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FOREWORD 
This RECORD will be of interest to engineers and scientists concerned with the theories 
and performance of admixtures in cement and concrete. Young reviews the mechanism 
in which organic admixtures react with hydrating cement compounds. The hydration 
of the calcium silicates that are present in cement is postulated to be controlled by 
the nucleation and growth of calcium hydroxide. The influence of admixtures of the 
calcium hydroxide nuclei can inhibit crystal growth and prolong the induction period 
and thus result in retardation. Among the mechanisms with which organic retarders 
interact is hydrating tricalcium aluminate. The absorption of admixtures by hydra
tion products of tricalcium aluminate controls the supply of admixtures to tricalcium 
silicate. This explains the enhanced retardation when the addition of admixture is de
layed after the first addition of water. 

Daugherty and Kowalewski found that the performance of 30 commercial and labora
tory admixtures varied significantly as a function of temperature [70 to 110 F (21.1 to 
43.3 C)] when added in normal and above normal concentrations to white and gray ce
ment pastes. The best retarders were tested in concrete batches. Increased dosages 
would generally be necessary to produce the desired retardation at temperatures >90 F 
(32 .2 c). The admixtures not only controlled the setting time but also influenced strength 
development and shrinkage. The time of mixing also influenced engineering properties. 

Green reports the influence of a water-reducing admixture on the quick setting ex
perienced in certain white cements that contain less than 1.6 percent SQ3. Although 
the cements set normally at normal temperatures without admixture, they set rapidly 
at both normal and high concrete temperatures when the admixture was present. In 
the quick-setting cements, the consumption of S03 was accelerated in the presence of 
the admixture. This resulted in insufficient S03 remaining in solution to properly con
trol the hydration products of C3A. 

Skalny and Odler review the use of admixtures in the production of low-porosity ce
ment pastes and concretes. The high-strength, low-porosity cement paste is made by 
mixing finely ground clinker containing alkali or alkaline earth lignosulfonates with ag
gregate and water containing alkali carbonate. The use of low-porosity paste resulted 
in concretes and mortars with improved strength and excellent stability. 

-Richard L. Berger 

iv 



REACTION MECHANISMS OF ORGANIC ADMIXTURES 
WITH HYDRATING CEMENT COMPOUNDS 
J. F. Young, Department of Civil Engineering, University of Illinois 

This paper discusses the possible mechanisms by which organic compounds 
influence the setting properties of portland cement. From a consideration 
of the hydration mechanisms of tricalcium silicate and tricalcium aluminate, 
it is concluded that organic compounds influence the hydration of these com
pounds by their effect on the hydration products through complexing and nu
cleation processes. It is hypothesized that the hydration of tricalcium sili
cate is controlled by the nucleation and growth of calcium hydroxide. The 
poisoning of nuclei by soluble silica is responsible for the induction period. 
Adsorption of organic compounds onto calcium hydroxide nuclei, through a 
chelation process, inhibits crystal growth even more effectively and pro
longs the induction period. Tricalcium aluminate is considered to hydrate 
rapidly because the protective hydrate layer is destroyed by conversion to 
the hydrate of tricalcium aluminate. Organic retarders enter the interlayer 
region of the hexagonal hydrates to inhibit this conversion reaction and 
therefore maintain the integrity of the hydration barrier. A similar mech
anism may hold in the presence of sulfate ions. In portland cement, ad
sorption of admixtures by the hydration products of tricalcium aluminate 
controls the supply of admixture to tricalcium silicate. This explains the 
enhanced retardation when the addition of admixtures is delayed after the 
first addition of water. 

•AN important aspect of portland cement and concrete technology is the use of admix
tures to control the setting and hardening times of the fresh mix. The delay of several 
hours after mixing with water before concrete will start to gain cohesiveness and 
strength is essential to the production of high-quality concrete. There are many occa
sions when it is desirable to either shorten or prolong the setting time of concrete. 
Set accelerators are generally soluble calcium salts, such as calcium chloride or cal
cium formate. Many organic compounds act as retarders, but commercial products 
are generally complex, polydisperse, by-product materials such as lignosulfonates, 
wood resins, and petroleum by-products. 

Such organic admixtures have been used for many years, and their consumption is 
increasing, Although the knowledge about their interaction with cement is mainly em
pirical, relevant experimental data can be found in the literature. In spite of studies 
dealing with simple organic compounds (1, 2, 3), we still do not know with certainty the 
chemical and physical bases for the observed- behaviors. This paper discusses the ex
isting knowledge in the context of possible hydration mechanisms of the individual ce
ment compounds. For this paper, the standard shorthand notation of cement chemistry 
used is as follows: C = Cao, S = Si02, A= Ab03, F = Fe203, H = H20, and S = 803. 

Portland cement is a complex mixture of the four principal compounds: tricalcium 
silicate ( C3S), di calcium silicate ( C2S), tricalcium aluminate ( C3A), and tetracalcium 
aluminoferrite ( C~F). For simplification of the discussion, it is assumed that the com
pounds hydrate independently of each other and that only the most reactive compounds, 
C3S and C3A, control the early reaction kinetics of cement hydration. It has been 
amply demonstrated that the acceleration or retardation of cement setting times is 
primarily due to the acceleration or retardation of C3S hydration. This compound is, 
of course, primarily responsible for early strength, but the hydration of C3A plays an 
important role in the early stiffening of the cement-water system. A knowledge of the 
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behavior of C3A is necessary to explain the abnormal setting behavior that sometimes 
occurs when admixtures are used. 

MECHANISMS OF RETARDATION 

A number of theories have been proposed by various investigators to explain the re
tarding action of organic admixtures. These are as follows: 

1. The interference with reactions of anhydrous compounds is caused by adsorption 
onto surfaces and precipitation of insoluble materials; and 

2. The interference with the growth of hydration compounds is brought about by 
nucleation, the adsorption of admixtures onto the growth surface of nuclei, and com
plexing, the incorporation of admixtures into crystal lattices. 

Adsorption 

Adsorption of admixtures onto anhydrous cement particles, as first demonstrated by 
Ernsberger and France ( 4), was proposed by Hansen (5) as a general theory in 1952 
and is an often-quoted exj}lanation. The adsorbed molecules were considered to pro
tect surfaces from initial attack by water. This theory is discussed in detail else
where (6); it does not adequately explain the observed behavior of retarders. There 
is, however, some evidence (7, 8) that at very high concentrations Hansen's ideas may 
be correct but that at the concentrations used in practice the opposite seems to hold 
true; i.e., retarders may actually increase reactivity on first contact with water. This 
aspect will be considered in more detail during the discussion of the hydration of C3A. 

Insolubility 

The formation of insoluble calcium salts that precipitate onto anhydrous surfaces was 
a hypothesis advanced by Suzuki and Nishi ( 1). An examination of Table 1 indicates 
that there is not a good correlation between -solubility and retarding behavior for the 
carboxylic acids. This can be readily seen by comparing the solubilities of the cal
cium salts of maleic and fumaric, gluconic and succinic, and malonic and tartaric 
acids. Nevertheless, there may be times when precipitation may be important, such 
as when it effectively removes a potential retarder from the system. This may happen 
in the case of oxalic acid. Some inorganic retarders, e.g., zinc and lead salts, prob
ably act through precipitation of insoluble compounds. 

Complexing and Nucleation 

Admixture behavior seems to be best described by complexing and nucleation, and 
various aspects of these phenomena will be discussed in the remainder of the paper. 
The concepts embodied in these mechanisms will be more clearly grasped in the con
text of a discussion of hydration mechanisms of C3S and C3A. It should be noted that 
tl~se rnet:mmrsms :w princ~lly t1r~r liytifition r,;rodu ratlrer-tiifil!theanllYCl=r~ol~1s~-

compounds. 

HYDRATION OF TRICALCIUM SILICATE 

The hydration of C3S can be approximately represented by equation 1; 
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2C3S + 6H .... C3S2H3 + 3CH ( 1) 

(C-S-H gel) (calcium hydroxide) 

The familiar heat liberation curve (Figure 1), obtained from isothermal conduction 
calorimetry, is a useful starting point in the discussion of C3S hydration mechanisms. 
Several distinct stages of the reaction have been identified from this curve by Kondo 
and Daimon (~ : 

1. Stage 1 is a brief initial period of reactivity, occupying the first 10 to 15 min 
after the contact of C3S with water. 

2. Stage 2 is the dormant period following stage 1 when the reaction has become 
very slow. The term induction period seems to be preferable since reaction does con
tinue although at a very slow rate. It may last several hours. 

3. Stage 3 is the acceleration period when there is renewed reaction and rapid hy
dration of C3S. It generally begins 2 to 6 hours after C3S is first mixed with water. 

4. Stage 4 is the deceleration period following stage 3 when the reaction slows 
down and starts to become controlled by the diffusion about 8 to 12 hours after the 
mixing. 

5. Stage 5, the final stage, starts at about 12 to 16 hours and continues throughout 
the remainder of the reaction period. The system has now settled down to a slow re
action controlled by diffusion. 

Figure 2a shows the rate of heat evolution for hydrating C3S paste. Schematic changes 
of the liquid phase in contact with hydrating C3S are shown in Figure 2b. Results of 
this kind (10) show that in stage 1 there is an initial hydrolysis of C3S to form calcium 
hydroxide ions, which move rapidly into solution. Saturation with respect to calcium 
hydroxide is quickly achieved or surpassed. During the induction period, hydrolysis 
slows down and supersaturation gradually builds up until, at the beginning of stage 3, 
the calcium ion concentration drops and the hydration reactions proceed rapidly again. 

It can be seen from Figure 2c that the decrease of the calcium ion concentration in 
solution and the onset of renewed hydration coincide with the crystallization of calcium 
hydroxide. At the same time the C-S-H gel (Figure 2d) changes its composition and 
properties and forms the characteristic acicular morphology observed ( 11) by electron 
microscopy. The first C-S-H product, designated as the first hydrationproduct by 
Stein, de Jong, and stevels (12), was identified by transmission electron microscopy 
as thin foils. This may wellbe a pseudo-C3S structure in which little atomic re
arrangement has occurred apart from the leaching of lime into the solution. Such a 
product would be low in bound water and have little silica polymerization. 

Stein, de Jong, and stevels considered the first hydration product to be a diffusion 
barrier to water and hence the cause of the induction period. An alternative explana
tion is that this is not the rate -controlling aspect but rather that the rate of hydrolysis 
is controlled by the increasing calcium ion concentration in solution since calcium ions 
released from the structure have to move into a solution of increasing chemical poten
tial. This thermodynamic barrier can only be overcome by removing calcium ions 
from solution, and this occurs when calcium hydroxide behaves as a calcium sink, 
which keeps the hydrolysis of C3S relatively rapid during stage 3 until diffusion through 
the built-up layer of C-S-H gel (Figure 3) becomes the rate-controlling step during 
stage 4. Large crystals of CH are also formed. 

Any compound that hastens the nucleation and growth of calcium hydroxide will act 
as an accelerator, and any compound that delays this will act as a retarder. Soluble 
calcium salts will act as accelerators because they will both raise the initial calcium 
ion concentration and lower the solubility product of calcium hydroxide. Both effects 
may act to accelerate the nucleation of calcium hydroxide as manifested in the shorter 
induction period (Figure 4). Calcium chloride is the most effective accelerator be
cause it supplies more calcium ions for a given weight. At equal molarities, different 
calcium salts have similar accelerating powers. Calcium hydroxide itself may not be 



Table 1. Solubilities and retarding power of calcium 
salts and carboxylic acids. 

Solubility 

Calcium Salt g/100 g mMoles/liter Retarctation 4 

Formate 35 127 Noneb 
Acetate 40 220 Noncb 

Maleate 2. 5 16 Moderate 
Fumarate 1.5 10 Slight 
Gluconate 3.5 8 Very strong 
Succinate 1.3 8 Weak 
Malonate 0.4 2.S Negligible 
Tart rate 0.35 2 Very strong 
Oxalate 0.006 0.005 None 

•11. Z.Jl. l>Acce\erated set. 

Figure 2. Analysis of hydrating C3S paste. 

Figure 3. Possible mechanism of reaction of 
C3S with water in paste hydration. 
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so effective in this regard because of superficial carbonation. 
Why does this high level of supersaturation occur? N. R. Greening has hypothe

sized that soluble silica precipitates adsorb onto the calcium hydroxide nuclei, thereby 
poisoning their growth. Supersaturation is needed to overcome this poisoning effect 
and to continue crystal growth. It is suggested that adsorption may be even more ef
fective with organic species that have the ability to chelate with calcium. Anions like 
malate, tartrate, and gluconate are strong retarders because of their chelating prop
erties that outweigh the potential accelerating properties of the soluble salts. In fact, 
all organic compounds classed as strong retarders by Taplin (2) have strong chelator 
properties. A strong chelation will be irreversibly held at the-surface and require 
new nuclei to form. Thus, higher levels of supersaturation are attained before critical 
nuclei, free of impurities, can start to grow, and this is manifested in a longer induc
tion period (Figure 4). From Table 1, it can be seen that differences in retarding 
power between members of couples such as maleate and fumarate and tartrate and 
succinate can be explained by differences in chelating properties (Figure 5). An ex
cess (e.g., 1 percent by weight) of a good chelator can inhibit C3S indefinitely. 

