENT

Natural sand and gravel aggregate. Slump 4 in.

All tests in accordance with ASTM Methods.

None - 5.65 6.40 s 4320 | 100 654 1002
3. H 0.5 5.65 6.14 5 4890 | 113 721 111
3. H 1.0 5.65 5.89 8 5035 | 116 | 734 112

Type II PorTLAND CEMENT
Natural sand and crushed stone aggregate. Slump 4 to 414 in.

None . 5.70 7.7 - 2.1 3210 | 100 643 100*

4. 0.2 4.95 7.8 13 5.2 3180 99 652 101

¢ Third-point loading, 30-in. span, average of five specimens.
® Third-point loading, 30-in. span, average of three specimens,

these properties are governed to a great
extent by the control exerted by the ad-
mixture over the water content and, in
some instances, over the cement con-
tent.

Table XII contains data showing the
effect of water-reducing admixtures on
the elastic modulus of concrete. Neither
of these two particular admixtures has
air-entraining characteristics. As would
be expected, the modulus of elasticity
does vary inversely as the air content
and the water-cement ratio. However,
the use of water-reducing admixtures
with air entrainment and proper redesign
of mix to offset the strength loss due to

been made of concrete subjected to cyclic
weathering at field exposure stations.

The greatest factor in improving the
resistance of concrete to freezing-and-
thawing cycles is the proper distribution
of purposefully entrained air voids.. Sev-
eral well-known air-entraining agents
have been shown capable of furnishing
entrained air in the optimum percentage
range and with the void spacing neces-
sary to attainment of maximum resis-
tance to stresses exerted by freezing-and-
thawing phenomena.

Although the use of properly entrained
air does most toward enhancing the prop-
erty of weathering resistance, water-re-
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ducing admixtures
enhancement.

The test data in the upper portion of
Table XIII illustrate to a limited extent
the supplementary accruement of ad-

supplement such
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The lower portion of Table XIII pre-
sents data which do not lend themselves
to a strict comparison of the advantage
of water reduction plus air entrainment
over air entrainment per se. However,

TABLE IX.—EFFECT OF CLASS 2 WATER-REDUCING ADMIXTURES ON FLEXURAL
STRENGTH OF CONCRETE.

Water- Water

28-Day Strength

Admixture® Dosage, Cement | Reduction, Alr .
Product Ib per sack | Ratio, gal |per cent by C‘:.“‘t::';'é, Compressive? Flexural®
per sack weight pe
psi per cent psi per cent

BLEND oF Four TyrPE I PorTLaND CEMENTS

Cement factor 6.0 sacks per cu yd. Natural sand and crushed limestone aggregate. Sand - total
aggregate ratio, by weight, 0.49. Slump 214 to 3 in. All tests in accordance with ASTM Methods,

S 5.58 . 5.5 4210 100 688 100
E. .. ........... 0.3 5.00 10 5.7 4915 117 727 106
B............. 0.3 5.07 9 5.4 5130 122 712 103

BLEND oF Four TyPE I PorTLAND CEMENTS

Cement factor 6.0 sacks per cu yd. Natural sand and gravel aggregate. Sand - total aggregate
ratio, by weight, 0.40. Slump 214 to 3 in. All tests in accordance with ASTM Methods.

.. 5.00 5.6 4280 100 583 100
E.. ........... 0.3 4.61 8 5.3 5170 121 682 117
B............. 0.3 4.54 9 5.5 4890 114 644 110
¢ Air-entraining agent AEA-1 used in each mix, including reference mix.
b Average of three specimens, 6 by 12-in. cylinders.
¢ Average of three specimens, 6 by 21-in. beams.
BLEND oF Four TyYPE I PorrrLanp CEMENTS
Cement factor 5.0 sacks per cu yd. Natural sand and gravel. Slump 4 = 14 in.
=4
§ S" u Compressive Strength® Flexual Strength®
amin-| oo | BE B2 | 5
Atm_ex» Eﬁf& EE '§ 818 7-day 28-day | 3-month 1-yr 7-day | 28-day | 3-month| 1-yr
Product|oz per | Q@ o | & £ §
sack EE E U§ . |per . [per . |per . |per . |per . [per i per : |per
;M ‘B‘ :"E © | PSUlcent| PS! icent] PS' |cent| P5! [cent|P®! [cent| PS! |cent| P*! |cent| P$! [cent
None ... 1 6.20] ... | 1.6{2600/100/4230/100|5200{100/5950|100(525|100(680]100}710]100{700/100
J.o.o.o.. d 5.30| 14 | 5.2/3680{141{5080(120!5930!114|6840]115|595|113|7251107|795(112(795(114

4 Average of four specimens, 6 by 12-in. cylinders.
¢ Average of three specimens, 6 by 6 by 21-in. beams.
4 Plus 0.125 fluid oz AEA-2 per sack.

vantage from the use of a water reducer
in contrast with that of a straight air-
entraining agent. Such is generally the
case with the use of lignin- or organic
acid-type water reducers which have
been modified to impart air-entraining
characteristics.

the freezing-and-thawing resistance of
the admixtured concrete is definitely im-
proved and the benefit of the 14 per
cent water reduction is certainly appar-
ent with respect to both compressive
and flexural strength, as previously
shown in Table IX. The use of an air-
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entraining agent alone would not con-
tribute the latter benefits,
The reduction in dynamic moduli

TABLE X.—EFFECT OF A CLASS 2
WATER - REDUCING ADMIXTURE
(PRODUCT J) ON BOND OF CONCRETE
WITH REINFORCING STEEL.

Blend of four Type I portland cements. Slump
4 & 15 in. Cement factor 5.0 sacks per cu yd.
Plain concrete air content 1.6 per cent, treated
concrete air content 5.2 per cent.

Slip Between Reinforcing Bar
and Concrete, in.®

StrE:s‘,“i:si H%i?;“‘ Hoﬁi;;:rtal Vertical | Average
PraiN CONCRETE
200 0.0002 | 0.0011 | 0.0012 | 0.0008
400 0.0009 | 0.0022 | 0.0023 | 0.0018
600 0.0022 | 0.0040 | 0.0037 | 0.0033
800 0.0040 | 0.0091 | 0.0056 | 0.0062
TrEATED CONCRETE
200 0.0002 | 0.0004 | 0.0004 | 0.0003
400 0.0008 | 0.0011 | 0.0010 | 0.0010
600 0.0022 | 0.0030 | 0.0027 | 0.0020
800 0.0035 | 0.0053 | 0.0052 | 0.0035

% ASTM Method C 234 — 54, 1958 Book of
ASTM Standards, Part 4.
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are again supplemented by the charac-
teristic water reduction in excess of that
derived from air entrainment.

By utilizing water reductions at im-
proved conditions of workability a more
homogeneous concrete is possible; en-
trained air incorporated into the mix by
the water-reducing admixture itself or
by the use of a supplementary agent then
imparts its share of the enhancement.
Measurements of resistance to poten-
tially disruptive cyclic freezing and
thawing can be made by means of meth-
ods utilizing weight loss, volume change,
strength change, or change in elastic
modulus. The latter method, as previ-
ously discussed, has proven itself adapta-
ble and valuable and has more or less re-
placed the previously more popular
weight-loss methods.

The change in elastic modulus under
the influence of freezing-and-thawing
cycles has become accepted as an indica-
tive, if not conclusive, means of deter-
mining the durability of concrete. The
dynamic modulus, as determined from

TABLE XI1.—EFFECT OF CLASS 1 AND 2 WATER-REDUCING RETARDERS ON BOND
OF CONCRETE WITH REINFORCING STEEL.=

Blend of two Type I portland cements. Slump 214 in. Cement Factor 5.5 sacks per cu yd.

Admixture Water- Water Bond with Reinforcement,?
Dosage, Ib Cement Reduction, | Air Content, per cent
per sack Ratio, gal per cent per cent
Class l Product per sack by weight Horizontal Vertical
None 6.24 0.5 100 100
AEA-1 0.016 5.44 10 4.7 93 96
AEA-2 0.075 5.44 10 4.6 93 95
2o Ce 0.50 5.25 16 4.5 117 113
B Ac 0.25 5.22 17 4.4 121 116

* Data from “Experimental Researches on Air-Entrained Concrete,” by Yasuo Kondo and Set-
suji Hideshima, Proceedings, Cement Engineering Assn., Japan, pp. 177-182 (1958).

b ASTM Method C 234, 1958 Book of ASTM Standards, Part 4; data for horizontal bars based
on the average for bars at the top, middle, and bottom of specimen.

¢ Plus AEA-3.

values of Table XIV shows that even
though the use of air entrainment per-
haps does most in improving the freez-
ing-and-thawing resistance, the benefits

sonic measurements, has become a very
useful datum.

Tables XIII and XIV contain data
which illustrate the improvement in
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durability contributed by the use of
water-reducing admixtures.

The increased durability of admixture-
treated concrete is often overlooked, with
strength taking precedence; yet con-
tinuity of strength is dependent upon
durability. Severe weathering conditions,
particularly those involving rapid
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further lowered by water-reducing agents
incorporated into the mix. Concrete could
be completely impermeable or water-
tight if it contained no voids. However,
in pouring operations it is not possible to
produce concrete in which all of the void
spaces between the aggregate particles
are filled with a solid cementing matrix.

TABLE XIIL.—MODULUS OF ELASTICITY.
Type IV PorTLAND CEMENT
Natural sand and gravel aggregate. Slump 214 to 314 in.

=3 'g g Compressive Strength® Modulus of Elasticity®
Admixture Dos- § 5 E E:’. §
“:Speér & !g. 5 ) EE 1-yr 2-yr S-yr 1-yr 2-yr 5yt
sack £ %.g 5 g
Prod- Ea | B4 . . . . . .
cus [P | 55 | 22| ER | o oo ) e e e
None .. | 4.72 7.19] ... (3840|100/4209(100(4580(100{5.76 X 10° {100/5.93/100/5.57,100
2.. l Q@ | 1.25| 4.28 7.20] 9 [3780| 98/4161| 99/5310/116|5.85 10216.26 10615.99 108
Tyere I PorTLAND CEMENT
Natural sand and gravel aggregate. Slump 4 in.
T o1 1.
. 8| 5| 2|8 Compressive Strength® Modulus of Elasticity?
Admixture g s E §. b
7] =
o S5 1 B3 -
:- 2 §' cﬁ :9 ;:84 g 28-day 28-day
o -5 P P
Prod-| § | 8 5| 3
Class | )% a gﬁ ;M g §' psi per cent psi per cent
None ... | 5.65| 6.40| ... 4320 100 3.50 X 108 100
3| H|[1.0]| 5.65 5.89| 8 5035 124 3.75 107

%6 by 12-in. cylinders.

b 314 by 414 by 16-in. beams; sonic measurements.
¢ Average of three specimens, 6 by 12-in. cylinders.
4 Average of three specimens, 6 by 12-in. cylinders; measurements in compression.

All tests in accordance with ASTM Methods.

changes, require concrete of high dura-
bility characteristics. Air entrainment
plus the advantages of water-reducing
admixtures permit concrete to be made
with such characteristics and improved
strength.

PERMEABILITY

Concrete with greater homogeneity,
especially when it is air-entrained, will
have lower permeability. The permea-
bility of this type of concrete can be

To obtain workability, extra water above
that which is required for hydration of
the portland cement must be used. This
excess water causes void spaces, within
the matrix, which may be connected to
form continuous channels through the
concrete.

Another complication that arises is
that the products formed through the
hydration of portland cement occupy less
space than the sum of the absolute vol-
umes of the original cement and water.
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Entrained air and entrapped air also
produce voids; however, the former per-
mits less water to be used, and therefore,
contributes to the impermeability of the
concrete. There are extensive data in the
literature to support this.

It is quite apparent that all types of
hardened concrete are permeable to the
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VoLuME CHANGE

The dimensional stability of concrete
is of considerable importance to the con-
struction industry. Excessive volume
change can be the result of a multiplicity
of factors such as thermal movement, un-
soundness of materials, length changes

TABLE XII1L.—EFFECT OF WATER-REDUCING ADMIXTURES ON FREEZING-AND-
THAWING RESISTANCE OF CONCRETE.