The retardation of C3S can thus be regarded as a problem of forming nuclei capable 
of continued growth as a consequence of a complexing process. Silica may be partic
ularly effective through a precipitation process that turns embryonic calcium hydrox
ide nuclei into an embryonic C-S-H gel. Complexing to calcium in a solid need not 
have, and probably does not have, the same energetics as measured in solution. 
Therefore, it is not appropriate to try to correlate retarding properties with forma
tion constants measured for complexes in solution. 

HYDRATION OF TRICALCIUM AL UMINATE 

Without Sulfate 

When no sulfate ions are present, C3A hydrates according to equations 2 and 3 

C3A + 2 lH .... C4AH13 + C2AHs 

(hexagonal hydrates) 

l 
2C3AH6 + 9H 

(cubic hydrate) 

(2) 

(3) 

The hexagonal hydrates, which form characteristic, thin hexagonal plates, are ther
modynamically unstable with respect to C3AH6 and slowly convert to the cubic hydrate 
(according to equation 3) at room temperature. They convert more rapidly above 
room temperature. It has been shown (13, 14, 15) that C3A hydration is retarded when 
the hexagonal hydrates are stabilized with respect to their conversion to C3AH5. It is 
assumed that the conversion reaction prevents the hexagonal hydrates from forming 
efficient diffusion barriers around the C3A grain. The conversion reaction (second 
peak) can be followed by isothermal conduction calorimetry (16 and Figure 6, 14) or by 
differential thermal analysis ( 17). - -

The crystal structure of theliexagonal hydrates (C3A·CX·Hx), shown in Figure 7, 
can be regarded as a negative clay with exchangeable anions X in the interlay region. 
Dosch (18) showed that, like clays, when X =OH (i.e., C4AH13) organic molecules can 
enter between the layers and are tightly held when extensive hydrogen bonding can 
occur. In paste hydration ( 15), organic compounds can enter the interlayer region, 
not necessarily to form distinct complexes but to disrupt the crystal structure and 
stabilize the hexagonal hydrates. Some X-ray evidence for distinct complexes has 
been found (15). More recently it has been shown(~, 20) that the very high apparent 
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adsorption of organic species onto C3A from aqueous solution does not occur when non
aqueous solvents are used. Only C.iAH13 shows large and irreversible adsorption under 
nonaqueous conditions. 

The more hydrogen bonding capabilities an organic molecule has, the more effective 
it appears to be in preventing conversion to C3AHe and retarding the hydration of C3A. 
Strong retarders (e.g., sugars) alter the crystal growth of the hexagonal hydrates (14) 
and the resulting products seem to form an effective barrier to further hydration. -
Sugars can hold the hydration of C3A to about 35 percent (15) (Figure 8) even up to 122 
F (50 C) at which temperature new hydration mechanism s occur (21). 

This may not be the complete story, however, since analyses of the liquid phase in 
the early hydration of cement (1, 22) and of C3A (6) in the presence of retarders show 
high soluble alumina concentrations on first contact with water. This suggests that 
some complexing between the aluminum hydroxyl ions and retarder molecules may be 
occurring. At high concentrations of admixture, direct evidence has been obtained for 
complexes between alumina and salicyclic acid (7) or lignosulfonates (8). The forma
tion of soluble complexes of aluminum may explain the accelerating effects of small 
additions of sugars and the flash set phenomena that sometimes occur (1, 15). 

It thus appears that retarder activity may be a balance between potential rapid hy
dration due to aluminum complexing balanced by retardation arising from stabilization 
of the hexagonal hydrates. It may be noted that the well-known accelerator triethanol
amine accelerates C3A hydration but not C3S hydration (23) and is a particularly good 
chelator for aluminum. Another good chelator, 8-hydroxyquinoline, has recently been 
patented (24) as an accelerator for cements high in C3A. 

With Sulfate 

More relevant to portland cement hydration is the interaction of C3A with the sulfate 
ions present as gypsum, which are added to control the flash-setting potential of C3A. 
The reactions in these circumstances are 

C3A + 3CSH2 + 26H .... C3A·3CS·H32 

( ettringite) 

l+ c~A 
C3A·CS·H12 

(monosulfate) 

(4) 

( 5) 

The conversion of ettringite to monosulfate (equation 5) occurs when all sulfate ions 
have been consumed and can be identified by calorimetry (main peak, Figure 9). The 
presence of set-retarding admixtures slows down the formation of ettringite and also 
changes the crystal morphology (14). The mechanism of sulfate retardation is shown 
in Figure 10 (25). The protectivecoating of ettringite is considered to rupture re
peatedly (stage-2) due to the expansive nature of its formation but is continually healed 
(stage 3) as long as sulfate ions are present. It may be that the change in crystal mor
phology changes the expansion characteristics of ettringite formation and slows down 

- rupture-of-the-protective-ceating. 
The possibility also exists that ettringite can interact with the organic compounds 

and be stabilized with respect to the monosulfate. Ettringite has a columnar structure 
(Figure 11, 26) with the sulfate ions and most water molecules located in the intercol
umnar region. It may be that organic molecules can enter the intercolumnar region, 
but this possibility has not been investigated. Indeed the effect of admixtures on the 
C3A-S-H system in general has not been adequately studied. This is surprising be
cause wherever admixtures have been implicated in problems of abnormal set, the 
cause has been traced to changes in the reaction kinetics of the sulfate phases. 



Figure 5. Chelating properties of carboxylate ions 
with calcium ion. 

Figure 6. Heat liberation curve for 
hydrating c~ pastes. 
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HYDRATION OF TRICALCIUM SILICATE WITH TRICALCIUM 
ALUMINA TE 

It was assumed at the beginning of this paper that the cement compounds hydrate inde
pendently of each other. This assumption is not completely true and gives rise to an 
important phenomenon in the interaction of admixtures with hydrating cement. It has 
already been noted that hydrating C3A pastes adsorb large amounts of retarding mol
ecules from aqueous solution because of interlayer complexing. If C3A first reacts 
with water before it is exposed to the retarder, then the apparent adsorption is re -
duced. This suggests that complexing occurs most efficiently during crystal growth. 
This behavior explains why the delayed addition of a retarder to fresh concrete in
creases its retarding power (27, 28) as in Figure 12. The C3A-H system and presum
ably also the C:iA-S-H system control the supply of retarder to the C3S phase (29) and 
are important in determining the effectiveness of retarders. Indeed the presence of 
C3A in portland cement may be important for suppressing the effects of overdoses of 
retarders to fresh concrete. 

CONCLUSIONS 

This paper has discussed what are considered to be the most important aspects of the 
mechanisms by which organic compounds influence the setting properties of concrete. 
It has not been possible to discuss the relevant supporting data in detail, but this has 
been done elsewhere (6). However, current experimental data do seem to support 
the hypothesis that the- effect of organic compounds on the hydration of cement depends 
on their interaction with the hydration products rather than the anhydrous compounds 
per se. 

Much more experimental work is still needed to test and refine the ideas presented 
here, which are put forward to promote further research. There is a particular need 
for more complete analyses of the liquid phase in contact with hydrating C3S and C3A. 
Knowledge of the influence of admixtu res on the C3A-S-H system is surprisingly sparse 
and must be expanded. Eventually, it will be necessary to study the neglected phases, 
C2S and C4AF, and the synthetic mixtures approximating model cements. Ultimately, 
it should be possible to precisely control the setting of cement under all circumstances. 
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USE OF ADMIXTURES IN CONCRETE PLACED 
AT HIGH TEMPERATURES 
Kenneth E. Daugherty, General Portland Inc., Dallas; and 
Milton J. Kowalewski, Jr., Bourns, Inc., Riverside, California 

The difficulty posed by the high temperatures of concrete batches in areas 
such as the southwest United States limits the use of concrete. High tem
peratures and subsequent hot materials are present in the concrete mixers 
and the concrete poured. This high-temperature condition shortens the 
setting time and workability time of the concrete. Ice, which can be added 
to the mixer to reduce the temperature, is costly and sometimes not readily 
available at the job site. It is possible to lengthen the setting time and 
workability time by the addition of water-reducing, set-retarding chemical 
admixtures. This study attempts to determine by cement paste and con
crete studies the best commercial and laboratory type of admixtures avail
able for white and gray cement concretes. Thirty admixtures at normal 
and above-normal concentrations were tried in the paste systems, and the 
best retarders were tested subsequently in concrete batches. The temper
ature ra11ge used in this study varied from 70 to 110 F (21.1 to 43.3 C). 

•THE placement of high-strength structural white concrete at ambient temperatures 
greater than 90 F (32.2 C) is a major problem in the Southwest and possibly other re
gions of the United States. The additional water required, sometimes in the form of 
high-cost ice, for maintaining slump during the 90 min necessary for placement (ASTM 
C94) results in losses in concrete compressive strengths [16 and 26 percent at 28 and 
90 days respectively in our control batch at 90 F (32.2 c)). 

The hot-weather concreting practice (ACI 605-59) did not meet the needs of and was 
not practical for concrete mixing operations in the Southwest. The maximum placement 
temperature of 85 F (29.4 C) at the completion of the 90-min mixing time during the 
s ummer months is lower than the actual temperatures experienced. The normal high 
temperature of the day during the summer months is 110 F (43.3 C). Random afternoon 
field inspection of summer concreting operations indicates placement temperatures be
tween 90 and 100 F (32.2 and 37.8 c). 

This project was initiated because it was believed that the use of a retarding ad
mixture that would be effective at high ambient temperatures would solve the problems 
of adequate workability and strength development of white structural concrete. It was 
also found that the results of this study were applicable to types 2 and 3 gray cement 
concretes. 

PROJECT SCOPE 

Testing White Concrete 

Thil'teen laboratory concrete batches proportioned to have 7 sacks or 658 lb/yd 3 

(390.4 kg/m 3) of white cement were used in the test program. The following cylinders, 
shrinkage bars, and flexure beams were cast ( 1 in. = 2. 54 cm): 
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Item 

Cylinders 
Shrinkage bars 
Flexure beams 

Number 

560 
80 

100 

Measurement (in.) 

4 x 8 
4 x 4 x 12 
2 x 2 x 12 
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The mix sequence involved 5 min at the start, at 45 min, and at 85 min of batch life 
or a total of 15 min of actual mixing during the 90-min period. The concrete between 
mixes remained at rest in the Essiz 9-ft3 (0.26-m 3

) mixing drum. ASTM tests of 
slump, unit weight, Proctor penetration resistance, setting time, and air content of 
freshly mixed concrete by the pressure method were conducted on each batch. Tem
peratures were also measured. Tests for compressive strength, flexural strength, 
and volume change were performed on cured specimens at intervals from 1 day to 1 year. 

Admixture Testing 

This program included tests on white cement pastes, mortars, and concretes at 70 F 
and at 90 to 110 F (21.1 C and 32.2 to 43.3 C) and involved 30 admixtures (Table 1). 
Thirteen commercially available admixtures from five companies were chosen as re
tarders. These have been documented as approved set-retarding or water-reducing 
admixtures at normal temperatures. The other 17 admixtures, designated as labora
tory admixtures, were selected by us from previous studies that indicated particularly 
good retardation at high temperatures with white cement. 

The categories of retarders include liquids and powders that range from high to low 
solubility in water and from white powders to dark-brown solutions. Liquids were 
added to the mixing water, and powders were blended into the white cement before 
water was added. The 13 commercial admixtures tested included lignosulfonates, 
salts of lignosulfonates and their derivatives, hydroxycarboxylic acids and their de
rivatives, and hydroxylated polymers. The 17 laboratory admixtures included sugars, 
heavy metal oxides, salts, and alkaline-alkaline earth hexafluorosilicates. This paper 
discusses the findings from both the laboratory and commercial admixtures. 

PROCEDURES FOR EVALUATION OF ADMIXTURES 
IN WHITE CEMENT PASTES 

A Japanese automatic vicat setting time recorder was used to determine the initial and 
final setting times of the white cement pastes with and without admixtures at normal 
temperatures of 75 F (23.9 C) and 50 percent relative humidity and at 110 F (43.3 C) 
and 20 percent relative humidity. The high temperatures are characteristic of the hot, 
dry summertime conditions in the southwest United States. 

It was not necessary to test all admixtures at 75 F (23.9 C) to determine whether 
they retarded white cement. Those not tested were documented by manufacturers and 
were indicated by a literature search to retard portland cement systems at normal 
temperatures [75 F (23.9 c)J. The admixtures were added in an attempt to cause 
more than 60-min retardation of the initial setting time of the cements, as required 
in ASTM C494-68, at the high temperature of 110 F (43.3 c). 

All admixtures were tested in cement pastes of normal consistency (ASTM C 187) 
at 110 F (43.3 C) in a temperature-controlled cabinet. Random afternoon field inspec
tion of summer concreting operations indicated placement temperatures between 90 and 
100 F (32.2 and 37.8 c). The specified 0.39 ± 0.039-in. (10 :1: 1-mm) plunger penetra
tion was broadened to 0.39 ± 0.078 in. (10 ·I: 2 mm) for the extraordinary high tempera
tures of the test. 

In the initial tests at 110 F (43.3 C) mixes we1·e prepared at 75 F (23.9 C) and then 
immediately transferred to the 110 F (43.3 C) chamber for setting-time testing. These 
tests showed significantly different behavior compared to that of mixes prepared at 
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110 F (43.3 C). Consequently all 110 F (43.3 C) tests were mixed at 110 F (43.3 C) so 
that the most severe conditions likely to be encountered in high temperature concreting 
could be simulated. 

The study of cement paste time of setting at 110 F (43 .3 C) showed only four of the 
tested admixtures retarded without noticeable discoloration of the white cement pastes. 

Admixture dosages from 0.1 to 4.0 percent by weight of cement were used in the ad
mixture trials. Commercial admixture dosages varied from normal manufacturer's 
recommended dosages to seven times normal. 

The admixtures and concentration levels that proved most successful in white cement 
pastes were 

1. Two commercial admixtures of the hydroxycarboxylic acid type (admixtures A 
and Bin Table 2) with a dosage varying from four to seven times normal dosage; 

2. By weight, 1.0 percent of cement for the lead monoxide admixture (admixture C 
in Table 2); and 

3. By weight, 0. 7 to 1.0 percent of cement for the boron trioxide admixture (ad
mixture D in Table 2). 

When the study with cement pastes was completed, the four chosen admixtures as 
well as Borax (admixture E) and another commercial hydroxycarboxylic acid type of 
admixture (admixture F) were tested in concrete (Table 2). The first four admixtures 
(A, B, C, and D) were tested in concrete mixes at temperatures in the 70 F (21.1 C) 
range, and all six admixtures were tested in the temperature range higher than 90 F 
(32.2 c>. 

Because of space limitations, it is impossible to include the data obtained during the 
course of this study; however, Tables 3 and 4 give examples of the types of data obtained. 

PROCEDURES FOR EVALUATION OF ADMIXTURES 
IN wmTE CEMENT CONCRETES 

Modifications were made in the quantity of admixtures added to the concrete as com
pared with the quantity of admixtures added to the cement pastes. Normal concentra
tions of the commercial admixtures A and B were used in the 70 F (21.2 C) range. One
third of 1 percent by weight of cement was used for admixtures C and D in the 70 F 
(21.1 c) range. 

High concentrations of admixtures (above normal dosages) were used in concrete in 
the greater than 90 F (32.2 C) range. This included a dosage of 8 to 12 oz (236.6 to 
354.9 ml) per sack for the commercial admixtures A, B, and F and 0.4 to 1. 5 percent 
by weight of cement for laboratory admixtures C, D, and E. 

Control concrete mixes without admixtuires were made at 70 F (21.l C) and 90 F 
(32.2 C) at 7 sacks/yd3 (390.4 kg/m 3

) with a 4-in. (10.16-cm) slump target. A cement 
content of 7 sacks/yd3 (390.4 kg/ m 3

) was selected because most field problems have 
occurred in mixes designed for high strength at 28 days. This is considered as the 
average cement content necessary to produce these high strengths. The mix water 
was reduced by 10 percent from that of the control when an admixture was used. 

Concrete temperatures between 67 and 74 F (19.4 and 23.3 C) were maintained at 
laboratory conditions. Concrete temperatures higher than 90 F (32.2 C) were attained 
by pFeeenaitioning all-eamponents and-the-mmng-drum lQQ F (-37-.-8 G)-before 111.i:xi.ng. 
The temperature of the mixing drum was maintained by running hot water [140 F (60 C) ] 
over the drum as needed during the mixing period. 

Three times for measuring properties of the concrete were chosen: 5, 45, and 90 
min. Slump, unit weight, air content, and temperature were determined after 5 min 
of mixing at 1, 40, and 85 min; however, specimens were cast only at the 5 and 90-min 
intervals. 

The short time of 5 min was chosen for casting to simulate the conditions of on-site 
mixing. In some of these trials, the use of an admixture did not prove to be beneficial. 



Table 1. Admixtures 
tested in concrete placed 
at high temperatures. 

Table 2. Admixtures 
used in concrete studies. 

Table 3. Properties of 
fresh white cement 
concrete prepared with 
commercial admixtures. 

Commercial 

Daratard H.C. 
Daratard Lignio 
Orz.an Al-50 
Orzan S 

Laboratory 

Borax 
Boric acid 
Boron trioxide 
Calcium chloride 

PDA 25-R 
Plastiment 
Pozzolith 8 
.Pozzolith lOOR 
Pozzolith lOOXR 

Calcium hexafiuorosilicate 
Iron sulfate 
Lead monoxide 
Mannilol 
Potassium hexafluorosilicate 

Admixture Source Type 

A Commercial Hydroxycarboxylic acid 
B Commercial Hydroxycarboxylic acid 
c Laboratory Lead monoxide 
D Laboratory Boron trioxide 
E Laboratory Borax 
F Commercial Hydroxycarbaxylic acid 

Note: 1 f = 1.8 IC)+ 32. 1 oz= 29 6 ml, 

~ in ounces (milliliters) per sack bin percent by weight of cement, 

Dosage Mix 
per Temtler- Time of 

Mtx ML'X Sack tu re Tese 
Type No. (oz) (F) (min) 

Control I 70 1 
2 70 40 
3 70 85 
4 >lJO I 
5 >lJO 40 
G >90 85 

With admix- I 4 70 1 
ture A 2 4 70 40 

3 4 70 85 
·I 12 >90 1 
5 12 >90 40 
0 12 >90 85 

With admix~ 70 1 
tu.re B 70 40 

70 85 
>90 1 
>90 40 
>90 85 

With admL"- 70 1 
ture F 70 40 

70 85 

Commercial 

Pozzolith MB-HC 
Sonotard 
Sonotard 6050 
Zeecon R 

Level of Addition 

At 70 F At 90 F 

2 to 4• 6 to 12· 
2 to 4" 6 to 12" 

Laboratory 

Sodium borate concentrates 
Sodium hexafluorosihcate 
Sodium hexametaphosphate 
Sodium tetraborate · water 
Sorbitol 
Sucrose 
Zinc hexafluorosilicate 
Zinc oxide 

0.33b 0,4 to 1.5b 
0.33" 0.4 to I.Sb 

0. 4 to 1.5" 
6 to 12" 

Unit Air Cement 
Sluml) Weight Content Content 
(in.) (lb/It') (percent) (lb/yd') 

148 2.0 650 
146 2.0 646 
146 2.0 646 
146 4.0 640 
144 3.5 640 
143 3.5 640 

153 1.2 G7B 
151 0.9 662 
148 1.2 639 
152 1.4 665 
150 1.4 648 
149 1.4 639 

152 1.2 667 
153 1.4 674 
152 1.2 664 
153 1.6 679 
151 1.2 665 
151 1.2 660 

5 152 1.5 660 
4 150 1.5 641 
4 150 1.1 641 

Note: 1 oz = 29 6 ml 1 F = 1 8 (C) + 32 1 in. = 2.54 cm 1 lb/ft l = 16 02 kg/ml, 1 lb/ydl = 0.59 kg/ml 

~After initial 5 min mixing 

Water-
Cement 
Ratio 

0.44 
0.45 
0.45 
0 .51 
0.50 
0.53 

0 .41 
0.47 
0.56 
0.44 
0.52 
0.55 

0.43 
0.43 
0.46 
0.38 
0.43 
0 . 46 

0.49 
0.54 
0.56 

Table 4. Strength of 4-in. (10.1-cm) slump white cement concrete made with various commercial admixtures mixed 
at 70 and 90 F (21.1 and 32.2 C) for various times. 

Dosai;c Mix 
per Tcm1>er- Castini; Compressive Strength (psi) Flexural Strength (psi} 

ML'\ ML'\: Sack ature Time 
Type No. (oz, (Fl (min) 1 Day• 3 Dayb 7 Day' 28 Day' 90 Day' 365 Day ' 3 Day 7 Day 28 Day 90 Day 

Cont1·01 I 70 5 2,400 3,280 3,790 4,690 5,790 5,800 480 460 560 600 
2 70 90 2, 140 2,840 3,400 4,320 5, 730 5,780 440 400 540 580 
l >90 5 3,210 3,280 3,730 4,900 G,GOO G,800 
4 0lJO 90 1,910 2,230 2,610 4,110 4,880 5,000 

With admL"- t 4 70 5 3,000 4,210 4,920 6,410 7,980 8,020 
turc A z 4 70 90 2.230 2,770 2,960 4,430 5,500 5,600 

~ 12 >90 5 1,140 3,780 4,310 5,220 6,070 6,200 
~ 12 >90 90 2,590 3,460 3,560 4,280 4 ,340 4,700 

W1lh ac\mL"- I 70 5 2,870 4,140 4,450 6,060 7 ,520 7,600 540 620 680 970 
tun:~ 13 a 70 90 2,750 3,590 3,710 5,250 G,670 6, 700 550 620 640 760 

3 >90 5 1,050 1,880 2,370 2,800 3,630 3,800 
•I >90 90 2,080 2,340 2,620 4,970 5,200 5,300 

With adrnL"· >90 3,590 3,540 4,480 5,350 6,25o 6,300 610 610 850 880 
turc F >90 90 2,930 2,940 3,330 4,010 5,530 5,900 

Nolu: 1 ol - 296ml 1 F "' 1 8 (C) + 32 1µs1 = 69 kPa 

'Cu reel 1 d.iy al mi)'( Lemper;;iture at 100 µercent relative humidity 
"Cured 1 d;iy ;it mi11: temperature al 100 percent rela1i11e humidity, I hen at 72 F (22 .2 C) at 100 percent relative humidity until Les\ 
' Cured 1 day .JI mix temperature al 100 l)ercenl relative humidity, then at 72 f (22-2 C) for 27 days at 100 percent relative humidity, then at 72 F (22 2 CJ a t SO percenl relalive humidlly 
u11tittest 
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The time of 90 min was chosen for casting to simulate the conditions of a transit-mix 
operation conforming to ASTM and AASHTO specifications for ready-mix concrete. At 
the 40 and 65-min time intervals, the concrete was remixed at 5 min, and water as 
needed was added to maintain a slump of approximately 4 in. ( 10 .2 cm). 

Initially, after all the ingredients were in the mixer, the concrete was mixed for 5 
min in a 9-ft3 (0.26-m3) rotary drum mixer. After this 5- min period, the temper atur e, 
slump, unit weight, and air cont ent were measured. Then~ 4 by 8-in. (10.2 by 20.3-
cm) cylinders , 4 by 4 by 11 '/'1-in. (10.2 by 10.2 by 28.6-cmJ bars , and 2 by 2 by 11%-
in. (5.1 by 5.1 by 28.6-cm) flexure beams were cast. Mortar was also separated from 
the concrete for initial and final setting time measurements by Proctor needle penetration. 

At 90 min, all tests performed at 5 min were duplicated. It was found that the time 
of setting as measured by the Proctor needle showed no significant differences for sam
ples taken from the mixer at 5 and at 90 min. 

One test difference at 70 F (21.1 C) was ±9 min at 6% hours of initial setting and 
±17 min at 7% hours of final setting. 

At each time interval, the weight of concr ete deducted from the batch of 7 s acks/yd3 

(390.4 kg/m 3
) was determined, and corrected yard ~ (meter3> weights were calculated. 

The water-cement r at ios were then recomputed, and cement content in sacks per yard3 

{kilograms per meter3
) was calculated. 

The cast specimens were cured for 24 hours at the mix temperature to simulate job 
storage conditions before specimens wer e t:aken to t he tes ting storage facility . 

The cylinders and beams wer e then cured up to 28 days at 72 F {22 .2 C) and 100 per
cent relative humidity and then at 72 F (22.2 CJ and 50 percent relative humidity until 
tested. The shrinkage specimens wer e at 72 F (22.2 CJ a nd 100 percent relative hu
midity up to 7 days only. Test times chosen for the cylinder breaks were 1, 3, 7, 28, 
90, and 365 days. 

The shrinkage bars were measured at 1, 3, 7, 14, 21, 28, 35, 100, and 365 days to 
determine a correlation between short- and long-term shrinkage at the two temperature 
levels. 

Flexural beams were not made from all batches; they were tested in flexure with 
thir d-point loading at 3, 7, 28, and 90 days. The 4 by 4 by 11 %-in. (10.2 by 10.2 by 
28. 6-cm ) s hr inkage bars were tested in flexlllre, center-point loading at 100 days for 
all mixes. 

Some work was completed at a 2-in. (5.1-cm) slump at the 5-min mix time. In this 
work 200-lb (90. 7-kg) batches mixed in a flat-bottomed Lancaster mixer were used, 
and 3 by 6-in. ( 7. 6 by 15.2-cm) cylinders were cast and cured in the same manner as 
the larger batches for 1, 7, and 28-day tests. 