TyPE II PORTLAND CEMENT
Natural Sand and Gravel. S8lump 3 to 4 in.

Admixture Cement Water- . Relative Durability at
Dosagealb Fz};:tor, RCel_nent | Re‘g:ctfil;m Col:tgnt 'tl,‘:ree{mo:ln.h tPeiigg'u th-
tio, d r of cycles to Reduce Dy-
Class Product | T o sacc“sy ' ;:,,";aff percent | percent |amic Modulus 50 per cent
None 5.30 6.09 2.7 26
3. 0 0.16 5.20 5.86 6 3.5 56
4......... M 0.175 5.20 5.19 16 5.2 143
AEA-2 0.006 5.20 5.64 9 5.2 77
BrLenNp oF Four Type I PortLaND CEMENTS
Cement Factor 5.0 sacks per cu yd. Natural Sand and Gravel. Slump 4 = 13 in.
Admixture Freezing-and-Thawing Durability®
Water- Air
Dosage, | Cement Water Con-
fluid oz | Ratio, [Reduction, tent. | Relative Moduli of Elasticity, per cent at various cycles
Class P:-l?t]. per sack g;lmier per cent per ceat i
10 20 30 40 50 60 70 80 90 | 100
None 6.20 1.6 |92 |70 |63 |42 ...[ ... ...] ...
2| J 7° 5.30 14 5.2 198 97 |93 (93 (9289 |8 (8 |82 |7

@ Specimens standard-cured to three months prior to cycling.

3 by 12-in. cylinders, subjected to six cycles per week according to the following schedule:
freeze in water for 40 min at minus 20 F, thaw in water for 40 min at 70 F.

¢ Average of four specimens, 6 by 6 by 21-in. prisms.

4 Sonic method.
¢ Plus 0.125 fluid oz AEA-2 per sack.

passage of water through the matrix yet
it is often necessary to subject the con-
crete to high pressures in order to show a
significant efflux of water through the
concrete.

Table XV shows the effect of a class 2
admixture on the permeability of con-
crete when using a low head of water.
Table XVI shows the effect of a class 4
admixture on the permeability of lean
concrete when using a much greater head
of water.

resulting from applied loads, moisture
expansion and drying shrinkage. Whether
such volume changes occur in concrete
prior to hardening or after hardening is of
great importance. Volume changes in the
hardened state, particularly under con-
ditions of restraint, produce tensile
stresses and lead to cracking.

The factors affecting drying shrinkage
are many (5). This phenomenon, one of
major concern, is influenced greatly by
the unit water and cement contents and
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and the elastic properties of the aggre- tics of the cement gel are thus primary
gates. The cement factor per se has little governing factors, and any step which
direct effect. Yet it does have a direct can be taken to cause reduction of both

TABLE XIV.—EFFECT OF WATER-REDUCING ADMIXTURES ON FREEZING-AND-
THAWING RESISTANCE OF CONCRETE.
Type I portland cement. Cement factor 5.0 sacks per cu yd. Natural sand and crushed limestone.
Slump 324 to 4 in.

6 =3
4|5 P Freezing-and-Thawing Durability )
8 | g = Compressive
Admixture P 2 JE g & Strength
&1 8% |3 o0 | Reduction in Dynamic Moduli of Elasticity, at 28 Days
2 ,E,”‘ By | &F 5 |per cent, at various cycles of freezing and thawing®
g |Qi|®e 2g)| %
S 8= | 8y |48 | © .
Class |Product g g% g& wgn: 5 135 | 47 | So | 71 | 83 | 108 | 132|156 | psi | PO
None 6.80 0.45| 1.5/ 74(...| ...| ... .../ ... ...} ...| --.] 4750 | 100
b 6.14| 11 | 0.41] 6.0} 11| 20{ 23 | 23 | ...| 24 | 26 | 26° | 33¢| 3950 | 83
1 A 0.25/ 5.53 19 | 0.43( 3.1/ 19( 33/ 37 | 39 | 43| ...| ...[| ...| ...| 5595 | 118
- 0.25 5.50| 19 | 0.41] 5.7/ 12|17/ 19 | 20| ... 24 | 25| 28 | 30 | 4500 | 95
9 B {0.25 5.59] 19 | 0.43| 3.8| 15| 23| 31¢| 22¢| 23¢| 30| 33| 42¢} ...| 6080 | 128
0.25| 5.51| 19 { 0.41| 6.0/ 11} 15/ 15 [ 15 | ...| 20| 22 | 24 |27 | 4990 | 105
9 p [|0-25/ 6.02) 11 | 0.43 2.8 21 30(46 | ... ...|...|...l....]...| 6075|128
0.25( 5.74| 16 | 0.41] 5.2/ 12| 14/ 16 | 16 | ...] 18 | 21 | 22 |27 | 5680 | 120
9 E 0.25] 5.65| 15 | 0.43] 2.8/ 19| 34| 41 | ...| ...| --.| -] -..| --.| 5980 | 126
0.25( 5.52 19 | 0.41) 5.7{ 11| 15{ 18 | 18 | ... [ 21 [ 22 | 22 |26 | 4230 | 89

¢ Specimens moist-cured for 28 days prior to freezing and thawing.
b Plus AEA-1.
¢ One specimen failed; result is based on one specimen.

TABLE XV.—THE EFFECT OF A CLASS 2 WATER-REDUCING ADMIXTURE
(PRODUCT () ON THE PERMEABILITY OF CONCRETE.

Type I portland cement. Natural sand and gravel. Slump 2 to 2} in.

Wat Relative Permeability®, efilux at various ages
Cement ater- Sand-

Dosage, Facto Cement te

ll;aré;r sacks per Ratio, A,%f{if,‘f“by 1-day 3-day 7.day 10-day

cuyd | B DS weight
ml |per cent| ml |[percentf ml |per centf ml (per cent

None..... 6.0 5.83 0.45 16 100 37 100 72 100 93 100
2.0.. 5.0 5.38 0.45 6 38 15 41 33 46 45 48
20....... 6.0 5.65 0.45 4 25 12 32 26 36 36 39

%6 by 12-in. cylinders with a 2-in. core hole through the longitudinal axis, standard cured for
18 days; ends then sealed and interior exposed to 60-ft head of water for 10 days prior to recording
efflux.

effect on the required water content of the paste content and gel formation is
the mix; as the water content increases one in the right direction. Certain water-
so does the tendency for drying shrink- reducing admixtures permit such action.
age. Water-reducing or set-controlling ad-

The paste content and the characteris- mixtures generally have a tendency to
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reduce drying shrinkage, thus eliminating
or minimizing cracks which are objec-
tionable in concrete structures. Cracks
are potential weak spots with respect to
applied load. As avenues of ingress they
provide a ready means for attack by ag-
gressive solutions and, of course, are
detrimental to the appearance or
aesthetic value of the concrete member.

ABRASION RESISTANCE

Variations of test procedures for de-
termining relative abrasion resistance of

TABLE XVI.—EFFECT OF A CLASS 4
WATER -~ REDUCING ADMIXTURE
(PRODUCT M) ON THE PERMEABILITY
OF CONCRETE.

‘Water-cement ratio 8.4 gal per sack. Sand —

tota! aggregate ratio, by weight, 0.45. Slump
314 in. Dosage 0.20 Ib per sack cement.

Coefficient of
Foment | i Permeability®
Mix sacks |Content,
per cu | per cent
r
yd K clzflt
Plan...... 3.7 2.4 |20 X 10| 100
Treated 3.1 6.0 |14 70

% Average of six 6 by 514 in. cylinders; stand-
ard curing for six months; 100 psi water pressure.
K cu ft per sec per sq {t per ft head per ft length.

concrete are many and at best only in-
dicative of what may be expected under
practical conditions of wear.

There are extensive data in the litera-
ture to show that abrasion resistance is
proportional to strength. The conclusion
reached is that, other factors equal, the
abrasion resistance of a concrete paral-
lels the strength (6).

Retarders when used to delay set under
adverse concreting conditions, particu-
larly those of high temperature, permit
proper surface finishing; this results in

SymMPoSIuM ON ADMIXTURES IN CONCRETE

surfaces of greatly improved wear re-
sistance.

Water-reducing admixtures permit use
of lower unit water contents and conse-
quently give rise to increased strength.
In keeping with the acceptance of com-
pressive strength as a criterion of abra-
sion resistance, it can be said that the
proper use of water-reducing admixtures
is conducive to increased abrasion re-
sistance.

SUMMARY

Data have been presented to exem-
plify the fact that reliable water-reduc-
ing admixtures and retarders permit the
making of concrete with properties supe-
rior to those normally exchibited by
plain, untreated concrete.

Such enhancement of properties is
particularly noteworthy in the hardened
state inasmuch as it is in this state that
concrete is subject to final judgment as
an engineering material.

Water-reducing admixtures and re-
tarders provide the means for producing
quality concrete for more varied con-
struction than is possible with conven-
tional, untreated concrete.
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WATER-REDUCING ADMIXTURES AND SET-RETARDING AD-
MIXTURES FOR. CONCRETE: USES; SPECIFICATIONS;
RESEARCH OBJECTIVES

By Ricaarp C. MIELENZ!

SyNoPs1s

When properly selected and proportioned, water-reducing admixtures and
set-retarding admixztures (1) permit control of certain properties of fresh or
hardened concrete, (2) aid in producing concrete meeting requirements of
specifications when plain air-entrained concrete will not meet these require-
ments, (3) decrease costs of concrete and of concreting operations, and (4) per-
mit use of design and construction practices not otherwise feasible.

Water-reducing admixtures and set-retarding admixtures should be pur-
chased under specifications which assure uniformity, development in con-
crete of satisfactory qualities for the intended use, and freedom from deleteri-
ous qualities which may adversely affect significant properties of the concrete.

Major producers of these admixtures are engaged actively in basic and de-
velopmental research to improve their performance and expand their applica-

tion.

This paper concludes a series of re-
ports prepared by authors associated
with four companies producing and mar-
keting water-reducing admixtures and
set-retarding admixtures for concrete.
This paper summarizes the applications
being made in concrete construction of
the four main classes of these admixtures,
namely:

Class 1, lignosulfonic acids and their salts;

Class 2, modifications and derivatives of
lignosulfonic acids and their salts;

Class 3, hydroxylated carboxylic acids and
their salts; and

Class 4, derivatives and modifications of
hydroxylated carboxylic acids and their salts.

! Director of Research, The Master Builders
Co., Division of American-Marietta Co., Cleve-
and. Ohio.

Water-reducing admixtures and set-
retarding admixtures of the four types
listed above have been sold commercially
and have been used in concrete construc-
tion continuously for more than 20 years
in all classes and types of concrete under
virtually all engineering and physical
conditions.

Water-reducing admixtures and set-
retarding admixtures can improve the
properties and performance of both fresh
and hardened concrete, increase uniform-
ity of concrete, and decrease the cost of
concrete and concreting operations.
They are an example of a self-functioning
feature in specifications, increasing qual-
ity and speed of construction, with de-
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creased demands on the contractor and
inspectors (1).2

Presently available water-reducing and
set-retarding admixtures are not pana-
ceas for the ills of concrete. Under some
conditions and with certain concrete-
making materials an admixture may
induce or aggravate certain adverse qual-
ities of concrete. In other instances, an
admixture may not produce the expected
benefits or they may be induced to such
limited degree that no benefit commen-
surate with its cost is realized in the
concrete. Hence, the major producers of
these admixtures are carrying forward
active programs of research to improve
the level of performance of these admix-
tures and to reduce or eliminate their de-
ficiencies. The current objectives of this
research are outlined herein.

A variety of water-reducing admix-
tures and set-retarding admixtures are
available from many companies, and the
number of distributors appears to be
increasing. Such admixtures should be
produced and purchased under specifica-
tions assuring their quality and uniform-
ity, and the purchaser should be pro-
vided with adequate information on their
properties and performance in concrete.
The nature and content of specifications
for water-reducing admixtures and set-
retarding admixtures are discussed briefly
in this report.

Purproses FOR UsiNG WATER-REDUCING
ADMIXTURES AND SET-RETARDING
ADMIXTURES

The purposes for which water-reducing
admixtures and set-retarding admixtures
are used in concrete construction include
the following:

1. Economy of proportioning of the
concrete mixture, such as use of mini-
mum cement content, use of aggregate

2 The boldface numbers in parentheses refer
to the list of references appended to this paper.
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characterized by high water requirement,
and improved uniformity of concrete.

2. Economy in concreting operations
such as reduction of the total cost of
concrete-making materials, early form
removal and re-use, and ease of placing
and finishing,

3. Meeting requirements of job speci-
fications, such as maximum permissible
water-cement ratio, early strength de-
velopment, minimum development of
strength and elasticity, and retention of
workability.

4. Improvement of the quality of fresh
concrete, such as improved and pro-
longed workability, reduced water con-
tent for given consistency or increased
slump at constant or reduced water con-
tent, improved finishing qualities, control
of bleeding and segregation, and control
of plastic cracking.

5. Improvement of quality of hard-
ened concrete, such as increased early
and ultimate strength and elasticity, de-
creased permeability and absorption, in-
creased resistance to scaling and deterio-
ration due to freezing and thawing,
increased abrasion resistance, decreased
crack development, and increased bond
with reinforcement.

6. Inducing desirable properties, such
as controlled retardation to compensate
for adverse ambient conditions or to
permit introduction of special concreting
practices.

A statistical analysis has been made of
28-day compressive strength of concrete
containing a water-reducing admixture
of class 2 (product D) at the rate of 0.25
Ib per sack of cement and equivalent
concrete not containing it. The aggre-
gates and cements were obtained from
jobs where use of this admixture was
contemplated. Product D is formulated
so as to produce little effect on rate of
hardening of concrete at ordinary tem-
perature. The test specimens were 6 by
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12-in. cylinders made and tested in ac-
cordance with ASTM Methods C 192
and C 392 The analysis includes results
of all tests of concrete containing this
admixture conducted in one laboratory
between Sept. 20, 1957, and March 1,
1959, namely, 163 tests of concrete with-
out the admixture and 179 tests of con-
crete containing the water-reducing ad-
mixture, with or without the addition of
any of several conventional air-entraining
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where:

Ss = 28-day compressive
strength of the admixture
concrete, psi,

Sp = 28-day compressive

strength of the concrete
without the admixture,
psi, and

V. and V, = void-cement ratio by vol-
ume of the concretes, re-

admixtures. The concrete mixtures in- spectively.
1 T L T
_ 7000
a o @ Concrete Without Water- Reducing |
- B Admixture
£ 000 s e O Concrets Contoining Product 2
o
c P ° ) e o °
£ B $oolm o
¥ 5000 s [4°
s > oo e 0 o° s Product O
H - WoneR LN (Sa=8517.69-1830.00 Vo) |
%a 2 A o) °
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g o e ~2_ 2% [0 -
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Fig. 1.—Relationship of 28-day Compressive Strength and Void-Cement Ratio of Concrete
Containing Product D, Class 2, at 0.25 lb per sack of cement.

clude 26 portland cements of types I,
11, and III and 36 combinations of natu-
ral sand and gravel, crushed stone, syn-
thetic lightweight aggregates, and blast-
furnace slag. The results are shown in
Fig. 1.

Analysis of the data by the method of
least squares reveals the following rela-
tionship between compressive strength
at 28 days and void-cement ratio by
volume:

S8, = 8517.50 — 1830.00 V,

S, = 8180.69 — 199217 V,

3 ASTM Method of Making and Curing Con-
crete Compression and Flexure Test Specimens
in the Laboratory (C 192) and ASTM Method
of Test for Compressive Strength of Molded
Conecrete Cylinders (C 39), 1958 book of ASTM
Standards, Part 4.

Void-cement ratio is calculated as fol-
lows:

where W water content, A air
content, and C = cement content, all by
absolute volume of the concrete. The
coefficient of correlation for Eq 1is 0.787,
whereas that for Eq 2 is 0.805, indicating
that the probability that the indicated
relationship is by chance is less than 1 in
1000 in each instance.

These relationships indicate that on
the average, at constant air and cement
content, for air-entrained concrete an in-
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TABLE IL.—PROPORTIONS AND PROP-
ERTIES OF CONCRETE USED IN EVALU-
ATION OF TWO WATER-REDUCING
RETARDERS FOR APPLICATION IN FAB-
RICATION OF STEAM-CURED PRE-
STRESSED UNITS.

Air-En- :
: Admixture
é;;‘;%‘:e Concrete
Ttem Without
Water-
Reducing {Product| Product
ture B® A0
Materials per cu yd:
Cement, Ib.........[ 728 658 | 658
Sand, Ib........... 956 1033 {1033
Stone, Ib........... 2005 2074 (2074
Water,1b.......... 278 238 | 228°
AEA,o0z........... 5.75 0.5 1.0
Air content, per cent. 3.2 2.8 5.1
Water-reducing ad-
mixture, Ib. .. .. .. 1.5 1.5
Properties of the Con-
crete:
Slump, in. ... ...... 2.75 2 3
Unit weight, b per
euft............ 150.7 152.0| 147.6
Temperature of the
concrete as cast, deg
Fahr............ 72 73 73

@ Product B and product A are members of
class 2 and 1, respectively.

b Including water content of solution in which
the water-reducing admixture is introduced.

crease of 19 per cent in 28-day compres-
sive strength can be expected using job-
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selected materials, even if the water
reduction effected by the admixture is
only 5 per cent. For concrete containing
no air-entraining admixture, the expected
average increase in 28-day compressive
strength is 15 to 18 per cent if the water
requirement is reduced 10 to 15 per cent
by introduction of the admixture at the
rate of 0.25 lb per bag of cement.

APPLICATION OF WATER-REDUCING Ap-
MIXTURES AND SET-RETARDING
ADMIXTURES IN CONCRETE
CONSTRUCTION

Water-reducing admixtures and set-
retarding admixtures are being used
widely in all types of concrete construc-
tion. However, the specific effects pro-
duced in concrete by these admixtures
depend to considerable measure on var-
ious factors, such as the characteristics
of the cement and aggregate, the proper-
ties and proportions of other admixtures,
and the ambient conditions, particularly
temperature. Moreover, their full value
and greatest economy frequently can be
achieved only by a change in the propor-
tioning of the concrete mixture otherwise
employed.

For these reasons, laboratory or field
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trials are essential to select the optimum
admixture formulation or proportion of
admixture to be used. Every precaution
should be taken to assure that the ad-
mixture is properly and uniformly dis-
pensed. When engineers, technicians, and
concrete crews become familiar with the
properties and use of particular water-
reducing, set-controlling admixtures, lit-
tle or no outside assistance ordinarily is
required in their application.

Prestressed Concrete:

Water-reducing and set-retarding ad-
mixtures have found widespread, bene-
ficial application in prestressed concrete,
both pretensioned and posttensioned,
both from the standpoints of economy
in concrete-making materials, early re-use
of forms, ease of placing and compaction,
and general quality of the product in
terms of early and ultimate strength and
reduced cracking. Use of properly se-
lected admixtures of these types produces
initial retardation sufficient to permit
consolidation of heavily reinforced mem-
bers into homogeneous units free from
discontinuities in the concrete; yet, the
compressive strength ordinarily exceeds
that of equivalent plain concrete mix-
tures after about 6 hr of steaming.

Detailed tests were performed at a
concrete plant in Illinois during August
1957 to determine the development of
early compressive strength of concrete
with varying duration of preset time* and
steam cured at 135 F. A comparison was
made between air-entrained concrete
without other admixture and air-en-
trained concrete containing either prod-
uct A4, class 1, or product B, class 2, at
the rate of 1.5 b per cu yd (Table I and
Fig 2).

For the air-entrained concrete without
other admixture little increase in com-
pressive strength at early ages is achieved

4 Preset time is the period between completion

of placing of conerete in a unit and the applica-
tion of heat.
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by variation of preset time in the range
applied and the maximum compressive
strength achieved after 12 hr of steaming
at 135 F is less than 3000 psi.

For the admixture concrete, the com-
pressive strength after given time of
steaming at 135 F increases with increase
in preset time, at least to 5 or 6 hr of
preset time.

Both product 4 and product B con-
tain only minute proportions of chloride
compounds, these being present in resid-
ual amounts in the raw materials. The
amount of chloride contributed to a con-
crete mixture by these admixtures is
similar to that introduced in mixing
water.

A water-reducing admixture was used
in fabrication of posttensioned girders for
a highway bridge over the Santa Clara
river, near Saticoy, Calif. (2). In this
work, curing time was cut from 25 to 14
days by use of a water-reducing retarder
of class 1, product A (3,4). With the ad-
mixture used at 0.25 Ib per sack of ce-
ment, the concrete achieved a compres-
sive strength of 5200 psi in 14 days, the
average at 28 days being 6250 psi. Ear-
lier tests of equivalent concrete without
admixture indicated that a compressive
strength of 5200 psi was not attained
until 28 days after placing.

Use of prestressed concrete design of
the Gorgas Lane bridge in Philadelphia,
Pa., is said to have saved the city 20
per cent of the cost of the originally pro-
posed steel bridge (5). Of particular sig-
nificance is the novel sequence of con-
crete placing. The spans of the bridge are
120 ft long and the roadway is 68 ft wide.
The contractor developed a procedure by
which he could place each span in two
halves, thatis, 120 ft long and 34 ft wide.
The supporting girders are 12 in. wide
and 7 ft deep; 260 cu yd of concrete were
placed in each continuous pour. Placing
time was 8 to 10 hr. By using a retarder
of class 3 (product H) in the concrete of
the girders, the hardening was delayed
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until the slab was placed. The concrete
then was revibrated along the centerline
of the girders, making a slab and girder
a homogeneous structural unit. Such a
procedure would not have been feasible
if a retarder had not been used. Rapid
strength gain after hardening permitted
early release of tension from the pre-
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than 2 X 108 psi before removal of the
roof form. The average time required was
three days. During the summer a water-
reducing retarder (product E) was used
so as to allow ample time for placing and
finishing operations. In winter an accel-
erating water-reducer of class 2 (product
F) was used. During the spring and fall,

F16. 3.—View of the Guggenheim Museum in New York City, N. Y.

stressing wires and so contributed to the
speed of construction.

Buildings; Floating Structures:

Three admixtures of class 2 (products
D, E, and F) were used in construction
of the Dallas Memorial Auditorium in
Dallas, Tex. (6). These admixtures were
employed to obtain the required work-
ability at the specified low water-cement
ratio (5.0 gal per sack), and rapid
strength gain to permit prompt removal
of the forms. The specifications required
a modulus of elasticity equal to or greater

a water reducer of class 2 (product D)
having little effect upon rate of harden-
ing of concrete was used.

The Guggenheim Museum recently
constructed in New York City (Fig. 3)
(7 has an outer surface in the form of a
conical helix increasing in diameter up-
wardly and an inner surface in the form
of a helical cone decreasing in diameter
with increase in elevation. Because of
this complex design, the contractor chose
to use a retarding admixture (class 3,
product H) to minimize the difficulties
resulting from the involved form work
and reinforcement. Among the principal
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considerations prompting use of an ad-
mixture was the reduced finishing time
and improved workability and strength.

Water and sewerage works place espe-
cially stringent demands upon the per-
formance of concrete because of the rigid
requirements for resistance to leaching,
freezing-and-thawing durability, low per-
meability, workability and placeability
to minimize segregation and to assure a
dense structure.in the concrete, freedom
from cracks, and volume stability. Ad-
mixtures of classes 1, 2, and 3 have been
used in several hundred water and sewer-
age treatment plants in.the United States
and Canada.

Product H, a water-reducing retarder
of class 3 has been used in many fleating
concrete structures, su_ch as concrete
ships, barges, dry-docks, and piers. This
admixture was employed in the majority
of floating concrete structures described
as “notable concrete structares” by the
American Concrete Inst. (8). A water-
reducing retarder was used in the con-
crete ship program during World War IT
to assist in joining new concrete to old,
to increase strength of the concrete, and
to decrease water content for given
slump (9).