Shrinkage bars of 3 by 3 by 11 in. (7.6 by 7.6 by 27.9 cm) and 4 by 4 by 11% in. (10.2 
by 10.2 by 28.6 cm) were also cast and measured up to 100 days and then wer e tested 
in flexure. Beams of 2 by 2 by 11% in. (5.1 by 5.1 by 28.6 cm) were also cast and 
tested at 7 and 28 days. 

Properties of White Concrete 1 

White concrete 1 was mixed for 90 min and cured at 70 F (21.l C) at a 4-in. (10.2-cm) 
slump, through 100 days. The properties of white concrete 1 were as follows: 

1. At 70 F {21.1 C), admixture D and the commercial admixtures A and B [4 oz 
(118.3 ml) per sack) were found to be water - r educing, setting-time retar ders. 

2. The four admixtures tested (A, B, C, and D) did not entrain air. 
3. The compressive strengths of concretes with admixture D, admixture C, and the 

commercial admixtures A and B were higher than those for the control for both 5 and 
90-min mixing times. 

4. The 100- day shrinkage bars indicated no additional shrinkage caused by admix
ture D, admixture C, or the commercial admb.."tures A and B [4 oz (118.3 ml) per sack]. 

5. Flexural strength tests indi ated that all of the admixtures increased the strengths 
at both 5 and 90-min mixing times. 
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Properties of White Concrete 2 

White concrete 2 was mixed for 5 min at 90 F (32.2 C) and cured at 90 F (32.2 C) for 
24 hours, through 28 days at 70 F (21.1 C) at a 2-in. (5.1-cm) slump. The properties 
of white concrete 2 were as follows: 

1. Admixture D ( 0. 5 percent by weight of cement), admixture B [ 6 oz ( 177.4 ml) 
per sack], and admixture E ( 1. 5 percent by weight of cement) were successful initial 
setting-time retarders. 

2. Admixture D (0.5 percent by weight of cement) reduced the amount of water re
quired for a 2-in. (5.1-cm) slump by 8.1 percent, but admixture B [6 oz (177.4 ml) per 
sack] and admixture E ( 1. 5 percent by weight of cement) increased the water demand 
by 6.1 and 10 percent respectively in comparison to that of the control. 

3. Admixture D ( 0. 3 3 percent by weight of cement) and admixture B [ 6 oz ( 1 77 .4 ml) 
per sack] produced cements with 7 .6 and 3. 7 percent resl?ectively greater compressive 
strengths than the control, but cement with admixture E l 1. 5 percent by weight of ce
ment) had a 47 percent lower strength than the control. 

4. Admixture D (0.33 percent by weight of cement), admixture B [6 oz (177.4 ml) 
per sack], and admixture E ( 1. 5 percent by weight of cement) increased the flexural 
strength of 2 by 2 by 11 %-in. (5.1 by 5.1 by 28.6-cm) beams by 19, 26, and 10 percent 
respectively. 

5. Cement with admixture D (0.33 percent by weight of cement), admixture D (0.5 
percent by weight of cement) , admixture B [ 6 oz ( 177 .4 ml) per sack], and admixture 
E ( 1. 5 percent by weight of cement) had less shrinkage than the control at 100 days. 

6. Admixtures B, D, and E did not entrain air. 

Properties of White Concrete 3 

White concrete 3 was mixed for 90 min at 90 F (32.2 C) and cured at 90 F (32.2 C) for 
24 hours at a 4-in. (10.2-cm) slump, through 100 days at 70 F (21.1 c). The properties 
of white concrete 3 were as follows: 

1. The setting times clearly indicated that admixture D (0.4 percent by weight of 
cement), admixture D (1.0 percent by weight of cement), admixture C (1.0 ;percent by 
weight of cement), admixtw·e A (12 oz (354.9 ml) per sack], admixture E ll.2 percent 
by weight of cement), and admixture B [ 9 oz (266 .2 ml) per sack.J a1·e efiective for i·e
tarding the setting time of and reducing water in the concrete. 

2. Admixture D (1.0 percent by weight of cement) and admixture B [9 oz (266.2 ml) 
per sack] were excessive dosages causing excessive retardation. 

3. Some of the commercial admixtures discolored the white concrete. 
4. The compressive strengths at 90 days of cements with admixture D (1.0 percent 

by weight of cement), admixture C (1.0 percent by weight of cement), and admixture B 
[9 oz (266.2 ml) per sack] were 32, 15, and 8 percent respectively greater than those 
of the control at 90-min mixing but were 63, 30, and 40 percent smaller than those of 
the control at 5 min of mixing. The low strength at 5 min of mixing resulted because 
the dosage levels were excessive for short mix cycles, but greater strengths were 
achieved at 90 min mixing through additional mixing time. 

5. The compressive stret1gths at 90 days of cements with admixture D (0.4 percent 
by weight of cement) and admixture E (1.2 percent by weight of cement) were 39 and 28 
percent greater than those of the control at 90-min mixing, but the compressive 
strengths at 5 min of mixing are 5 percent less for cements with admixture D (0.4 per
cent by weight of cement) and 7 percent greater for those with admixture E (1.2 percent 
by weight of cement). 

6. Admixture A [ 12 oz (354.9 ml) per sack] resulted in 8 and 11 percent reductions 
in compressive strengths at 5 and 90 min of mixing. 

7. The 100-day shrinkage bar tests indicated that at 90 min of mixing only admix
ture A [12 oz (354.9 ml) per sack] had a greater amount of shrinkage than the control. 

8. Admixtures A, B, C, D, and E did not entrain air. 
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Recommendations for White Cement Concrete 

The recommendations for white cement concrete mixed at 90 F (32.2 C) at a 4-in. (10.2-
cm) slump are as follows: 

1. The use of admixture B as an effective retarder for white cement concrete at 
elevated temperatures is not recommended because of the resulting discoloration at 
dosages of 6 to 9 oz (177.4 to 266.2 ml) per sack found necess ar y for 60 min of initial 
setting retardation. 

2. Admixture A can be used at three times the normal dosage [9 to 12 oz (266.2 to 
354.9 ml) per sack] at 90 F (32.2 C) and above. 

3. The use of admixture C (1.0 pe r cent by weight of cement) is not recommended 
because of toxicological properties, although it is an excellent retarder. 

4. The use of admixture D (0.4 ± 0.1 percent by weight of cement) is recommended. 
5. The use of dark-colored admixture solutions at two times the normal dosage is 

not recommended. 
6. None of the admixtures tested entrained air. 
7. The use of admixture E ( 1.0 ± 0 .1 percent by weight of cement) is potentially 

useful. 

Many other similar practical questions could be answered in a comprehensive study 
of the interactions of cement concrete and admixtures. This study would be of tre
mendous benefit in research and development, technical service work, and promotional 
activities. It is hoped that such a study might be initiated in the near future. 

No work was performed on white structural concrete that contained entrained air. 
In climates where freezing and thawing are a problem, it would seem desirable to de
termine the effect of mixing time on air-entraining addition rates, freeze-thaw resis
tance, and strength, on high-strength, air-entrained white structural concrete. White 
structural concrete has been used by the Arizona Department of Transportation along 
I-66 in freeze-thaw areas, and, therefore, some investigation of the white air
entrained concrete, even in the Southwest, would seem appropriate. 

Summary and Conclusions 

1. The tests of cement pastes and admixtures indicated that an optimum amount of 
admixture was necessary to secure maximum retardation. 

2. False set characteristics, as defined in ASTM C 451, were not improved by the 
addition of set-retarding, water-reducing admixtures A, D, and E. 

3. The optimum percentage of admixtures required for retardation in the concrete 
was approximately half of that required in the pastes. 

4. Substantia l reductions in compressive strengths were obtained in 5 to 90-min 
mix life inter vals at 70 (21.1 C) and 90 F (32.2 c). This is related to the additional 
water required for maintaining a constant slump. 

5. Concretes with admixtures causing excessive retardation generally develop 
strengths approximately equal to those of concrete without admixtures at 28 days. This 
occurs even when the earlier strengths were drastically low. 

6. I:iength ehanga...was affected-by mixi-ng time, admi xtur.e t.ype and adlllixtw:.e 
dosage level. 

7. None of the admixtures tested entrained additional air. 
8. Delayed addition of admixtures was not included in this series because this proce

dure is impractical for ready-mix operations. Field control is difficult, and the addi
tional entrained air would be detrimental to concrete performance, particularly strength. 

9. The use of dark-colored admixture solutions is not recommended with white 
cement unless color slab tests are made that result in satisfying job requirements. 

10. Admixture D (0.4 ± 0.1 percent by weight of cement) is suggested for white ce
ment concrete admixture use at 90 F (32.2 c). This admixture should be dissolved in 
the mix water first. 
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11. Admixture A can be used at two to three times the manufacturer's recommended 
dosage rate at 90 F (32.2 C) to effectively retard the initial setting time of concrete 
within ASTM C494-68 specifications. 

12. The use of Admixture B (a dark-colored solution) is not suggested because of 
the discoloration resulting from the multiple dosage level required for initial setting
time retardation. 

13, Concrete temperature above 90 F (32.2 C) and a mixing time of 90 min usually 
result in a loss of strength. It is important that this be considered in the mix design. 

14. Although an admixture satisfies the requirements set forth in ASTM C 494-68 
at normal temperatures, it does not necessarily satisfy the requirements for mixing 
t imes and placing temperatures permitted by ASTM C94-67 (ready- mixed concr ete) 
or ACI. 

15. Mixing time, concrete temperature range, and admixture dosage rate should 
be included when concrete mixes are designed. 

16. ASTM C 494-68 for chemical admixtures for concrete does not provide adequate 
information for selection of an admixture for hot-weather concreting. This specifica
tion r equires only 6 min of mixing time at a r oom temperature that is unrealistic for 
field use. Field problems are usually not encountered at 70 F (21.l C); the r efore, the 
implicit assumption that an admixture that retards at 70 F (21. 1 C) will also do so a t 
90 F (32 .2 C) is not valid. Our tests indicate t hat commonly accepted r etarders , s uch 
as sugar, retard at 70 F (21.1 C), but act a~: accelerators at 90 F (32.2 c). Mixing 
times of 90 min and temperatures above the normal 75 F (23.9 C) should be used in 
evaluating the efficiency of a retarder for high-temperature concreting. 

17. White structural concrete generally requires from two to three times the normal 
addition rate of a retarder, conforming to the requirements of C 494-68, to permit suf
ficient mixing time without a significant addition of water and subsequent reduction in 
strength. These greater than normal additions may discolor the concrete and should 
be selected after field trials indicate that staining will not be a problem. 

PROJECT SCOPE FOR TESTING TYPES 2 AND 3 
GRAY CEMENT CONCRETE 

This section discusses the use of chemical admixtures as retarders in types 2 and 3 
gray cement concrete at 70 F (21.l C) and 90 F (32.2 c). 

All commercial and laboratory admixtu1·e selections from the pr evious discussion 
were first tested in gray cement pastes at 110 F (43.3 c). Automatic vicat cement set
ting t imes of normal consistency pastes (AS TM C 187) were recorded at this tempera
ture with and without admixtures. Concentrations of these admixtures were varied 
from 3 to 4 times normal recommended dosage to retard the initial set of the pastes 
by 1 hour (ASTM C 494-68). A delay in setting time in the paste does not correlate 
directly with a delay in setting time in the concrete. Therefore, adjustments were 
made in additional levels when the admixtures that proved successful in pastes were 
used in concretes. 

The color of the admixtures used was not a problem in these gray cements, although 
an overdose of admixture can cause discoloration in a buff-colored cement. 

RESULTS OF TESTS 

Admixtures in Gray Cement Concrete Pastes 

Admixtures A, B, D, and E (Table 2) were effective for retarding the setting time of 
and reducing the water in the paste tests. 

These admixtures were used in type 2 gray cement concrete mixes at 70 F (21.1 C) 
and 90 F (32.2 C) in varying concentrations so that an optimum level at each condition 
could be found. 

Admixtures C and D (Table 2) were tried in type 3 gray cement concrete mixes at 
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70 F (21.1 c) and 90 F (32.2 C) at one concentration level. Further work with other 
admixtures and concentration should be conducted in the type 3 cement concrete. 

Type 2 Gray Cement Concrete at >70 F (21.1 C) and >90 F (32.2 C) 

The concrete mix design and mixing procedure in the gray cement project were as 
follows: a 7-sack/yd 3 (390.4-kg/m 3) mix; a 4-in. (10.2-cm) slump target maintained 
over the 90 min of batch life; two mi.'= temperature ranges of 66 to 80 F (18.9 to 26. 7 C) 
and 90 to 104 F (32.2 to 40.0 C); ASTMplastic concrete tests at 5, 50, and 90 min of 
batch life; and casting of specimens at 5 and 90 min of batch life. The mix sequence 
involves 5 min of mixing at O, 40, and 85 min of elapsed batch life time for a total of 
15 min of actual mixing. The concrete between mixes remained at rest in the mixing 
drum. Twenty-five 750-lb (340.2-kg) concrete batches were mixed from 3,060 lb 
(1388 kg) of cement and 13,000 lb (5897 kg) of aggregate. The following cylinders, 
shrinkage bars, and flexure beams were cast ( 1 in. = 2. 54 cm): · 

Item 

Cylinders 
Shrinkage bars 
Flexure beams 

Number 

525 
126 
168 

Measurement (inJ 

4 x 8 
4X4X11% 
2x2x111

/ 4 

Tests were performed on cured specimens at 1, 3, 7, 28, 90, 100, and 180 days. 
Concrete mixes at between 70 and 80 F (21.1 and 26. 7 C) were performed in labora

tory conditions, and materials stored under the same conditions were used. Curing of 
the cast specimens was performed in a moist room at 70 F (21.1 C) and 100 percent 
relative humidity and in another room at 70 F (21.1 C) and 50 percent relative humidity. 