Tunnel Concrele:

Concrete tunnel linings present many
problems for which water-reducing and
set-retarding admixtures are very valua-
ble. Water-reducing admixtures and set-
retarding admixtures of classes 1, 2, and
3 have been used in many major railroad,
water, and highway tunnels. Of especial
importance in the construction and oper-
ation of these tunnels are such properties
as workability of the concrete so as to
permit extensive handling and consolida-
tion into a dense, homogeneous mass free
from segregation and honeycombed por-
tions, retardation of less of workability
and hardening because of delay com-
monly necessary between mixing and
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placing, low permeability, volume sta
bility, resistance to abrasion and cavita-
tion, and quality of the finished or formed
surfaces.

In construction of the Fort Pitt Tunnel
at Pittsburgh, Pa. (10) a water-reducing
retarder of class 1 (product A4) is being
employed to increase slump of concrete
without increasing water-cement ratio
above the specified maximum, increase
compressive strength 10 per cent above
that obtainable with equivalent air-en-
trained concrete without the admixture,
maintain workability and pumping quali-
ties under the conditions of placing
required, and increase unit weight to
minimum of 146 b per cu ft.5 The opti-
mum ajg-entrained concrete without the
adﬁmixt\ﬁe meeting the specification re-
quirements produced a compressive
strength of 3000 psi at 7 days but the
slump was approximately 2 in.

Use of product 4 in combination with
a proprietary air-détraining admixture
increased slump to 5% in. at a cement
content of 6} sacks and a water content
of 31% gal per cu yd. Air content is 4 to
4.5 per cent. Typical tests indicate the
following development of compressive
strength:

2 days. .... 2000 psi 14 days..... 5200 psi
4 days..... 3400 psi 21 days..... 5900 psi
7 days. .... 4500 psi 28 days..... 6300 psi

Specifications require that the concrete
in the tunnel walls develop a compressive
strength of 1500 psi before the forms are
moved; this strength is consistently de-
veloped in less than 48 hr.

In construction of the Tecolote Tunnel
a water-reducing retarder was used in
combination with a pozzolan (11). Tuthill
and Cordon (12) have summarized re-
sults obtained in the concreting of the
lining of the outlet portion, where air-
entrained concrete without admixture

& All data on the Fort Pitt tunnel construction

were kindly supplied by the Pennsylvania De-
partment of Highways.
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was used in 4000 cu yd and concrete
containing an admixture of class 1,
product A was used in 16,000 cu yd of
lining at the rate of 1.75 b per cu yd.
A calcined natural pozzolan was used at
the rate of about 100 1b per cu yd. An
average of 33 tests of the concrete with-
out admixture and of 134 tests of the
admixture concrete indicated that the
water content was decreased from 298 to
270 Ib per cu yd; slump was held essen-
tially constant at 3.9 and 4.1 in. for the
two concrete mixtures, respectively, and
compressive strength at 28 days was in-
creased from 4390 to 5474 psi.

Pavements and Other Slabs:

Of prime importance in placing of
pavements and other concrete slabs are
such factors as minimal water content
consistent with adequate workability and
placing quality, retardation sufficient to
avoid “cold joints” or separations be-
tween successive batches of concrete,
minimal settlement and cracking of the
fresh concrete, finishing qualities, and
strength, volume stability, and weather-
ing and scaling resistance of the concrete.

A significant paving job involving use
of water-reducing and set-retarding ad-
mixtures was construction of the flight
apron at Boeing Field in Seattle, Wash.
(13). Three requirements were placed
upon the concrete: (1) high early strength
was necessary so that the load of 200-ton
bombers could be applied after 3 or 4
days, (2) a maximum of 1} in. slump
was allowed, (3) good workability was
required. These qualities are reported to
have been achieved by use of type III
portland cement, an air-entraining ad-
mixture, and an admixture of class 3
(product H). The air content averaged
about 3.5 per cent; slump ranged from
1 to 1} in.; flexural strength averaged
750 psi and compressive strength 5500
psi at 28 days.

A water-reducing admixture of class 1
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(product A) was used in pavement con-
crete during construction of a banked
high-speed plane turn-off during exten-
sion of the Weir Cook Municipal Air-
port, Indianapolis, Ind. (14). The new
paving includes 180,000 sq yd of con-
crete. Specifications for the concrete re-
quired a minimum of 5.5 sacks of cement
per cu yd, 3.5 per cent of air, and 0.25 1b
of product 4 per sack of cement. The
flexural strength by the three-point load-
ing method was required to be at least
700 psi at 28 days. This mixture was
workable at a slump of 1% in. The low-
water content and rapid-strength de-
velopment permitted the contractor to
run his spreaders and finishing machines
on the pavement after 3 days of curing,
without damage to the concrete. The
low-slump concrete lay in place on the
super-depressed turnouts, without move-
ment to the low side such as usually
occurs from the working of the finishing
screeds. The average flexural strength at
28 days determined on 101 sets of speci-
mens was 746 psi. It was found neces-
sary to increase the cement content from
5.5 to 6.5 sacks per cu yd when the water-
reducing admixture was omitted.

A water-reducing admixture of class 2
(product J) was incorporated in con-
crete in critical sections of O’'Hare Field
near Chicago, Ill., primarily to reduce
placing time. Use of the admixture im-
proved workability and compressive and
flexural strength with respect to those
properties of equivalent air-entrained
concrete without admixture so that the
contractor was permitted to use the mini-
mum cement factor allowable under the
specifications. Economies were effected
through more efficient use of equipment
because of high-early strength develop-
ment in the placed concrete.

Projects C-28 and C-29 of the Ohio
Turnpike illustrate the use of product 4,
class 1, at 0.25 1b per sack of cement to
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achieve high early strength.® The initial
trial of the admixture was because of the
desire of the contractor to use the pave-
ment as early as permissible. Data from
the permanent job record for these
projects are as follows:

DEs1GN CRITERIA

Compressive strength at 28 days. .. ..
Flexural strength at 28 days.........

AVERAGE RESULTS ACHIEVED

Admixture Concrete With-
Concrete out Admixture
Age, days
Compressive Strength, psi

T 3716 2807
4. 4098 3334
28. ... 4438 3851
Flexural Strength, psi
3. 612 462
S 643 505
T 667 548

The concrete mixture was unchanged
except for a reduction of water content
and water-cement ratio with introduction
of the water-reducing retarder. Weather
and operating conditions are reported to
have been identical.

Slip Forming:

Water-reducing admixtures and set-
retarding admixtures assist in control of
the workability, placeability, hardening,
and strength development of concrete
essential to efficient and economical slip-
forming operations.

A typical example of the beneficial use
of retarders in slip-forming construction
is the recently completed bleaching plant
of the firm of Hollingsworth and Whitney
in Mobile, Ala. A retarder aided in avoid-
ing development of cold joints in the
concrete and also was found to assure
quick development of strength after
hardening of the concrete so as to main-

% The ensuing data were kindly supplied by
the J. A. Jones Construction Co., Norwalk, Ohio.
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tain the rate of elevation of the forms at
a maximum. The structure contains nine
towers which are 14 ft in diameter and
60 ft high. Placing of the concrete was
completed in only 7 days. Water re-
quirement was reduced materially by use
of an admixture of class 3 (product H)
while the slump was maintained at 4 in.
for optimum workability of the concrete.

Slip-form construction of grain stor-
age elevators for the A. E. Staley Manu-
facturing Co., Decatur, Ill., illustrates
use of water-reducing admixtures of class
27 The elevators are 20 ft in diameter
and 145 ft high. The specifications re-
quired a compressive strength of 3000
psi at 28 days. Nine to eleven days were
required for the placing of concrete in
each elevator unit, the longer time being
required during —11 to 33 F weather.
Slump ranged from 4 to 6 in. and strength
ranged from 4000 to 5000 psi at 28 days.
By using an accelerating water-reducing
admixture on the cold days at 0.5 Ib per
sack of cement, the contractor was able
to jack the forms as fast as on jobs con-
structed during warm weather. An in-
spection after three years indicates that
these extreme conditions produced no
adverse effects on the concrete.

Prefabricaled Concrete Unils:

Of prime importance in precasting of
structural elements are workability,
placeability, controlled rate of hardening,
rapid strength gain, finishing qualities,
and control of cracking both before and
after hardening of the concrete. One
example of precast of structural elements
is the decking of the great highway bridge
across Lake Pontchartrain, La. (15). The
entire deck and girder element for each
span was cast in a single unit. Spans are
56 ft long. Eight such elements were cast
each day in a single bed. A water-reduc-
ing retarder (product H, class 3) is re-

7 The following data on this construction were
kindly supplied by the A, E. Staley Manufactur-
ing Co., Decatur, 111
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ported to have been of great value, par-
ticularly because of variable weather
conditions. The initial retardation of
hardening permitted complete consolida-
tion of the 89 cu yd of concrete in the
bridge section even in the hottest
weather, and rapid build-up of strength
after hardening of the concrete permitted
early release of the tension on prestressed
wires. For these members, compressive
strength at 3 days averaged well over
4000 psi.

Tilt-up wall construction is another
important class of prefabricated concrete
construction in which water-reducing
admixtures have found wide application.
During construction of the General Serv-
ice Administration warehouse in Rome,
Ga., a water-reducing, set-controlling
admixture of class 2, product G was used
in all wall panels.® Most of the walls were
tilted up at 6 days at which time the
compressive strength was found to ex-
ceed the value of 1800 psi required at 7
days. No panels were lost because of
cracking of the concrete. In floor slabs
on this project, concrete containing the
water-reducing admixture is reported to
display less shrinkage cracking than does
comparable plain concrete.

Tilt-up panels are used abundantly in
southern California, where hot and dry
conditions are conducive to loss of worka-
bility and development of shrinkage
cracks in the plastic concrete. Expe-
rience has demonstrated that cracking of
plastic concrete can be greatly reduced
in some situations by use of an admixture
of class 2, either in concrete containing
portland cement and a pozzolan or port-
land cement alone.

Mass Concrete:

Water-reducing retarders can contrib-
ute significantly to the quality, economy,
and ease of placing of mass concrete.

8 Data on this construction were kindly sup-

plied by the Johnson and Johnson Construction
Co., Rome, Ga.
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Water-reducing admixtures of classes 1,
2, and 3 have been used in over 100 con-
crete dams and also in appurtenant works
in the United States, Europe, Canada,
Japan, and South America.

Projects requiring substantial volumes
of mass concrete commonly are in remote
areas of rough terrain where the cost of
cement is high and where the distance
between batching plant and the various
features of the project require long haul
and great distances of pipeline transpor-
tation of concrete. By use of a water-
reducing retarder a low water-cement
ratio can be maintained or reduced even
at reduced cement content. Also, the
improved workability, resistance to seg-
regation of the concrete mixture during
transportation, and improved pumping
quality of the concrete provide important
advantages in use of the admixture.

The lower cement content commonly
made possible by the admixture not only
reduces cost of the concrete but decreases
heat generation and temperature rise in
the structures. In addition, available
data show that water-reducing retarders
of classes 1 and 3 delay the liberation of
heat by portland cement and reduce the
maximum temperature attained during
hydration (16,17). The total heat released
from a given quantity of cement is not
altered appreciably.

The Bersimis-Lac Cassé Project of the
Hydroelectric Power Commission of Que-
bec, in south-central Quebec, exemplifies
use of a water-reducing retarder in mass
concrete (18,19). Product A4, class 1, was
employed on this project in 400,000 cu
yd of concrete, at the rate of 1.5 Ib
per cu yd. The concrete was mixed at
a central mixing plant and transported
in open-bodied, 8 cu yd capacity trucks
for as much as 8 miles before its deposi-
tion in pneumatic placers or pumping
machines. The specifications for the 18-
in. thick tunnel lining required a com-
pressive strength of 3000 psi at 28 days.
With the admixture, the strength ob-
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tained averaged 3900 psi at that age.
There was “practically no segregation”
of the admixture concrete as it was de-
livered at the placing machines and
workability was maintained for as long
as 2 hr after completion of the mixing
at the central concrete plant. In the
tunnel, the concrete was placed against
rock at a temperature about 50 F, yet
rapid strength gain permitted slipping
of the forms in 11 hr so that they could
be reset and re-used on a 24-hr cycle.

The Tri-Dam project, located in east-
central California has provided unusually
complete data for determination of the
relative cost of concrete in large scale
construction when a water-reducing ad-
mixture is used. Primary features of the
project are Donnells Dam, a concrete
arch, Tulloch Dam, a concrete gravity
structure, and Beardsley Dam, a rolled
earth fill dam with a concrete spillway.?
A total of 518,367 cu yd of concrete were
placed on the project. Any of three
water-reducing admixtures of classes 1
and 2, and an air-entraining admixture
were employed in all of the concrete on
the project except for 18,652 cu yd placed
during the first several months of con-
struction, The concrete containing a
water-reducing admixture was produced
at the same slump and water-cement ra-
tio as was the air-entrained concrete not
containing a water-reducing admixture,
the cement content being reduced but the
compressive strength being maintained
essentially constant.

Detailed records maintained by the
project engineer indicate a net saving of
$0.183 per cu yd of concrete in the cost
of cement at Beardsley Dam, or a total
of $3,982. At Tulloch Dam and appur-
tenances the calculated savings amount
to $102,792 for 236,795 cu yd of con-

? All data on the Tri-Dam project were kindly
supplied by Mr. B. W, Goodenough, formerly of
Tudor-Goodenough Engineers, now President,

Goodenough, Sudman and Overholser, Consult-
ing Engineers, Sacramento, Calif.

SYMPOSIUM ON ADMIXTURES IN CONCRETE

crete placed. Total savings in the cost
of cement for the entire project as a
result of the use of the water-reducing
admixtures were indicated to be $172,475
for the 499,715 cu yd of concrete in
which these admixtures were employed.
The net savings in the cost of the con-
crete-making materials is estimated by
the author to be about one half this
amount in view of the cost of aggregate
necessary to compensate the reduction in
volume of cement and water incorporated
in the concrete. The records take into
account such factors as cost of the
admixtures employed, transportation
charges and taxes imposed on the ad-
mixtures, and handling costs.

DEVELOPMENT OF SPECIFICATIONS FOR
WATER-REDUCING ADMIXTURES AND
SET-RETARDING ADMIXTURES

As with all engineering materials,
water-reducing admixtures and set-re-
tarding admixtures should be purchased
under specifications that assure the pres-
ence of the desired properties, that dem-
onstrate the absence of deleterious ef-
fects, and that permit evaluation of the
uniformity of the admixture from lot to
lot. So far as feasible, the requirements
for concrete admixtures should be based
on performance tests in concrete.

Specifications on water-reducing and
set-retarding admixtures have been de-
veloped and are being used by several
public agencies and by numerous private
engineering and contracting firms.

Briefly discussed below are general
considerations pertaining to such speci-
fications and evaluation of water-reduc-
ing and set-retarding admixtures.

Ascertaining Uniformity of Admixiure
Producis:

It is usually essential to include in
specifications on water-reducing admix-
tures and set-retarding admixtures some
chemical and physical tests as a means
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to compare shipments with previous
samples. However, because of the diffi-
culty inherent in chemical analysis or
organic compounds and mixtures thereof
and because most admixture manufac-
turers are unwilling to reveal details
of the composition of their products, the
identification and comparison of admix-
tures being supplied under specifications
usually will be based upon index tests,
no one of which is specific or definitive.
Physical and chemical tests for this pur-
pose are as follows:

1. Observation of physical nature, ap-
pearance, and microscopical characteris-
tics.

2. Moisture content of solid products.

3. Solids content, nature of solvent,
index of refraction, or specific gravity of
solutions or liquids.

4. Partial or complete chemical analy-
sis, such as content of chlorides, carbo-
hydrates, and other compounds and
radicals of especial interest.

5. Infrared and ultraviolet light spec-
troscopy of active constituents.

6. X-ray diffraction analysis of crystal-
line solids.

7. Solubility of solids in water or other
solvents.

Most of these properties or composi-
tional features indicated above are not
of critical importance themselves within
broad limits. These are determined
mainly to assure uniformity of the
product being supplied. In general, there
is no merit in specifying water-reducing
admixtures by chemical composition be-
cause, again in general, it is infeasible to
control the properties and performance
of admixtures by this means and because
difficulties of chemical analysis preclude
rapid, reliable, quantitative determina-
tion of organic constituents in any but
the most completely equipped and
staffed laboratories. There is substantial
variation in properties and performance,
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as well as in chemical composition, among
the various commercially available wa-
ter-reducing admixtures within each of
the four classes to which reference has
been made in this paper.

Under particular circumstances, cer-
tain compositional features are impor-
tant; in these instances, the significant
qualities should be cited in purchase
specifications. So, for example, the chlo-
ride content of water-reducing admix-
tures proposed for use in prestressed
concrete might be restricted to such a
level that its use will not introduce into
the concrete an amount of chloride
equivalent to more than 0.01 per cent
by weight of the cement, expressed as
calcium chloride (CaCls). This propor-
tion of calcium chloride is in the range
of the proportion of calcium chloride
introduced into concrete in mixing water
in some cities in the United States and is
less than that present in some commer-
cial portland cements.

Performance Tests of Water-Reducing
Admizxtures and Sei-Retarding Admix-
tures:

The main technical basis for selection
of water-reducing and set-retarding ad-
mixtures for concrete should be tests of
concrete containing the admixtures under
investigation. Evaluation of such prop-
erties as strength development, water
reduction, bleeding, and air-entrainment
should not be based upon tests of mortar
inasmuch as significantly different re-
sults may be obtained than would be
observed in concrete.

In general, the tests should be made in
concrete containing the cement, aggre-
gates, and other admixtures proposed for
use in the work. If the particular cement
to be used has not been selected or if
samples of the selected cement are not
available, the cement used should be of
the type specified for the project and
preferably should be a blend of several
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cements conforming with the specifica-
tions and available in the project area.
The aggregate also should meet the re-
quirements of the project specifications.

In order to secure comparative results
in tests of two or more admixtures or of
concrete with and without a water-re-
ducing, set-controlling admixture, par-
ticular attention must be given to such
features as air content, grading of the
coarse and fine aggregate, sand content,
yield, and slump (and other aspects of
consistency pertinent to the work). Ob-
viously, the techniques, apparatus, and
conditions of testing employed should
conform in every detail with standard
specifications and the tests should be
repeated sufficiently to provide statisti-
cally valid data.

Of great importance is the proportion
of the admixture to be used in the test
concrete. Variation in proportion ordi-
narily will affect such properties as water
requirement, air content, rate of harden-
ing, bleeding, and early and ultimate
strength of the concrete. In general, the
factors limiting the utility of a particular
rate of use of each admixture are the
water reduction, strength development,
rate of hardening, and the air content.
With most water-reducing, set-retarding
admixtures, excessive rate of use induces
inordinate retardation. Under no cir-
cumstance should a comparison be made
between strength of plain or plain air-
entrained concrete and that of concrete
containing a water-reducing retarder
without knowledge of the degree of re-
tardation effected in the admixture con-
crete. In general, moderate or marked
retardation induces increased compres-
sive strength of concrete at 7 and 28
days; yet, unless controlled, the retarda-
tion effected in the test may be incon-
sistent with the requirements of the work.

For the most part, the nature of the
work, the ambient temperature condi-
tions, and the distance of transportation
required for the concrete will dictate an
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optimum or necessary range of rate of
hardening, such as may be determined by
ASTM Method C 403“ or bond pullout
pins {20). The admixture should be em-
ployed at the rate recommended by the
manufacturer or at such adjusted rate as
is necessary to effect the desired accelera-
tion or retardation of hardening and
strength development.

The tests stipulated by purchase speci-
fications for water-reducing admixtures
and set-retarding admixtures should eval-
uate such properties as:

Reduction of water requirement,

Air entrainment,

Slump or other pertinent aspects of con-
sistency,

Bleeding of air and water,

Rate of hardening of the concrete at tem-
peratures pertinent to the work,

Compressive strength at ages pertinent to
the design requirements,

Flexural strength at ages pertinent to the
design requirements,

Resistance to freezing and thawing, and

Volume stability under conditions perti-
nent to the work.

OBJECTIVES OF RESEARCH BY PRODUCERS
OF WATER-REDUCING ADMIXTURES
AND SET-RETARDING
ADMIXTURES

The major producers of water-reducing
admixtures and set-retarding admixtures
are sponsoring active programs of re-
search to (1) improve the average or
typical performance of their products,
(2) reduce the effects of cement and ag-
gregate on performance of the admixture,
and (3) develop new or other special
qualities in concrete. Research programs
of the four producers of water-reducing
admixtures with which the authors of
the four jointly prepared papers are as-
sociated are equivalent to about 2.5 to 5
per cent of the gross business of these

10 Tentative Method of Test for Rate of Hard-
ening of Mortars Sieved from Concrete Mixtures
by Proctor Penetration Resistance Needles

(C 403 - 57 T), 1958 Book of ASTM Standards,
Part 4, p. 712.
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companies in sale and servicing of the
products,

Improvement of Typical Performance:

Of primary concern to the admixture
manufacturer is the development of basic
physical and chemical data which eluci-
date the mechanisms controlling the
effect of water-reducing and set-control-
ling admixtures on the properties of con-
crete. Developments such as the reduc-
tion of water requirement for given
consistency, controlling the retardation
and acceleration of hardening under
various conditions, improvement of vari-
ous important engineering properties of
hardened concrete, and control of air
content and of the air-void system in
concrete are of particular interest.

Reduction of Effects of Cemeni and Ag-
gregates on Performance of Admixtures:

Experience as well as research demon-
strates that the performance of water-
reducing admixtures depends to substan-
tial degree upon the properties of the
cement and occasionally upon the prop-
erties of the aggregate. The adverse
effects of some cements and aggregates
on performance of an admixture are pri-
marily a decrease in water reduction and
strength or development of a stiffening
tendency in the concrete. The cause of
these adverse effects largely is not known
at present but considerable research is
being devoted to their elucidation.

Difficulty occasionally is experienced
with combination of air-entraining water-
reducing admixtures and cements or
sands which entrain air. Research on this
problem has developed several air-de-
training agents which may be added to
the concrete at the mixer to reduce ex-
cessive air content to desired levels.

Development of New or Other Special
Qualities in Concrete:

It is occasionally desirable to improve
certain qualities of concrete other than
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those generally thought of as related to
use of water-reducing and set-retarding
admixtures. One such important prop-
erty is the finishing quality of concrete
slabs and other surfaces. Based upon
difficulties experienced with finishing in
certain areas where poorly graded sands
are in wide use, one manufacturer has
developed a formulation which has been
shown by field trials and experience to
significantly improve finishing quality,
primarily by improving workability and
increasing the fattiness and cohesive
character of the near-surface mortar.

Difficulties of Research on Admixtures:

Research in development of concrete
admixtures presents substantial difficul-
ties: (1) Fundamental information on the
physical, chemical and physicochemical
action of admixtures in concrete is so
meager that much of the research and
development of new formulations must
be empirical; (2) Tests of portland ce-
ment mixtures containing water-reducing
admixtures for concrete are reliable only
if concrete is used, rather than mortar;
(3) The well-known limited reproduci-
bility of tests of concrete requires five to
ten rounds of tests even under excellent
standards of control if relatively small,
although significant differences in per-
formance are to be detected; (4) A
thorough evaluation of an experimental
product requires a wide range of tests
before the several important aspects of
performance are evaluated and the lab-
oratory tests should be followed by field
trials under competent supervision; (3)
Selection of the cements and aggregates
for use in the research studies presents
problems, primarily because of the dif-
fering performance of the admixtures
with different cements; (6) Certain quali-
ties of concrete cannot readily be evalu-
ated quantitatively in the laboratory,
especially such features as finishing qual-
ity and shrinkage cracking of plastic
concrete.