Concrete mixes at 90 F (32.2 C) were performed in the laboratory, and the mate
rials and the mixer were preconditioned to 100 F (37 .8 C). The temperature in the 
concrete was maintained by the use of hot running water [ 140 F (60 c) ] on the 9-ft3 
(0.26-m 3

) rotary drum whe11 needed. 
The ASTM tests performed on the plastic concrete mixes measured slump, temper-
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Type 2 Gray Cement Concrete at >70 F (21.1 C) and 180 Days 

The findings for type 2 gray cement concrete at >70 F (21.1 C) and 180 days were as 
follows: 

1. Type 2 gray.cement concrete responds well to the manufacturer's normal recom
mended dosage rate of 2 to 3 oz ( 59 .1 to 88. 7 ml per sack) at 70 F (21.1 c). 

2. Types 2 and 3 gray cement without admixtures have the same concrete setting 
times at 70 F (21.1 C) as determined by the Proctor penetration resistance setting 
time test (ASTM C403-68). 
__ 3 NQ!le_o tli.e_ <\ctmi;:i...1ure$ tellJ:e e.nQ:aine · ate .. 

4. None of the admixtures tested reduced the water content requirements. 
5. All of the admixtures tested retarded the initial and final setting times of the 

concrete. 
6. Admixture B [3 oz (88 .7 ml) per sack] and admixture D (0.15 percent by weight 

of cement) developed concretes with the pest compressive (25 and 6 percent greater 
respectively) and flexural strengths at 70 F (21.1 c). 

7. All admixtures tested produced increased shrinkage (from 6 to 35 percent) com
pared to the control specimens at 100 days. The amount of shrinkage in the admixture 
B specimens [3 oz (88.7 ml) per sack] exceeds the limits specified in ASTM C494-68 
in both 5 and 90-min mixes. 



Type 2 Gray Cement Concrete at >90 F (32.2 C) and 180 Days 

The findings for type 2 gray cement concrete at >90 F (32.2 C) and 180 days were as 
follows: 
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1. The type 2 gray cement concrete requires higher admixture additions [ 3 to 4 oz 
(88.7 to 118.3 ml) per sack] than the manufacturer's recommended dosage at 90 F 
(32.2 C). 

2. Types 2 and 3 gray cement concretes have the same setting times in concrete at 
90 F (32.2 C) without admixtures. 

3. None of the admixtures tested entrained air. 
4. All of the admixtures tested acted to reduce water in and retard the setting time 

of concrete. 
5. Admixture D (0.30 percent by weight), admixture A [5 oz (147.9 ml) per sack], 

and admixture D (0.4 percent by weight) have developed concretes with the best com
pressive (36, 25, and 34 percent respectively) and flexural strengths at 90 F (32.2 C). 

6. All of the admixtures tested reduced the shrinkage (from 7 to 48 percent in com
parison t0 the control bars) at both 5 and 90-min mixing times. 

7. Admixture A [12 oz (354.9 ml) per sack] was an overdose. 

Type 3 Gray Cement Concrete at >70 F (21.1 C) at 180 Days 

Findings for type 3 gray cement concrete at >70 F (21.1 C) at 180 days were as follows: 

1. Type 3 gray cement concrete does not require any more than the manufacturer's 
normal recommended dosages at 70 F (21.l C) [2 to 4 oz (59.l to 118.3 ml) per sack]. 

2. None of the admixtures increased the air content. 
3. All of the admixtures used in the concrete increased the drying shrinkage (from 

14 to 35 percent) at 100 days in both 5 and 90-min mixing times. 
4. Admixture A [4 oz (118.3 ml) per sack] and admixture B [3 oz (88.7 ml) per 

sack] retarded the setting times and increased the compressive (5 and 34 percent 
greater respectively) and flexural strengths. 

5. Admixture A [4 oz (118.3 ml) per sack] reduced the water demand by 6 percent 
compared with that for the control. 

Type 3 Gray Cement Concrete at >90 F (32.2 C) and 180 Days 

Fingings for type 3 gray cement concrete at>90 F (32.2 C) and 180 days were as follows: 

1. Type 3 gray cement concrete does not require any more than manufacturer's 
recommended dosages [ 2 to 3 oz (59.l to 88.7 ml) per sack] at 90 F (32.2 c). 

2. None of the admixtures used produced more shrinkage than the control batch bars 
at 100 days in mixing times of 5 and 90 min. 

3. Admixture A [ 6 oz ( 177 .4 ml) per sack] and admixture B [ 4 oz ( 118. 3 ml) per 
sack] acted to reduce water in and retard setting of the concrete at 90 F (32.2 c). 

4. Admixture B [4 oz (118.3 ml) per sack] developed a 40 percent greater flexural 
strength than the control. 

5. Admixture A [ 6 oz (177.4 ml) per sack] resulted in an undesirably long setting 
time. 

Summary and Conclusions 

The conclusions about the use of chemical retarding admixtures in types 2 and 3 gray 
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Table 5. Use of admixtures at acceptable dosages in gray 
cement concrete. 

Gray Dubd.ge Ralt! 
Cement 
Concrete Admixture At >70 F At >90 F 

Type 2 A 2 to 3 .. 4 to 5• 
B 2 to 34 4 to 5• 
D 0.10 to 0 ,20b 0.30 to 0.40b 
E 0.35 to 0.45b 0.80 to 0.90b 

Type 3 A 2 to 3a 2 to 3• 
B 2 to 35 2 to 3• 

Note: 1 F = 1.8 (C) + 32. 1 oz = 29.6 ml. 

~ in ounces (milliliters) per 94 lb (42.6 kg) sack of cement, 
bin percent by weight of cement, 

cement concrete at >70 F (21.1 C) and >90 F (32.2 C) and 180 days are as follows: 

1. The use of chemical admixtures A, B, D, and E at the dosage levels proved ac
ceptable by this paper is given in Table 5. 

2. All admixtures should be added to the mix water first. 
3. Increments of 1 oz (29.6 ml) per sack of cement greater than recommended are 

very detrimental and should be avoided. 
4. Specifications are needed about the use of chemical admixtures in concrete where 

other than normal type cements, at 51
/2 sacks or 517 lb/yd 3 (306.7 kg/m 3

), and other 
than normal temperature conditions exist. ASTM C 494-68 is inadequate in this area 
and should be revised to contain standards for the above-mentioned conditions. 

FUTURE STUDIES 

A chemical investigation of admixture-concrete systems during mixing and subsequent 
hardening could provide valuable information for understanding why admixtures under 
various conditions act as they do. This information could then be correlated with data 
from physical test results. Many questions such as the following that concern 
admixture-concrete interactions could then be answered: 

1. Why do some set-retarding admixtures produce lower compressive strengths 
with longer mixing time than others ? 

~. How do admixtures change with age'! 
3. Can one determine quantitatively the admixture contained in a 1-year-old speci

men of concrete? 
4. Why does a particular admixture react differently with the same type of cement 

from different sources ? 
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A SETTING PROBLEM INVOLVING WHITE CEMENT 
AND ADMIXTURE 
K. T. Greene, Ideal Cement Company, Fort Collins, Colorado 

Quick setting was experienced when a particular water-reducing admixture 
was used with certain white cements containing less than 1.6 percent 803. 
These cements set normally at normal temperature without the admixture 
but set rapidly in the presence of the admixture, both at normal and at high 
concreting temperatures. Other cements from the same mill with higher 
803 contents gave normal setting times, both with and without the admixture 
and irrespective of temperature. Investigation revealed that, in the presence 
of the admixture, consumption of SOa was accelerated in the case of the prob
lem cements and that insufficient 80a remained in solution in the period im
mediately following mixing to properly control the hydration reactions of 
C3A. Other factors also were involved, such as inherent clinker reactivity 
and the state of dehydration of the gypsum. 

•SEVERAL instances of quick setting of type 1 cements were encountered, and these 
all involved either use of a water-reducing admixture or high concreting temperatures, 
or both. At normal temperatures of 70 to 75 F (21.1 to 23.9 C) and in the absence of ad
mixture, the cements set normally. Without exception the quick-setting cements all 
had rather low 80a contents (about 1.50 to 1.60 percent). However, the S03 deficiency 
was not so great as it seemed at first glance, since drying shrinkage and 24-hour 
strength tests had indicated an optimum SOa content of only about 1.8 to 2.0 percent. 
Other cements from the same mill with higher 80a contents gave normal setting times, 
both with and without admixture, and even at the high concreting temperatures. Ad
dition to the quick-setting cements of gypsum equivalent to 0.3 or 0.4 percent 803 
caused them to set normally. 

Although the low 803 content of the cements was clearly a critical factor in their 
quick-setting tendencies, other cements with equal or only slightly higher 803 contents 
set normally. An attempt was made to find reasons for this anomaly in chemical dif
ferences between the cements, but there was no obvious correlation. The only explana
tion appeared to be that there were minor differences in the clinkers or in the gronnd 
cements that made them slightly more or less reactive on hydration. 

This paper describes a specific setting problem experienced with a particular ad
mixture. It is not intended to imply that the type of quick setting described has not 
been observed before; however, that it is not mentioned in a recent review of the 
causes of abnormal setting of portland cements (1) suggests that it is not a frequent 
occurrence. Because of the practical importance of the problem to the field use of 
white cement, a laboratory study of the factors involved was undertaken. Since the 
work was originally done to gain information as quickly as possible, the data are not 
so complete as they would have been had the project been planned from the beginning 
as a research study. 

MATERIALS AND METHODS OF STUDY 

Three cements (A, B, and C) were selected for this investigation, the chemical anal
yses of which are given in Table 1. One of these, cement A, set rapidly in the field 
when used at temperatures of about 90 F (32.2 C) with a particular water-reducing ad
mixture and also at normal temperatures in the laboratory. This admixture is reported 
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to be of the carbohydrate type and is probably based on corn syrup. The second cement, 
B, set rapidly in the absence of admixture when the temperatures of concreting were be
tween 90 and 102 F (32.2 and 38.9 C). Cement B was not used with admixture in the 
field. Cement A contained 1.55 percent and cement B contained 1.54 percent SQ3. Ce
ment C contained 1.85 percent SQ3 and behaved satisfactorily with and without admixture. 
Cements Band C contained approximately 2.5 percent Ca(OH)2 by differential thermal 
analysis (DTA), presumably resulting from hydration of free Cao. 

The hydration experiments were performed on small paste samples that were 
hydrated at normal laboratory temperature [approximately 73 F (23 C)] for periods of 
5 min, 15 min, 1 hour, and either 3 or 4 hours. The water-cement ratio was 0.50 in 
all cases. When the admixture was used, it was incorporated in the mixing water at a 
rate equivalent to 3 oz (8.87 ml) per sack of cement. The admixture was the same as 
that used with cement A in the field. In some experiments, additional SQ3 was added 
to the cement in the form of reagent-quality gypsum. 

The unhydrated cements and the pastes hydrated for different periods of time were 
analyzed by DTA. The hydrated samples were vacuum dried before analysis. The 
quantity of sample was the same in all DTA experiments, and the relative amounts of 
hydration products were estimated semiquantitatively from thermal peak intensities. 
The particles were essentially all small enough to pass the No. 200 sieve, and the rate 
of heating was 50 F (10 C) per min. In a few instances, X-ray diffraction (XRD) pat
terns were obtained as confirmation of the DTA results. The DTA data were correlated 
with setting-time tests. 

EXPERIMENTAL RESULTS 

Cement A 

Cement A was hydrated both with and without the admixture. The DTA curves are shown 
in Figure 1. Calcium sulfate, mostly in the form of gypsum, is indicated on the curve 
of the unhydrated cement by the double endotherm between 212 and 392 F (100 and 200 C). 
The curves of the hydrated pastes show that the reaction of C3A with calcium sulfate to 
produce ettringite is rapid in the absence of admixture and is accelerated even further 
in the presence of the admixture. Ettringite is indicated by the deep endotherm between 
212 and 392 F (100 and 200 C). Without admix.Lure, a little l:aicium i:mlfate remains un
reacted after 15 min of hydration but appears to be completely consumed at 3 hours of 
hydration. In the presence of admixture, the calcium sulfate appears to be completely 
reacted after 15 min. After 3 hours of hydration with the admixture (bottom curve in 
Figure 1), a new complex endotherm appears, and the ettringite endotherm is reduced 
in size. The new endotherm, appearing in the region of 302 to 662 F (150 to 350 C), 
represents calcium aluminate monosulfate hydrate (or monosulfoaluminate) formed 
after depletion of the calcium sulfate (2). XRD was used to confirm the presence of 
monosulfoaluminate in hydrated pastes- after occurrence of quick setting. The 8.9 A. 
line was considered to be characteristic of this compound (3). The monosulfoaluminate 
was already identifiable in a sample of paste hydrated for Chour (not shown in Figure 
1). The endotherm at about 932 F (500 C) in the 3-hour samples is due to Ca(OHh. 

It was noted that the formation of monosulfoaluminate corresponded to a marked 
__ dr_,ying_and stiffenin_g o t he_ pa.sle.s a t ab.out %Jiour a..Cte1·_mixing. This observ.atio 

correlated with the mortar laboratory tests , in which quick setting was observed about 
35 min after mixing when the admixture was used at 73 F (22.8 C). Addition of 0.3 
percent SQ3 as gypsum lengthened the setting time of this cement in the presence of 
admixture to about 3 hours, even at 90 F (32.2 C). 

Cements B and C 

Cements B and C were both hydrated without the admixture, and cement B was also 
hydrated with the admixture, even though the field problem of quick setting with cement 



Table 1. Chemical composition and fineness of 
cements A, B, and C. 

Component 

Si02 
At,O, 
Fe20, 
cao 
MgO 
so, 
Na20 
K,O 
Lossa 
Free CaO' 
c,s 
c,s 
C,A 
C4AF 
CaSO, 

Cement A 
(percent) 

23.2 
5.1 
0.3 

67 .9 
0.8 
1.55 
0.19 
0.01 
1.16 
0.6 

61.3 
20.2 
13.1 
0.9 
2.64 

Cement B 
{percent) 

22.3 
5.5 
0.3 

68.5 
0.7 
1.54 
0.19 
0.01 
1.28 
0.4 

69.2 
11.8 
14.0 
0.9 
2.62 

Cement C 
(percent) 

22 .7 
5.0 
0.3 

67 .8 
0 .7 
1.85 
0.15 
0.00 
1.25 
0.5 

63.7 
17 .1 
12.8 
0.9 
3.15 

Note: Blaine's surface area measurements are 3470 cm 2 /g for cement 
A; 3720 cm 2 /g for cement B; and 4010 cm 2 /g for cement C. 

"On ignition. 
bNot determined at time cements were studied; values obtained about 
2 years later. 

Figure 2. OT A curves of cement B unhydrated 
and hydrated for different times with and 
without water-reducing admixture. 

CEMENT B 

With Admix . + 0.4% Add. S0 3 4 Hrs. 
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DEGREES C 

Figure 1. o:r A curves of cement A unhydrated 
and hydrated for different times with and 
without water-reducing admixture. 
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Figure 3. OTA curves of cement C unhydrated 
and hydrated for different times. 
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B had not involved an admixture addition. Both with and without the admixture, cement 
B behaved much like cement A. The DTA curves are shown in Figure 2. At normal 
laboratory temperature and in the absence of admixture, the calcium sulfate is essen
tially completely reacted after 4 hours of hydration, but there was no evidence of mono
sulfoaluminate formation or of quick setting at this length of time. Since this cement 
gave quick-setting problems in the field, it is probable that a few degrees of increase 
in temperature would have triggered the conversion to monosulfoaluminate and given 
the accompanying quick setting at some time earlier than 4 hours. Unfortunately, no 
DTA hydration experiments were conducted at temperatures in the range of 90 to 102 F 
(32.2 to 38.9 C). However, such data would be valuable as supporting evidence for the 
conclusions of the study. However, since cement B stiffened rapidly in the field at a 
high concreting temperature without admixture, it seems reasonable to assume that a 
higher laboratory temperature would also have induced quick setting in the absence of 
admixture. 

When cement B was hydrated in the presence of the admixture, the early reactions 
were accelerated. Calcium sulfate was depleted and monosulfoaluminate began to form 
in less than 1 hour (not shown in Figure 2), and quick setting was evident. Figure 2 
shows the considerable amount of monosulfoaluminate formed after 4 hours of hydration, 
compared with the absence of this compound in the paste with no admixture hydrated 
for the same length of time. The bottom curve of Figure 2 shows that, with the addi
tion of 0 .4 percent SQ3 as gypsum, no monosulfoaluminate was detectable after 4 
hours. This confirms the conclusion that additional SQ3 is needed to properly control 
the setting of cement B when used with admixture. 

Cement C, which contained 1.85 percent SQ3, behaved normally in the field and had 
calcium sulfate remaining unreacted at 4 hours as shown in Figure 3. Cement C con
tained less ettringite than cement B at 4 hours; this suggests that the C3A-calcium 
sulfate reactions were basically slower in this cement. This led to the suspicion that 
the sensitivity to quick setting of cement B was due to a combination of a deficiency in 
S03 and a somewhat greater inherent reactivity on hydration. No DTA tests were made 
with cement C in the presence of the admixture; therefore, no direct comparison with 
cement B is available under these conditions. 

Mortar laboratory tests correlated well with the hydration experiments. Both 
cements Band C gave setting times at normal temperatures of about 3 hours. At 94 F 
{34.4 C), cement C gave a setting time of 165 min; cement B set at 81 min. Addition 
of the admixture to cement C actually prolonged its setting time at 94 F (34.4 C) to 
greater than 225 min; however, the setting time of cement B was shortened to 23 min 
under these conditions. 

To confirm the suspicion (previously mentioned) that cement B was inherently more 
reactive than cement C, the two were hydrated with 0.31 percent SQ3 as gypsum added 
to cement B so that the total S03 contents would be equal. DTA of the original unhy
drated cements had shown that, although cement B had a lower total SQ3 content, it 
actually contained more gypsum than cement C. This is seen by comparing the upper 
curves of Figures 2 and 3. Hydration of the two cements with SQ3 adjusted to the same 
level showed quite convincingly that cement B did indeed react more rapidly, as shown 
in Figure 4. At both 1 and 3 hours not only was more ettringite produced in cement B 
but also less gypsum was left unreacted, even though the original amount before hy
dration was considerably more in cement. 

Description of other experiments made with cement B follows because they are of 
considerable technical interest and because they may be of some practical importance. 
A portion of the cement was heated overnight at 230 F (110 C) to convert the gypsum 
completely to hemihydrate. The heated cement was hydrated for periods of time up to 
3 hours with and without addition of the admixture. The DTA results are shown in 
Figure 5. Surprisingly, the reactions were found to be much slower than before heat
ing. In fact, the admixture appeared to have less of a.1 accelerating effect on the 
heated than on the unheated cement. Both with and without admixture, the paste con
tained considerable unreacted calcium sulfate (gypsum and hemihydrate) after 3 hours 
of hydration. This was in sharp contrast to the pastes made with unheated cement. 

Mortar laboratory results again paralleled the DTA data. At 94 F (34.4 C), the 



Figure 4. OT A curves of cement C and cement 
B with added gypsum to give equal total S03 
content, hydrated for different times. 
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Figure 5. OT A curves of cement B after heating 
to 230 F (110 C), unhydrated and hydrated for 
different times with and without water-reducing 
admixture. 
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heated sample of cement B gave setting times of 190 min without the admixture and 
330 min with the admixture, compared with 81 and 23 min respectively for the unheated 
sample. The reason for this behavior is not known, but one may theorize that the 
higher concentration of sulfate in solution resulting from the presence of hemihydrate 
in the heated cement produced a more impermeable or durable protective coating on 
the C3A grains, thereby retarding their reaction. Schwiete and Niel ( 4) have observed 
that the ettringite layer on C3A is stabilized by hemihydrate. -

These results suggest the possibility of lengthening the setting time of these sensi
tive cements by increasing the proportion of hemihydrate through higher grinding tem
peratures without recourse to an increase in total S03. It is recognized, however, that 
this procedure might induce false setting because of gypsum crystallization and thereby 
cause more problems than it solves. In any case, the practical feasibility of this ap
proach would have to be thoroughly tested. 

DISCUSSION AND CONCLUSIONS 

From these experiments it was concluded that the quick-setting problem resulted from 
insufficient sulfate being available in solution in the period immediately following mixing 
to properly control the hydration reactions of C3A when accelerated by temperature or 
the admixture or a combination of the two. The admixture effect appears to be the same 
type of acceleration of stage 1 hydration described by Seligmann and Greening (5) when 
sucrose was used. However, the fact that normal or near-normal setting behaVl.or was 
observed with other cements having comparable or even lower S03 contents makes it 
clear that other factors are involved as well. Most important of these is probably the 
inherent reactivity of the clinker. Later production of white cement from this same 
mill, containing 1.56 percent S03, which is in the same range as the quick-setting ce
ments, showed no adverse setting behavior, even with the water-reducing admixture and 
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and at 95 F (35 C). This proves that factors other than 803 content are involved. The 
gypsum in this cement had been essentially completely converted to hemihydrate dur
ing grinding; therefore, in view of the heating experiment with cement B previously 
described, it appears that the hydration state of the calcium sulfate may also affect 
the setting behavior of some cements when used with admixtures. 

The most practical and obvious solution to this type of problem is to make sure that 
there is adequate SOs in the cement for all expected conditions of use. Now the SQ3 
content of type 1 white cement is specified at between 1.8 and 2.2 percent. Further 
setting problems have not been experienced since this level of SQ3 has been maintained. 

In addition, the problem of insufficient, readily soluble SQ3 in the presence of ad
mixtures is not restricted to white cement. It can occur and has occurred with gray 
cements. 
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USE OF ADMIXTURES IN PRODUCTION OF LOW-POROSITY 
PASTES AND CONCRETES 
Jan Skalny, Martin Marietta Laboratories, Baltimore, Maryland; and 
Ivan Odler, W. R. Grace and Company, Cambridge, Massachusetts 

This paper reviews the results of studies on the development of a low
po.rosity, high-strength cement paste and concrete. The paste is made by 
mixing finely ground cement clinker, containing alkali or alkaline earth 
lignosulfonates, with 0.20 to 0.30 parts of water containing alkali carbonate. 
Concretes and mortars made with low-porosity cement paste have improved 
strength, dimensional stability, and other engineering properties. 

•IT is commonly accepted that the water-cement ratio (w/c) of portland cement paste 
at a given temperature determines the porosity of the hardened paste (.!_, ~. :!_, !) . A 
low w/c leads to low porosity, which, in turn, leads to greater strength and dimensional 
stability. 

Theoretical and experimental work of Pickett (5), Helmuth and Turk (6), and others 
led to the conclusion that the drying shrinkage of Cement paste and concrete diminishes 
linearly with the porosity of the paste. Thus, the two main engineering properties of 
concrete, namely strength and dimensional stability, can be improved by using a low 
w/ c that results in low-porosity paste. 

The previously mentioned results of experiments led to an interest in cement pastes 
and concretes having porosities as low as possible. Two different methods for obtain
ing low-porosity systems are currently under study. One method involves compaction 
of low w/c mixes as reported recently by Skalny and Bajza (7), Bajza (8), Lawrence (9), 
and Roy, Gouda, and Bobrow sky ( 1 O). The second method ( D, 12, !!, !.!, ~ ~ 17) , dis
cussed in this paper, m.akes possible a decrease in porosity by using a low w/ c and by 
maintaining workability by the use of a suitable system of chemical additi.ves. 

MATERIALS AND EXPERIMENTAL METHODS 

All of the results were obtained on commercially available, grouped types 1 and 2 port
land cement clinkers. K2C03 was used to replace gypsum as set regulator, and a Ca
lignosulfonate has been used as a water reducer. Various grinding aids have been used 
as a means for obtaining Blaine surface areas above 6000 cm]'g. 

During the investigations, the properties of both fresh and hardened cement pastes 
and concretes have been studied. These include consistency, strengths, volume 
changes, rates of hydration, density, pore volume and surface area distributions, 
and absorption and environmental resistance. Details of experimental methods used 
are given elsewhere (13, 14, 15). 

HYDRATION OF LOW-POROSITY PASTES 

Effect of Experimental Parameters on Degree of Hydration 

Degree of hydration x is defined by the equation 

Wn 
X = ~ 

Wn 
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( 1) 
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where w~ is the nonevaporable water at complete hydration, and Wn is the nonevapor
able water at any given age of the D-dried paste per gram of unhydrated cement. Be
cause the clinker minerals present in cement hydrate at different rates ( 18), the de
gree of hydration of cement as a whole does have questionable scientific meaning, 
mainly at early stages of hydration. However, from the practical point of view, the 
strength and volume changes of cement pastes and concretes are determined by the 
degree of hydration of the paste. Therefore, the assumption was made that all the un
hydrated compounds present in the paste after 1 day of hydration continue to hydrate 
at equal fractional rates. If we accept the view that the rate-controlling step in this 
stage of the hydration reaction is the diffusion of particles through the coating of hy
drates formed on the unhydrated clinker particles, the use of equation 1 is justified. 

The following effects on the degree of hydration of low-porosity pastes have been 
studied: type of cement and grinding aid, temperature, w/ c, and fineness of cement. 