232

CONCLUSIONS

Water-reducing admixtures and set-
retarding admixtures of various chemi-
cal classes provide means to control and
improve the properties of concrete, re-
duce costs of concrete without loss of
quality, reduce cost of concreting opera-
tions, and make feasible design and
construction procedures not ordinarily
practicable with concrete not containing
such admixtures. These admixtures are
not a substitute for portland cement.
Rather, they are proposed as a beneficial
component of portland-cement concrete
which, when properly employed, should
improve the competitive position of
portland-cement concrete and broaden
its application.

No one water-reducing admixture or
set-retarding admixture or proportion of
such admixture will produce optimum
qualities in all concrete mixtures under
all conditions. Consequently, evaluation
of the merits of these admixtures for
individual projects and selection of the
admixture formulation and of the rate
of use of the formulation in the concrete
usually are best determined by tests per-
formed with the proposed concrete-mak-
ing materials under conditions approxi-
mating those anticipated on the job.

SYMPOSIUM ON ADMIXTURES IN CONCRETE

Water-reducing admixtures and set-
retarding admixtures should be pur-
chased under specifications which stipu-
late procedures evaluating uniformity
and performance in concrete in relation
to the anticipated conditions of service.
These admixtures are being improved
constantly and more is being learned
about their properties and performance.
Consequently, we look forward to change
and strengthening of specification re-
quirements and methods of testing with
the passing of time.
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DISCUSSION

Mg. E. A. ABDUN-NUR! (presented in
written form) —The author has assem-
bled an excellent array of applications
for these admixtures, and has given a
realistic insight into the specifications
that are being considered by ASTM as
possible standard specifications for this
class of products.

In discussing Eqs 1 and 2, the author
gives coefficients of correlation of 0.787
and 0.805 respectively. Equation 1 re-
fers to data from concrete with an ad-
mixture, while Eq 2 refers to data from
concrete without admixture. For practi-
cal purposes, the two correlations are
essentially the same. However, an evalua-
tion of the reliability of a coefficient of
correlation requires a knowledge of the
probabile error of the coefficient. With the
large number of tests represented by
these correlations, the probable error is
likely to be low, but it would be inter-
esting to know the actual probable errors
of these two correlations.

The writer might add another apph-
cation for water-reducing retarders. This
application has found important use in
bridge work and might be as applicable
to other slabs with extensive areas and
long spans. When a bridge deck or a
building slab is placed either on steel or
on precast beams or girders, a certain
amount of deflection takes place in the
supporting beams due to the weight of
the slab. This progressive deflection
causes cracks in any part of the slab that
has already attained its final set. By
using varying amounts of retarding ad-

! Consulting Engineer, Denver, Colo.

mixture, it is possible to delay the final
set until the whole span has been placed.
Thus, deflections can be accommodated
by the plastic concrete without cracking.

The writer agrees wholeheartedly with
the author regarding the desirability of
performance specifications, has repeat-
edly advocated such specifications, and
has made effective use of them wherever
possible. However, long-time experience
has established the fact that in concrete,
field performance tests on the plastic
material cannot by themselves guarantee
the long-range properties and durability
of the structure. Some other limitations
developed from experience have to be
superimposed and added to the perform-
ance tests to assure the desirable long-
term properties and durability.

In addition, it is essential for the
engineer to know the composition of any
of the ingredients that go into the con-
crete mix. This is necessary so that when
problems arise he can trace the cause,
whereas, when the components of a mix
are not known, as a result of an admix-
ture of unknown composition, it may be
impossible to determine what is giving
trouble. Specifications which permit the
use of proprietary admixtures, the com-
positions of which are unknown, should
not be accepted in good engineering prac-
tice. In addition, there is no assurance
that an article bought by trade name
without any knowledge of its makeup
will not have its composition changed
without the knowledge of the engineer.

“Proprietary” type of admixtures may
be desirable from the standpoint of the
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admixture manufacturer as sales and pro-
motion tools to permit him to claim
something that his competition does not
have. Actually, these are not only not
needed from the engineering viewpoint,
but may in the long run be detrimental
to good engineering practice.

Some of the papers of this symposium
have brought out the fact that fine dis-
tinctions in performance of the various
trade named water-reducing-retarder
type of admixture cannot be confirmed
in actual practice. The writer’s expe-
rience is that given an admixture of
classes 1 or 3, an air-entraining agent,
and an accelerator, one can obtain any
of the properties claimed by the various
patented compounds and can control and
vary these properties as the need arises.
This combination would be ideal for
ready-mixed concrete plants in lieu of
trying to batch a large variety of admix-
tures by trade name.

No one would think of taking chemi-
cal composition requirements out of ce-
ment specifications, or out of pozzolan
specifications, so why permit an admix-
ture specification without requiring
knowledge of its composition or limiting
at least some of its constituents.

The limitation of chloride content sug-
gested by the author is an excellent step
in the right direction, but it must be
supplemented by knowledge of other
chemical constituents to permit a realistic
and proper use of these admixtures.

Mgr. L. H. TuraIL1? (by leiter).—We
are particularly indebted to the author
for including in his excellent paper such
a comprehensive list of concrete con-
struction operations in which some one
of these admixtures has been used with
notably beneficial results. It is encour-
aging to find this wide contemporary
success with these materials because we

2 Concrete Engineer, California State De-
partment of Water Resources, Sacramento,
Calif.
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have come to believe that when prop-
erly used, and the impossible is not
expected of them, they can make a signif-
icant improvement in the quality of con-
crete. It has long been recognized that
increases in strength usually correlate
with general improvement in most other
desirable properties.

Least clearly evident among the bene-
fits of these admixtures is improvement
in workability when slump and air con-
tent is kept the same. Not only salesmen
make these claims; they often appear in
the comments of engineers and construe-
tion men on the performance of these
materials. For instance, it is reported
that concrete pumps perform with less
effort when these admixtures are placed
in the mix with the slump and cement
content unchanged. If such added worka-
bility is not in fact provided, belief that
it has been noted may stem from the
fact that many may still be making the
mistaken assumption we made several
years ago that because more time was
provided before the vibration limit was
reached, slump loss also would be post-
poned. At least two papers in this sym-
posium have clearly shown the error of
such an assumption.

If, however, some added workability
is in fact provided despite loss of slump,
it may be that it is the result of the pro-
longed period of plasticity of very low
penetration resistance, before this con-
crete begins to stiffen. It is our hope that
reproducible quantitative evidence of
such added workability or mobility can
be obtained. The difficulty will be to hold
slump and air content constant.

In his discussion of specifications the
author has provided a thorough outline
of what is worth knowing about an ad-
mixture proposed for use. For evaluating
a product, and for occasional confirma-
tion tests during use of a product, such
an outline of tests and determinations
provides an excellent guide. It will be
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necessary in the forthcoming ASTM
standards for such materials to follow
some such lines.

For routine acceptance of standard
products or materials that have been
fully evaluated prior to use on the job,
it is feared that such fulsome specifica-
tions would be unnecessarily cumber-
some. Probably all that is actually re-
quired is that the materials perform as
expected in job concrete. Regardless of
their merits elsewhere, this is all that
counts to each user. Fortunately this is
readily determined on the job by com-
paring the water requirement, rate of
hardening, and strength at ages perti-
nent to job requirements, of concrete
with and without the admixture. If a
user is not prepared to obtain such infor-
mation about the concrete he is using,
he is unlikely to be in a position to carry
out tests to prove compliance with a
comprehensive specification. Such users
must rely on the integrity of well known
materials supplied under established
brand names.

The effect of these admixtures is
usually so marked that a performance
failure would be conspicuous. For in-
stance, water requirement might increase
for no otherwise explainable reason. In
such cases, however, it is well to check
the job to be sure the cause does not lie
in a change in cement or aggregates, error
in make-up of admixture solution or
failure to stir it with some brands, or
under dosage due to malfunction of
clogged dispensing equipment—before
questioning the character of the admix-
ture as delivered.

It is good to know that research is
continuing. As more is known about what
is happening in cement paste from the
moment it is made until it is part of
strong, serviceable concrete, and about
how admixtures can favorably modify it,
increasingly better workmanship and
service performance with concrete will
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be obtained. An improvement which
would go far in this direction would be
one that would reduce slump loss so that
80 per cent of the original slump was
still present 20 min or so after mixing,
without affecting the vibration limit.
Ideally, such a factor would be adjust-
able from a requirement for long hauls of
centrally mixed concrete in hot weather,
to that for job-mixed concrete in cold
weather to minimize form pressures. We
hope it will not be long before such a
factor is found for modification of pres-
ently available water-reducing retarders.

Mr. RicHarp C. MIELENZ (author’s
closure) —I am most appreciative of the
comments by Messrs. Abdun-Nur and
Tuthill, particularly the supplementary
information they have supplied.

Mr. Abdun-Nur has expressed an in-
terest in the ‘“probable error” of the
coefficient of correlation calculated for
the two equations relating 28-day com-
pressive strength and void-cement ratio.
I have indicated the significance of the
correlation coefficient for the equations
by stating that in each instance the
probability that the indicated relation-
ship is by chance less than 1 in 1000. This
conclusion is based upon tabular data
published in texts on statistical meth-
ods®* showing the maximum value of
the correlation coefficient that can be
expected by chance for the amount of
data involved if there were no correlation
between the variables. An identical re-
sult is obtained by application of variance
tests of the correlation, such as the ¢ test
described by Volk.*

By dint of substantial labor, it would
be possible to establish confidence limits

3R. A. Fisher and Frank Yates, ‘“‘Statistical
Tables for Biological, Agricultural, and Medical
Research,” Oliver and Boyd, Ltd., Edinburgh
and London (1953) (See espectally Table VI).

4+ William Volk, “Applied Statistics for Engi-
neers,” McGraw Hill Book Co., Inc., New York,
N. Y. (1958) (See especially Tables 6.1 and 8.2,
pp. 234, 235).
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of the slope and the least-squares line
represented by the equations. This treat-
ment has not been accomplished ; it would
be worthwhile in a paper dealing specifi-
cally with the correlation of compressive
strength and void-cement ratio of con-
crete.

Messrs. Abdun-Nur and Tuthill have
discussed briefly the proposed approach
to specifications on water-reducing and
set-retarding admixtures. In spite of the
apparent divergence in their point of
view from mine and in their points of
view one from the other, I believe we are
actually in substantial agreement. A good
deal of the apparent difference of opinion
results largely from the fact that each
has emphasized differing stages in the
selection and evaluation of the materials.

In my opinion, specifications on engi-
neering materials must contemplate three
general levels of evaluation and selection,
namely, (1) evaluation of commercial or
natural materials and proprietary prod-
ucts to determine their properties and
performance under a range of conditions
and, if appropriate, in combination with
a variety of other materials, primarily to
establish a list of approved materials for
general application, (2) evaluation of ma-
terials and products with respect to use
in specific work, preferably in combina-
tion with other job materials and under
conditions pertinent to the work, and (3)
routine evaluation of materials received
at the job site to compare the shipments
with previously approved samples and to
determine uniformity.

Manifestly, each of these levels of
evaluation can feasibly be performed
with differing speed and thoroughness.
With respect to admixtures, the last must
necessarily be predicated upon quick
chemical and physical methods, includ-
ing application of what I have called
“index” tests as well as tests in concrete
mixtures to determine such properties as
water requirement, air-entraining poten-
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tial, rate of hardening, and compressive
strength at early ages.

Mr. Abdun-Nur expressed the opinion
that the engineer should know the com-
position of all ingredients of a concrete
mixture. Although this concept appears
to be justifiable, it is not entirely feasible
with respect to chemical admixtures if
the user of these products is to receive at
an early time the advantages of research
and development by producers. During
the period of development and of apply-
ing for patents on new formulations, the
patentee cannot reveal the composition
of his products without danger of prej-
udicing the obtaining of patent rights.
Secondly, in general, without regard to
patents, a producer frequently finds it
essential to restrict release of informa-
tion on his formulations so that he can
maintain his business and receive the
just rewards of his research, develop-
ment, and experience in preparing his
products.

Mr. Abdun-Nur has stated that the
composition of the ingredients of the
concrete should be known so that the
cause of any ‘“trouble” can be ascer-
tained. Speaking of chemical admixtures,
it seems to me that the admixture as a
whole should be evaluated; if it is caus-
ing “trouble” or is not providing benefits
commensurate with the cost, it should
be rejected. It is not the responsibility of
the engineer to provide the admixture
producer with information on how to
reformulate his product.

Mr. Abdun-Nur states that “no one
would think of taking chemical composi-
tion requirements out of cement specifi-
cation or out of pozzolan specifications.”
It is interesting in this connection to note
that the chemical requirements of ASTM
Specifications C 150 on type I portland
cement stipulate limits on only the con-
tent of MgO, S0;, loss on ignition, and

& Specification for Portland Cement (C 150 ~
56), 1958 Book of ASTM Standards, Part 4, p. 1.
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insoluble residue. A type I portland ce-
ment can be certified to conform with
“these specifications and yet the composi-
tion of only 14.25 per cent by weight or
less of the cement need be indicated.
Also, not only has omission of chemical
requirements on pozzolans been thought
of, but it has been done. ASTM Specifi-
cations C 340 - 58 T* on portland pozzo-
lan cement, which may contain 15 to 50
per cent by weight of a pozzolan, include
not one chemical requirement on the
pozzolan. Rather, the specifications de-
pend upon physical requirements, as is
most appropriate, to evaluate the per-
formance of the finished cement.

In my opinion, as has been stated in
‘the text of the paper, limitation of chemi-
cal components of chemical admixtures
should be restricted to those compounds
or elements known or indicated to be
deleterious to portland-cement mixtures
either in general or specifically with re-
spect to the work at hand. This is the
approach taken in development of ASTM
specifications on portland cement; the
chemical requirements serve primarily to
“delimit the potentially deleterious quali-
ties and the physical requirement serve
primarily to demonstrate that the de-
“sired qualities exist at proper levels.

The essential basis for choice and ac-
ceptance of admixtures for concrete
should be cost-performance ratio and
uniformity. Certification by a manu-
facturer of the presence of certain sup-
posedly beneficial constituents will usu-
ally be of no aid to the engineer because
chemicals of the same nominal identity
may yield substantially different effects
in concrete and, in some instances, the
significance of the component will be
unknown to the engineer. Consequently,
revelation of composition of chemical
admixtures will not accomplish what Mr.

¢ Tentative Specification for Portland-Poz-
zolan Cement (C 340-58 T), 1958 Book of
ASTM Standards, Part 4, p. 15.
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Abdun-Nur apparently hopes to achieve
by demand for such information.

Mr. Abdun-Nur has stated that “fine
distinctions in performance of the various
trade named water-reducing-retarder
type of admixtures cannot be confirmed
in actual practice.” Water-reducing re-
tarders vary substantially in many re-
spects, such as rate of use for given
retardation, water-reduction achieved,
and influence on strength of the concrete.
The variation is even greater if compari-
son is made among raw materials of the
type employed as the main constituents
of the manufactured water-reducing re-
tarder products. These conclusions are
supported by the abundant data included
in this publication, particularly the con-
tributions of Messrs. Wallace and Ore’
and of Messrs. Tuthill et al.®

Mr. Abdun-Nur has noted that he has
achieved satisfactory results by com-
bining an admixture of classes 1 or 3, an
accelerator, and an air-entraining agent,
and varying the amounts of each as the
need arises. There is no doubt that with
proper selection of materials and control
of the formulation of the admixture that
satisfactory results can be obtained in
this way. The decision must remain with
those responsible for the concrete-making
operation as to whether they wish to (1)
assume the tasks of locating sources of
suitable raw materials, determining the
composition and properties of successive
shipments, and formulating and storing
the admixtures, or (2) depend upon a
manufacturer of these admixtures for
these services as well as for the continu-
ing research which they are carrying for-
ward.

As indicated by Mr. Tuthill, quanti-
tative evaluation of the effect of water-
reducing admixtures upon workability
of concrete is needed badly. Reports from
engineers, contractors, and workmen fre-

7 See p. 38 of this symposium.
8 See p. 97 of this symposium,
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quently indicate improvement in worka-
bility when such admixtures are used,
not only in decrease in segregation and
improvement in placeability but also in
the finishing characteristics of floors and
pavements. Reference has been made in
the paper to reports of this type by en-
gineers in connection with a variety of
concreting operations. Probably the main
effect of water-reducing retarders on
workability is development of retarda-
tion sufficient to make possible or to
facilitate completion of placing and fin-
ishing under difficult conditions. In any
event, conclusions of users about the
beneficial effect of water-reducing admix-
tures upon workability are sufficiently
firm that they are a determining factor in
the continuing use of these admixtures
in certain areas and in the choice of the
admixture product.

Skeen® has reported results of tests of
workability of concrete containing any
of several selected surface active agents,
including (1) an anionic wetting agent
based on sodium higher alkyl sulfates,
(2) a nonionic surface-active agent con-
sisting of condensation products of poly-
ethylene oxide with substituted phenols,
(3) a proprietary air-entraining agent
consisting of a triethanolamine salt of
sulfonated hydrocarbons, and (4) an im-
pure calcium lignosulfonate. Mixing of

9J. W. Bkeen, “Effect of Vacuum Mixing on
Concrete Containing Surface-Active Agents,”
Proceedings, Thirty-first International Congress
of Industrial Chemistry, Liege, Sept., 1958.
(Reprinted by the Building Research Station,
England, as Reference QL-622.)
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the concrete was conducted under re-
duced air pressure (16 to 17 mm of mer-
cury) to reduce air entrainment to a
minimum. Air content was very nearly
2.0 per cent for all of the mixtures, in-
cluding the plain concrete, except for
agents 1 and 3 (above), for which the air
content was about 2.3 and 2.7 per cent,
respectively. Workability was gaged by
a ‘‘practical compacting factor,” this
being the “ratio of the weight of the
concrete in the test vessel (after com-
paction in a standard manner) to the
maximum weight attainable by vibra-
tion, the latter being adjusted so as to
avoid, as far as possible, the loss of en-
trained air.” Based on the results ob-
tained and recognizing the fairly high
experimental errors of the procedure, the
author concludes that agent 2, above,
‘“improves the working qualities” of
concrete and agent 4, above, gives
“marked improvement in working quali-
ties as measured in the compacting factor
test,” in addition to that due to any
entrainment of air in the concrete mix-
ture. The calcium lignosulfonate was
employed at the rate of 0.15 and 0.30
per cent by weight of the cement; the
rate of use of agent 2 was not reported.

I agree completely with Mr. Tuthill’s
comments on the need for continued re-
search to control loss of slump or other
aspects of consistency of concrete. It is
especially helpful to have his recommen-
dation on criteria to serve as a goal for
the research now in progress on this
important characteristic of fresh con-
crete.
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SUMMARY

By BRUCE FOSTER!

This closing paper is a summary of the
main points brought out in the sympo-
sium.

CLASSIFICATION AND QUALIFICATION
OF MATERIALS

The water-reducing admixtures and
set-retarding admixtures discussed were
divided into four classes: (1) Ligno-
sulfonic acids and their salts, (2) modi-
fications and derivatives of lignosulfonic
acids and their salts, (3) hydroxylated
carboxylic acids and their salts, and (4)
modifications and derivatives of hy-
droxylated carboxylic acids and their
salts. In each, the primary component
has both water-reducing and set-retard-
ing properties. These may be modified by
the addition of other components to give
various degrees of retardation, no ap-
preciable change in setting time, or ac-
celeration, while at the same time pre-
serving water-reducing properties.

Some of the admixtures are produced
by refining sulfite liquors from the wood
pulp industry. In these it is necessary to
reduce the sugar content, and of course
it is desirable to produce a uniform
product in all cases.

Data are included on the performance
of a number of admixtures of varying
sugar contents and it was concluded that
the sugar content, per se, was not an
important factor. However, these data
covered only satisfactorily refined prod-
ucts. High sugar content in unsuitably
refined products has resulted in exces-
sive retardation.

1 National Bureau of Standards, Washington,
. C.

Copyright© 1960 by ASTM International

This summary refers only to materials
which have been suitably refined and
controlled in their manufacture and which
have been used successfully in concrete.
It does not necessarily refer to all the
many other materials which might be
included in one of the four general chemi-
cal classes.

NATURE AND ACTION OF
THE ADMIXTURES

The admixtures discussed in the sym-
posium are surface active chemicals
which are adsorbed on the cement grains,
giving them a negative charge. The
presence of the adsorbate, and the charge,
was pictured as resulting in () a re-
duction of the interfacial tension, (b)
an increase in the electrokinetic potential,
and (¢) a protective sheath of oriented
water dipoles around each cement par-
ticle. The resulting reduction in natural
flocculating tendency of the cement par-
ticles then leaves them with increased
mobility, and the water freed from the
restraining influence of a highly floc-
culated system becomes available to
lubricate the mix. Less water is re-
quired, therefore, for a given consistency.

To offer a mechanism explaining set
retardation Hansen first advanced a
solid state reaction theory to explain the
role of calclum sulfate, normally in-
corporated in portland cement, in
modifying the setting properties of
cement. He pictured the surfaces of
cement crystals as consisting predomi-
nantly of Cat+ and O~ ions. When ex-
posed to water, the Ca*t ions attract
OH- ions of the water and the O~ ions
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attract the HzO" ions. The rate of chemi-
sorption and migration of these ions
from the water into the crystals of the
cement minerals was regarded as de-
termining the setting and hardening
characteristics of the cement. The rate
may be modified by controlling the con-
centrations of OH~ and H;Ot ions
available to the surfaces of the cement
particles and by controlling the amount
of surface available to the ions.

As the large admixture anions and
molecules are adsorbed on the cement
particle surfaces the hydration is blocked
and the hardening process slowed. Later,
as a result of reaction between the or-
ganic salts and tricalcium aluminate
from the cement, the former are removed
from the liquid phase of the system by
precipitation. This explanation is in
qualitative agreement with observations
that retarding admixtures are often
particularly effective with low tricalcium
aluminate cements and that the initial
retardation period is followed by rapid
hydration and hardening of the paste.

In a prepared discussion, Steinour? ad-
vanced arguments against the solid state
reaction theory on the basis that such
reactions could not proceed fast enough.
He agreed, however, with Hansen’s?
treatment of the mechanism by which
retarding admixtures achieve their ef-
fect.

EFrFEcTS ON Prastic CONCRETE
Waier Reduction:

Water-reducing admixtures permit the
use of less water, with the same slump,
and were indicated as being effective
with a wide variety of concretes. The
water reduction was reported to vary
from 5 to 15 per cent, but a portion of
the reduction in many cases is due to
entrained air which may result from use
of the admixture.

2 See p. 25 of this symposium.
% 8ee p. 3 of this symposium.
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The agents have been found to be
effective with all types of portland ce-
ment, with portland blast-furnace slag
cement, with portland pozzolan cement,
and with high alumina cement. The
range in the performance of a given ad-
mixture with a number of cements of the
same type is likely to be greater than the
difference in performance of a number of
properly formulated admixtures of the
same type when used with the same
cement. Evidence was presented indicat-
ing that generally the admixtures are
more effective with cements low in tri-
calcium aluminate and alkali content
than with those in which these con-
stituents are higher. The benefits when
used with some cements are very small.

It was brought out that the amount of
water reduction is also influenced by ad-
mixture dosage, cement content, type of
aggregate, and presence of other admix-
tures such as air-entraining agents and
pozzolans.

Retardation:

Like water reduction, retardation of
set and extension of the vibration limit
have been produced with a wide variety
of concretes and under a wide variety of
conditions. And, in a similar manner, the
amount of retardation obtained is de-
pendent upon the specific admixture
used, its dosage, and the brand and type
of cement. Retarding admixtures were
said to retard the set at all temperatures,
the amount being dependent upon the
dosage.