Grinding aids strongly influence the rate of hydration mainly at early stages, as 
can be seen in Figure 1 [pastes are hydrated at 77 F (25 C) and w/c = 0.2]. Of the 
four sets of type 2 pastes, two hydrate much faster than the two others. After 1 day, 
there is a sixfold difference between the pastes TMN 2 and REAX-70 2 (1 and 2 char
acterize the type of clinker used). The degree of hydration of the DEC 1 paste is only 
about one-third that of the DEC 2 paste after 1 day, but the difference can be attributed 
to different levels of lignosulfonate ( 1 versus 0. 5 percent). 

The fact that the induction or dormant period (as measured by degree of hydration) 
does not begin at zero time shows that, in addition to the grinding aid and lignosulfo
nate, the preventing coating (believed to cause the decrease in reaction rate in the 
dormant period) contains some hydration products. Actually, cement pastes not con
taining admixtures also exhibit a dormant period. The dormant periods of REAX-70 2 
and DEC 2 pastes are very different from those of TMN 2 and AR-100 2 pastes. It 
seems that the last two form a coating much less pervious to water than the first two. 
In fact, no dormant period appears in Figure 1 for the REAX 2 and DEC 2 pastes; thus, 
if there is any dormant period at all, it is shorter than 1 hour. 

The effect of temperature on the rate of hydration is shown in Figure 2 [pastes are 
hydrated at 41, 77, and 122 F (5, 25, and 50 C) from 1 to 180 days; w/ c = 0.2]. As in 
other chemical reactions, the rate of hydration increases at early stages of hydration 
as temperature increases, and the rate decreases as the ultimate degree of hydration 
is approached. The induction period at 41 F (5 C) lasts for at least 3 days, but it has 
not been detected at the two higher temperatures. 

The effect of w / c on the degree of hydration is shown in Figure 3 [pastes are hy
drated at 77 F (25 C) from 1 to 90 days; w/ c = 0.2 and 0.3]. At all ages, the degrees 
of hydration of the pastes made with w/ c = 0.30 are greater than those of the pastes 
made with w/c = 0.20. The higher w/c produces pastes of higher total porosity; this 
results in the accommodation of larger quantities of hydration products. 

The effect of cement fineness on the degree of hydration was studied on types 1 and 
2 clinkers ground to low and high surface areas with 0. 5 percent diethylcarbonate (DEC) 
as a grinding aid. The levels of K2C03 and lignosulfonate, the w/ c, and the tempera
ture were kept constant. The low-surface area type 2 cement had a long dormant pe
riod (at the end of 1 day, the degree of hydration was still only 15.8 percent), but the 
high-surface area cement was hydrated to 44. 9 percent. Subsequently the gap continued 
to become narrower; at 14 days, the values of x were 68.3 and 70.3 percent; thus, the 

------ -----deg.ree-oLhy.dration-oLthe-low_,,suriace.=area_cemenLalmost_r_eached_that_of_the_high.::. _ _ _ 
surface -area cement. 

The influence of the surface of the cement was much greater for the type 1 pastes 
than for the type 2 pastes. When the same amount ( 1 percent) of lignosulfonate was 
used for the high- and low-surface-area type 1 cement, the degree of hydration of the 
low-surface-area cement even after 14 days was only 23.0 percent, but the value of x 
for the high-surface cement was 61. 8 percent. 
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Mechanism of Hydration Process 

The hydration of low-porosity cement pastes may be divided into three stages. After 
water gels in contact with cement grains, a fast hydration starts that may be called the 
predormant period. Soon, however, the early hydration products plus the grinding 
aids and the calcium lignosulfonate form an almost impervious coating on the grains, 
and the hydration becomes very slow. This is the dormant or induction period that 
starts at about 10 to 15 percent hydration and ends at about 15 to 20 percent hydration. 
The beginning and the duration of the induction period strongly depend on the tempera
ture and the amount of lignosulfonate used. 

During the induction stage, there is a slow reaction. Because the hydration prod
ucts have larger volumes than unhydrated cement, pressure caused by newly formed 
hydration products may build up under the coating. This results in eventual breakup 
of the coating. After this happens, water again has direct access to the unhydrated 
grains, and the reaction speeds up. Hydration products now accumulate in the pore 
system, and, after the degree of hydration reaches about 30 percent, diffusion through 
the hydration products becomes the rate-controlling step, and the rate of hydration 
gradually slows down again. This is the third stage in the hydration process, and it 
continues until the ultimate degree of hydration is reached. 

It is uncertain whether the diffusion of water through the hydration products to the 
unhydrated grains or whether the diffusion of the hydrated ions from the surfaces of 
the unhydrated grains, through the hydration products, and to water-filled pores (in 
which they can precipitate and form new hydration products) is the slowest and there -
fore rate-determining step. For convenience it was assumed that the slow step is the 
diffusion of water to the unhydrated grains. 

The formation of the hydration products is accompanied by the formation of very 
small pores, called gel pores. As the hydration progresses, these pores become nar
rower, and the path through which molecules or ions must diffuse becomes longer. 
Thus, diffusion becomes slower as the amount of hydration products increases. Be
cause the clinker minerals hydrate at different rates (as mentioned previously), only 
the third stage of hydration was found amenable to discussion of the kinetics in quanti
tative terms. 

Analysis of the process has shown that, in addition to the amount of unhydrated ce
ment in the paste and hydration products formed and the original w/ c, the rate of hy
dration is a function of the volume of the hydration products at equal degrees of hydra
tion. This volume, in turn, depends on the composition of cement present in the paste. 
The results indicate that the retardation of the rate of hydration is becoming increas
ingly greater as the pore space becomes more and more filled by newly formed hydra
tion products. These products cause even greater retardation of the diffusion of water 
to the unhydrated grains. 

For example, DEC 1 pastes, hydrated at the same temperature and with the same 
w/c, hydrated more slowly than DEC 2 pastes. On the basis of the compositions of the 
two clinkers, one would expect only a slight difference, if any, in the hydration rates 
at the beginning of the third stage. 

It seems, therefore, that the double amount of lignosulfonate in the type 1 cement 
has a considerable effect not only on the early stages of hydration (e.g., Figure 1) but 
even in the beginning of the third stage. 

The difference between the ultimate degree of hydration of these two pastes (75.4 
percent for DEC 2 versus 69 percent for DEC 1) may also be due partly to the same 
cause. The double amount of lignosulfonate in the DEC 1 pastes may make the hydra
tion products less pervious to water; thus, a negligible hydration rate may be reached 
when the amount of hydration products in the pore system of the paste is smaller than 
that in the DEC 2 paste. As discussed earlier, however, the volume of the hydration 
products, at equal values of x, in the type 1 pastes was 5 percent greater than that of 
the type 2 pastes, and this may explain the differences found in the rate of hydration. 

The apparent energy of activation can be evaluated without reference to any mecha
nism if the rate of hydration is known at, at least, two different temperature levels and 
if the rate of the reverse reaction is negligible compared with the rate of the forward 
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reaction. This is certainly true for the hydration of portland cement. If a single step 
in a complex process is the rate-controlling step, the .1.·ate of n ::adiun can be expressed 
as the product of the function of the temperature only and the function of the composi
tion variables only. The apparent energies of activation (an indication of relative en
ergy barriers) were evaluated for DEC 1, DEC 2, and REAX-70 2 pastes, with w/c = 

0.20, by using the equation 

d£n [- d( lO~t - x) J 
d(l/ T) 

d£nk(T) 
= d(l/T) (2) 

DEC 1 pastes gave excellent straight lines. Figure 4 shows this as an Arrehenius 
plot of log R versus 1/ T, where R is the rate and T is the absolute temperature. The 
points were obtained from three DEC 1 pastes, each with a 40 percent degree of hydra
tion at 41, 77, and 122 F (5, 25, and 50 C). The slope multiplied by 2.303 gave an ap
parent energy of activation of 4, 700 cal ( 19. 7 MJ), rounded to the nearest 100 cal ( 418 
kJ), for 40 percent hydration. The apparent energies of activation for 50 and 60 per
cent hydration were 6,300 and 7,700 cal (26.4 and 32.2 MJ) respectively. The in
creases in apparent energies of activation with progressing hydration indicate that the 
energy barrier to diffusion becomes greater as the hydration products keep on accu
mulating in the pore system. One possible reason for this is the formation of more 
constructed entrances of the ink-bottle pores, i.e., pores with wide bodies and narrow 
entrances. 

The 122 F (50 C) curve for REAX-70 2 was out of line with the others; consequently, 
only the 41 and 77 F (5 and 25 C) curves could be used for the calculation of the ener
gies of activation. The values for 40, 50, and 60 percent hydration were 9,000, 10,600, 
and 11,200 cal (37. 7, 44.4, and 46.9 MJ) respectively. The trend with progressing hy
dration was the same as that for DEC 1, but the values were much higher. 

The DEC 2 pastes did not give good straight lines. Nevertheless, it is worth noting 
that the apparent energies of activation for DEC 2 at 40 and 50 percent hydration were 
10,800 and 9,000 cal (45.2 and 37. 7 MJ) respectively. These are almost exactly the re
verse of the values given above for REAX-70 2. Thus, in spite of the questionable re
sults, it can be concluded that the apparent energies of activation for REAX-70 2 and 
DEC 2 were about equal and were higher than the values obtained for DEC 1. Appar
ently, for some reason, the energy barrier is higher for the type 2 pastes than for the 
type 1 pastes. 

Action of Admixtures 

The effect of K2C03 on the setting time and strength development of cement mortars 
was studied by Niel (20). He concluded that K2C03 affects the early hydration process 
through an interactionwith the C3A and gypsum in the cement. In that the materials 
system used in this study did not contain gypsum, the results obtained by Niel are only 
partly applicable to the present work. However, in agreement with our results, Niel 
found that K2C03, up to a certain level, improves workability, prolongs setting times, 
and increases early strength. 

The interactton-of-K2C03 ith-e ss-was studi'ed by several a.utlrurs <s ~ 22) . t-
was shown that, in the absence of retarding admixtures (such as lignosulfonates), 
K2C03 accelerates the hydration of C3S. It causes changes in the compositions of 
liquid phase and in the composition and microstructure of hydrates formed. Presence 
of K2C0 3 causes complicated heat effects in the first hour of hydration; the mechanism 
of these effects is not known as yet. 

Based on theoretical considerations and limited amount of experiments, Brunauer 
et al. (13) suggested a probable mechanism for the effect of the additives and admix
tures oiilhe hydration of low-porosity cements. The effect of K2C03 in the low-porosity 
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pastes is similar in part to the effect of gypsum in normal cement pastes. In place of 
the sulfoaluminate, the carbonate ions form a carboaluminate, which is partly respon
sible for the retardation of the fast set. However, the 0. 5 percent K2C03 used in the 
present work is not sufficient to convert the CJA into carboaluminate even in the type 2 
cement, which contains only 1.4 percent C3A. Besides the retarding action of Ca(OH)2 
and of the carbonate ion, it is the coating formed by the grinding aid and calcium ligno -
sulfonate that probably makes an important contribution to the prevention of flash 
setting. 

K2C03 has two other effects besides the formation of carboaluminate. Alkalies in
crease the rate of hydration of cement. The potassium part of K2C03 forms KOH. This 
decreases the solubility of Ca(OH)2. Thus, the carbonate ion acts as a retarder, but 
the potassium part of the compound acts as an accelerator. 

The third effect of K2C03 is connected with the calcium lignosulfonate additive. The 
lignosulfonate ion is adsorbed on the cement grains. The unhydrated grain surfaces 
are predominately composed of oxide ions; it is possible, therefore, that calcium and 
lignosulfonate ions are jointly adsorbed or are adsorbed as molecules. Nevertheless, 
this is not necessarily true. Kane, La Mer, and Linfor (22) have shown that large neg
ative ions may be adsorbed even on negatively charged surfaces because the attractive 
van der Waal's forces may overcome the electrostatic propulsion. 

The mechanism of the joint action of K2C03 and lignosulfonate is probably the follow
ing. Without the presence of K2C03, the calcium lignosulfonate would quickly precipi
tate out of the solution because there are enough calcium ions in the aqueous phase of 
hydrating cement to exceed its solubility product. However, the K2C03 produces OH
ions, which diminish the concentration of the ca++ ions in the solution; therefore, the 
lignosulfonate is not precipitated. This gives the lignosulfonate ions a chance to be ad
sorbed on the grains of the cement. 

PROPERTIES OF LOW-POROSITY CEMENT PASTES 

Workability and Setting Time 

Because of the low w/c and the absence of gypsum in the low-porosity cement, special 
emphasis was given to the question of setting time and consistency. An arbitrary em -
pirical scale was adopted for the consistency, and a paste flowing into a mold with no 
other help than gravity was considered to be of ideal consistency. As expected, the 
setting times and the consistency of the pastes depend on several factors, such as sur
face area of cement, type and amount of additives, temperature of curing, and type of 
cement. From the investigations, several conclusions were made: 

1. The same quantities of different grinding aids, under otherwise constant condi
tions, have different effects on the consistency and setting time, 

2. The grinding aid determines the consistency and setting times in conjunction 
with the other additives, 

3. Increasing the K2C03 and lignosulfonate content above certain value does not 
necessarily improve the properties of paste, and 

4. For different clinkers, different amounts of grinding aid, K2C03, and lignosul
fonate give the optimal consistency. 

It is believed that, for different applications of low-porosity concrete, cements 
giving desirable workabilities and setting times can be produced. 