With class 1 and class 3 agents the
degree of retardation can be controlled
by varying the dosage, provided that the
allowable air content is not exceeded.
Overdosage of properly formulated re-
tarders was said to normally cause no
permanent reduction in strength of the
concrete provided the concrete is pro-
tected from drying, and forms are not
removed too soon. Other data, however,
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showed an average loss in strength of
about 25 per cent.

With class 2 and class 4 retarders there
may be no retardation or there may even
be acceleration, both properties being
brought about by the addition of a
catalyst or of an accelerator.

Air Entrainment:

The use of class 1 admixtures in normal
doses was described as generally entrain-
ing about 2 to 3 per cent of air. Tests
reported show that the bubble spacing,
and hence effectiveness from a durability
standpoint, of such entrained air is in the
same range as that produced by regular
air-entraining agents. Class 2 admixtures
may contain an additional air-entraining
component or may be used with an air-
detraining agent, as required by job con-
ditions. It was pointed out that class 3
admixtures do not normally entrain air,
but that they may be used with air-
entraining agents or the latter may be
included in the formulation of a class 4
agent. Usually when a water-reducing
admixture is added to an air-entrained
concrete the dosage of air-entraining
agent must be reduced to maintain the
same air content, even with a class 3
admixture. The degree of the effect may
be different in laboratory mixes than in
field concrete,

Bleeding:

Water-reducing admixtures that en-
train air reduce bleeding. This reduction
is due to the entrained air and the lower
water content. Water-reducing admix-
tures that do not entrain air were re-
ported to increase the rate and amount
of bleeding. Such bleeding was suggested
as being responsible for a portion of the
strength increase observed with the use
of such admixtures.

Slump Loss:

While reduction in slump loss occurring
between mixing and placing was claimed

SYMPOSIUM ON ADMIXTURES IN CONCRETE

for retarding admixtures, two authors
reported data showing no improvement
and one case was cited where the prob-
lem was aggravated by addition of
lignin.* However, as will be mentioned
later, water-reducing admixtures were
indicated as having an application under
conditions where slump loss is a problem.

ErrecTs ON HARDENED CONCRETE

Sirength:

Strength at 28 days—The reduction in
strength due to entrained air may nor-
mally be compensated for by the increase
in strength brought about by the reduced
water and sand content made possible
by the presence of entrained air. The
portion of the water reduction brought
about by a water-reducing admixture
which is in excess of that due to any air
which may be introduced through its
use results in a net increase in strength.
Further, in general, this increase in
strength was reported to be greater than
would be expected simply from the
amount of water reduction produced.

An analysis of one extensive block of
data with one admixture in which 28-
day strengths were compared with the
ratio of water-plus-air to cement con-
tents showed that, on the average, and
with air-entrained concrete, a 19 per
cent increase in strength resulted from
the use of the admixture even with a
water reduction of only 5 per cent. For
concrete with no air-entraining admizx-
ture 15 to 18 per cent increase in com-
pressive strength might be expected with
a water reduction of 10 to 15 per cent.
In many mixes the strength was con-
siderably lower or higher than the
averages given, and the average for other
brands and types of admixtures would in
general be different.

Water-reducing admixtures were found
to be particularly advantageous in mass
concrete where pozzolans were used. It

4 See under Finishing Characteristics, p. 60
of this symposjum.
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was suggested that the admixture might
increase the pozzolanic activity.

Increases in compressive strength were
reported to be accompanied by increases
in flexural, tensile, shearing, and bond
strength. Usually the improvement in
flexural strength is less pronounced than
that in compressive strength. The bond
strength may be benefited not only by
the increase in concrete strength, but
also by improvement in bleeding and
volume change characteristics. The re-
sistance to abrasion may also be im-
proved.

Strength at Other Ages—When retard-
ing or accelerating admixtures are em-
ployed, the rates of strength gain are
altered. In most cases a retarder should
be effective only for a limited period,
after which the concrete should gain
strength rapidly to reach normal or
higher levels at 1 day. Properly formu-
lated retarding admixtures were said to
perform in this manner unless the dosage
is too large. The strength increase, ex-
pressed as a percentage, is usually greater
at 3- and 7-day than at 28-day and later
ages. This is particularly true for type I
cements.

Strength tests on hermetically-sealed
cylinders at ages up to 5 yr showed that
strength advantage due to the admixture
is still present at those ages.

Permeability:

Data were presented indicating that
concretes made with water-reducing ad-
mixtures had a substantially lower
permeability to water under pressure as
compared to similar concretes without
admixture and with the same or higher
cement factor.

Volume Change:

Other factors being equal, the dimen-
sional stability of concrete as a function
of moisture content depends upon the
original water content of the concrete.
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A reduction in original water content
brought about through reduction in
water-cement ratio, or a reduction in
cement content while maintaining the
same water-cement ratio—as shown to
be possible by using a water reducing
agent—may lead to less volume change
with varying moisture conditions. Data
presented by two authors showed some
reduction in drying shrinkage in some
cases, none in others. The effect is not
large. It was brought out in the discus-
sion that shrinkage was reduced with
higher-SO; cements and increased with
lower ones.

Resistance to Freezing and Thawing:

Laboratory test data were presented
which, in general, showed some improve-
ment in performance when water-reduc-
ing admixtures were used, as compared
to control concretes with similar air
contents, but the test results were not
conclusive.

Water-reducing admixtures may in-
crease the resistance of concrete to the
action of freezing and thawing because
they permit use of a lower water-cement
ratio and because they often entrain air.
Some modified types contain an air-en-
training agent which may furnish a fully-
protective air void system.

Resistance to Sulfates:

Laboratory data were reported which
showed, in some cases, modest improve-
ment in resistance to sulfate attack for
concretes with water-reducing admix-
tures as compared with those without.

APPLICATIONS

The modifications of concrete prop-
erties, both in the plastic and hardened
state, made possible by the addition of
water-reducing admixtures and set-re-
tarding admixtures were reported to have
been taken advantage of in all types of
construction. The various advantages
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have been utilized to overcome a variety
of problems, increase the quality of the
concrete, and in many cases decrease the
cost- .of -concrete and concreting opera-
gions. Some applications will be enu-
:merated further under headings descrip-
tive of modifications made possible in
concrete properties,

Use of Less Water While Mainiaining
Slump:

In general, the use of less water was
mentioned as being advantageous in all
types of concrete, since the strength,
dimensional stability, permeability, and
other properties are improved. It could
aid materially in meeting a maximum
water-cement ratio specification require-
ment. It might eliminate the need to use
excess water when aggregates with high
water requirements are used.

A particular advantage to the small
user was brought out in a prepared dis-
cussion which considered the danger of
poor quality concrete caused by overly
wet mixes.® Data presented indicated
that considerably less water needed to
be added to increase slump from 2 in. to
8 in. when a water-reducing admixture
was used than when none was used, and
that the decrease in strength resulting
from such a change was correspondingly
less. Such an admixture property might
lead to increased uniformity in other
types of concrete.

By contrast, it was stated that the
“sticky” appearance which may result
from use of an admixture often leads to
the addition of unneeded excess water.

Use of Greater Slump While Maintaining
Water-Cement Raito:

The increased workability was de-
scribed as promoting easier handling and
placing of the concrete and better com-
paction, which are particularly desirable
where formwork and reinforcement make

5 See pp. 148-155 of this symposium,
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placing unduly difficult. Higher initial
slump may compensate for loss in slump
between mixing and placing of the con-
crete. This applies to conventional as
well as pumped concrete. It was pointed
out that by changing the dosage as a
function of the fresh concrete tempera-
ture, the water-cement ratio may be held
relatively constant, thereby promoting
uniformity in the concrete.

Use of Less Cement:

The increase in strength which was
shown to result from the use of water-
reducing admixtures would permit a re-
duction in cement content while still
maintaining the design strength. This
lower cement content may increase the
dimensional stability of the concrete,
result in lower total materials cost, and
be of considerable advantage in reducing
the temperature rise in mass concrete.

Achievement of Increased Strength at Early

Ages:

The strength advantage shown for
concrete containing water-reducing and
set-retarding admixtures at ages of 24 hr
and later would permit early stripping
and re-use of forms. It is of particular
value in slip-form, prestress, and tunnel-
lining operations.

Modification in Bleeding Rates:

Various views have been expressed on
the possible advantages and disadvan-
tages of bleeding. Reduced bleeding
produced by air-entraining types of
water-reducing agents was described as
beneficial, from a segregation standpoint,
in many types of construction. Induced
early bleeding produced by the non air-
entraining types was said to help preven-
tion of plastic cracks in concrete placed
in hot, arid areas.

Use of Reiardation:

The control of the setting time was
reported to be a very substantial aid in
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concreting at elevated temperatures.
Advantages accruing from extension of
the vibration limit were cited in reduc-
ing the incidence of cold joints in a
number of types of construction includ-
ing those employed in tunnel lining, mass
concrete, slip-form work, and large cast-
in-place bridge girders and decks made
monolithic by vibration even up to 10
hr after placing the first concrete.

Longer setting time was credited with
minimizing cracking due to form move-
ment under increasing loads as filling
proceeds.

Advantages accruing in steam-cured
concrete units due to lengthening the
period between placing and steaming
were reported.

PROCEDURES 1N USg
Specifications:

Ideally, water-reducing admixtures
and set-retarding admixtures should be
purchased under specifications that as-
sure the production of the desired con-
crete properties, that demonstrate the
absence of any resulting deleterious ef-
fects, and that permit evaluation of the
uniformity of the admixture from one lot
to another.

In practice this is difficult because of
the variability of results obtained with
an admixture when used with various
cements, aggregates, mixtures, etc., and
because no simple, rapid, reliable tests
are usually available to compare one lot
with the next.

One procedure recommended consists
of comparing laboratory batches of con-
crete made with each successive lot of
admixtures with one made with identical
materials and design except for the use
of admixture from a reference lot.

Often the uniformity may be roughly
judged by observing the uniformity in
the rate of hardening, water requirement,
and slump in the field concrete.
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All tests should preferably be made
using the materials and mix design pro-
posed for the work, and should be made
on concrete rather than mortar.

Development of a qualitative method
for indicating the presence or absence of
the reaction products resulting from the
use of lignosulfonates in cement paste
was described. Such a method applied to
hardened concrete should prove useful
as an addition to other tests employed in
conducting examinations of distressed
concrete. The method utilizes optical
absorption techniques in the ultraviolet
region, applied to extracts from hardened

paste.

Dosage:

It was suggested that either the dos-
age recommended by the manufacturer
should be used or laboratory tests should
be employed to determine the optimum
dosage. Some admixture producers for-
mulate different products for use under
different conditions; others recommend
use of different amounts, depending on
the conditions. Admixtures which also
entrain air should not be used in excess
of a certain amount unless used in con-
junction with an air-detraining agent.
Limitation on the desired degree of
retardation may limit the usable dosage
of water-reducing agents unless catalysts
or accelerators are incorporated in the
formulation.

A correlation between time of set of
cement pastes and rate of stiffening of
concrete mortars was reported, which
might permit the correct admixture
dosage for various conditions to be de-
termined in the laboratory.

Conirol of Dosage:

It was stressed that the quantity of
admixture added must be accurately
measured if uniform results are to be ob-
tained. Automatic dispensers are avail-
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able for liquid admixtures, but these
must be kept in good working order and
should preferably be of a type in which
the volume added may be checked
visually. Admixtures in powder form
should preferably be accurately weighed
out in individual packages.

The handling and dispensing of ad-
mixtures may be a considerable problem
in a ready-mix plant, one of which was
reported to stock 14 different agents.

Possible Reduction in Cement Content:

Recommendation was made that
claims made concerning the quantity of
cement reduction made possible by addi-
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tion. of the admixture should be checked
by making strength tests.

RESEARCH ON ADMIXTURES

Water-reducing and set-retarding ad-
mixtures are undergoing improvement,
both in performance and reliability.
Much remains to be learned about their
action in concrete and how this action is
affected by the properties of the other
concrete ingredients. A  substantial
amount of research is under way in the
laboratories of a number of admixture
manufacturers. Even better products and
better concretes made possible through
their use are anticipated.
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