Porosity and Pore Structure 

In the study of total surface areas, total pore volumes, and the pore volume and sur
face area distributions of low-porosity pastes, nitrogen and water vapor were used as 
adsorbates. One clinker type, two different grinding aids, two w/ c, and three 
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temperatures were the variables. 
It was found that the nitrogen molecules were unable to penetrate not only into the 

micropores (widths < 20 A) but even into many wider pores in spite of the fact that the 
diameter of a nitrogen molecule is only 3. 5 A. This is explained by the presence of 
ink-bottle pores. As the hydration progresses, a part of the wide pores is converted 
into micropores. After 1 day, about one-half of the surface of the pastes is located in 
the micropores; the fraction increases to about three-fourths after 28 days. The grind
ing aid has an important effect on the pore volume and surface distribution. With 
REAX-70 2 as grinding aid, a larger fraction of the pore volume of the pastes is in 
micropores and a smaller fraction is in wide pores than with DEC as grinding aid. 

Some differences in the strength of low-porosity pastes can be explained by the dif
ferences in the pore-volume distribution. This factor was found to be complementary 
to the degree of hydration and total porosity. 

Compressive Strength 

The strength of hardened portland cement paste is usually correlated with degree of 
hydration and total porosity. As hydration progresses, the total porosity decreases 
because the hydration products occupy a greater volume than the unhydrated cement. 
Consequently, a part of the hydration products deposit in the pores. Thus, the two ef
fects work in the same direction. The compressive strength results show good corre
lations with degree of hydration and with total porosity. Figure 5 shows the early 
strength development of DEC 1 and TMN 1 pastes, hydrated at 77 F (25 C) from 1 to 
72 hours, with w/c = 0.2. The dormant period of the DEC 1 pastes is about 1 day, 
after which the strength increases sharply. The dormant period for strength develop
ment is not the same as for the degree of hydration because strength development is 
not a function of the degree of hydration only. 

The dormant period of the TMN 1 pastes is only about 15 hours; thus, the difference 
of the 1-day strengths between DEC 1 and TMN 1 is very great. Obviously TMN, to
gether with the lignosulfonate and the hydration products, forms a coating that is more 
pervious to water than that formed by DEC. 

The early strength development oI the type 2 pastes is shown in Figure 6 [pastes 
are hydrated at 77 F (25 C) from 1 to 72 hours; w/c = 0.2]. Compressive strength and 
degree of hydration at 1 day are very low for TMN 2 and AR-100 2, and they are high 
for RF.AX-70 2 ::ind DEC 2. However; ::i new factor appears here, On the basis of de
gree of hydration and porosity, the REAX-70 2 pastes should have slightly higher com
pressive strengths than the DEC 1 and 2 pastes, but, both at 1 day and 3 days, they are 
about 4,000 psi (27.6 MPa) lower than those of the DEC 1 and 2 pastes. Thus, there 
must be at least one other factor, besides degree of hydration and porosity, that has 
an influence on strength. It was found to be the pore volume distribution. 

Grinding aids probably have some effect on the final strength, but, if so, the effect 
is not very great. The final strengths of the pastes made from types 1 and 2 cement 
and ground with the same grinding aids were found to be nearly equal. 

The temperature dependence of the compressive strength was investigated for the 
DEC 1, DEC 2, and REAX-70 2 pastes. The strength gain is enhanced by increasing 
the temperature. The dormant periods at 41 F (5 C) are much longer than at 77 F 
(25 C). At every age, the strength is higher at higher temperatures. For example, 
the final strength of the DEC 1 paste at 122 F (50 C) measured after 90 days of hydra-

on is ;j,'Q~OOO psi (275. PaJ. Ar nie same age, tl1-e 7TF (2flC)p as te lill.s a compres-
sive strength of 34,600 psi (238.6 MPa). For the 41 and 77 F (5 and 25 C) pastes, 
strengths were measured at 180 days; they are 27,000 and 36,400 psi (186.2 and 238.6 
MPa) respectively. It is not likely that the strengths of the 122 F (50 C) pastes would 
have increased significantly after 90 days, nor is it likely that the strengths at 77 F 
(25 C) would have increased significantly after 180 days. The strengths at 41 F (5 C) 
would probably have increased after 180 days, but it is very unlikely that they would 
have reached an ultimate strength as high as those for the 77 F (25 C) pastes. Thus, 
the ultimate strength appears to increase significantly as temperature increases. 



Figure 1. Degree of hydration 
versus time of four sets of 
type 2 and one set of type 1 
pastes from 1 hour to 7 days. 
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Figure 3. Degree of hydration versus time of 
DEC 1 pastes. 
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Figure 6. Compressive strength versus time of 
four sets of type 2 pastes. 
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Similar results were obtained for the other pastes. 
The dormant period of the DEC 1 pastes made with w/c = 0.3 is about the same as 

that of the pastes made with w/c = 0.2; it is about 1 day. At 3 days, the paste with 
the higher w/c appears to have somewhat higher strength, though this may be within 
the experimental error. From then on, the pastes with the lower w/c increase in 
strength much faster than the others. The strengths of the pastes with w/c = 0.3 level 
off after 28 days; the 29, 90, and 180-day strengths are all approximately 25,000 psi 
(172.4 MPa). Thus, as expected, the final strength is much lower than that of the 
paste with w/c = 0.2. The pastes with the higher w/c have a higher degree of hydra
tion, but this is greatly overcompensated by the much higher porosity of these pastes. 
The porosities at 90 days of the pastes with w/c = 0.2 and 0.3 are 17.2 and 27. 7 percent 
of the paste volume respectively. 

The DEC 2 pastes gave somewhat different results. The dormant period of the 
pastes with w/ c = 0.2 is very short; therefore, at the age of 1 day the paste already 
has a strength of 14,000 psi (96.5 MPa). The dormant period of the paste with w/c = 
0.3 is much longer; therefore, at 1 day the strength is almost nil. Because of this, 
the strengths of the pastes with w/c = 0.3 are lower at all ages. The final strength of 
the paste with w/c = 0.3, measured at 90 days, is 29,000 psi (199.9 MPa). At the 
same age, the paste with w/c = 0.2 has a strength of 35,200 psi (242.7 MPa). The dif
ference is again due to the difference in porosity. 

The effect of the surface area of the cement on compressive strength was investi
gated for the DEC 1 and DEC 2 pastes at 77 F (25 C), from 1 day to 28 days in which 
w/c = 0.2. The dormant period of the DEC 1 pastes of the high-surface cement (7600 
cm 2/g) is 1 day; that of the pastes of the low-surface cement (4300 cm2/g) is 3 days. 
It is clear that the coating on the low-surface cement grains is much thicker. 

The DEC 2 pastes of the high-surface cement (8400 cm2/g) have a very short dor
mant period; those of the low-surface cement (4000 cm2/g) have a dormant period of 
2 days. The 28-day strength of the paste of the high-surface cement is 27,000 psi 
(186.2 MPa); that of the low-.surface cement is only 3,000 psi (20. 7 MPa) lower. How
ever, the strength values of the pastes of the low-surface cement appear to flatten out 
and may not be much higher at later ages; however, there is a greater further increase 
in the strengths of the pastes of the high-surface cement. 

As mentioned previously, there must be at least one other factor besides degree of 
hydration and total porosity that has a significant influence on compressive strength. 
A possible explanation of the strength differences may be found in the pore volume dis
tribution. Further studies are needed to substantiate this claim. 

Dimensional Changes 

Two different dimensional changes were studied in this project: the expansion of the 
fresh cement paste and the drying shrinkage of hardened cement paste. The expansion 
was calculated, but the drying shrinkage was obtained experimentally. 

The expansions of the pastes were calculated from the equation 

Exp= lOO(Vp - Vptheor)/vptheor (3) 

where Vp is the actual volume of the paste produced by the hydration of 1 g of cement, 
and Vp theor is the volume of the paste without expansion. Two opposing factors influence 
this expansion. The hydration products have greater volume than the unhydrated ce
ment, and, because the pore space in this paste is limited by the low w/c, the accu
mulation of the hydration products builds up an internal pressure that tends to enlarge 
the paste, thus increasing the pore volume available for further hydration. This in
ternal pressure is resisted by the increasing strength of the paste. After the paste 
reaches certain strength, it also acquires a stable volume. The above hypothesis ex
plains the fact that the expansion of a paste depends on the initial w / c. The greater 



this ratio is, the greater the available internal pore space and the smaller internal 
pressure will be. Consequently, greatest expansion values are expected, and were 
found, in low-porosity pastes studied. 

The work on drying shrinkage showed 

1. Type 2 pastes exhibited considerably less shrinkage after 1 day of curing than 
the type 1 pastes, but after 28 days of curing the differences were slight; 

2. Shrinkage differences due to different grinding aids were slight; 
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3. After 28 days of curing, pastes of clinkers ground to specific surfaces of about 
6500 cm2/ g showed less shrinkage than those of clinkers ground to specific surfaces of 
about 7500 cm2/g or greater; and 

4. The low-porosity pastes showed one-third to one-half as large length changes as 
pastes made from the same cement with w/ c = 0.4 and one-fourth to one -third as 
large as those made with w/ c = 0.6. Therefore, volume changes can be greatly re
duced by using low-porosity cement pastes. 

PROPERTIES OF LOW -POROSITY CONCRETES 

It has been shown previous ly that the engineering proper ties of low-poros ity cement 
pastes a re influenced by variables such as cement composition and surface area, w I c, 
type and amount of additives, and temperature of curing. Properties of low-porosity 
concretes are also influenced by variables such as the type, composition, and grada
tion of sand and aggregate. The concrete studies were related mainly to workability 
and strength development problems. 

Workability 

It was soon realized that a combination of admixtures that gives excellent properties 
to a fresh and hardened cement paste is not necessarily the best combination for use 
in concrete. The concentrations of Ca-lignosulfonate and K2C03 had to be increased 
from 0.5 to 0.65 and from 0.5 to 1.00 percent respectively to obtain workable mixes. 
These are typical values ; the optimum concentrations depend on the grinding aid used. 
Even at the mentioned levels of admixtures, the setting time was shorter than that of 
normal concretes having the same slump. 

Figure 7 shows the effect of thew/con workability, as measured by the Vebe con
sistometer for three Blaine cement surface areas. The 6000-cm2/ g cement at 32 sec 
of vibration, whi ch i s the upper limit of extremely dry concrete according to standards, 
yielded a concrete with approximately 1 %-in. (3.8-cm) slump. Vibration times for 
concretes with w/ c < 0.3 were excessively long, sometimes as long as 3 min. The 
workability problem has not been conquered because comparatively long vibrating 
times are required to compact the concrete. 

Strengths 

In spite of some problems with the workability of low-porosity concretes, specimens 
with a w/c as low as 0.26 were cast. Contrary to the early strength development in 
cement pastes, that of moist-cured concrete was strongly retarded by the admixtures 
present. Steam curing had to be used to obtain very high early strengths. The differ
ence between paste strengths and concrete strengths may be explained by a weaker 
bond, caused by the admixtures used, between the aggregate and cement paste at early 
stages of hydration. 

Concretes made of cements ground to three Blaine surface areas were steam cured 
for various lengths of time. Some results are shown in Figure 8. All 6 by 12-in. 
(15.2 by 30.5-cm) specimens had preset times of 1 hour and a 40 F (4.4 C) / hour tem
perature rise to 150 F (65.6 C), at which they were soaked for various times. When 



36 

Figure 7. Workability versus 
water-cement ratio for concretes 
made with cements having different 
Blaine surface areas. 

VEBE CONSISTOMETEA 
50 

40 

~ 6000 cm' /g 
~ 
~ 30 

5200 cm' /g 

20 
_ _ 3900 om' lg 

10 ~ 
0 35 040 045 

WATER.CEMENT RATIO 

Figure 8. Comprenive strengths of 
concretes made with cements of 
different surface areas. 

8000 ,-----------..,..-·--, 

- ~ 

~ 6000 

ffi 
!!: 
~ 4000. 

i 20J 
8 ~, 

6000 cm' lg 

OB% LS 
0 

5200 cm' lg 

03 % ~-0-
-0---0-

.... -.. --o·-· .--a-
3900 om ' lg 

no LS 

0~~-~,__-~12--~16--1~0---'24 
HOURS Of STEAM. 150°f 

Table 1. Strengths of concretes made with Blaine and control cement samples. 

Steam 
Temper- Curing Modulus or Rupture' (psi) Compressive Strength' (psi) 
ature Time 

Sample (F) (hours) 1-Day 7-Day 28-Day 1-Day 7-Day 28-Day 

Blaine 130 4 759 933 1, 148 6,213 10, 800 13, 033 
130 20 1,082 1,060 1, 466 10,384 12, 600 14, 190 
150 15 1,075 1,180 1, 543 12,675 14,813 14,300 
150 20 1, 008 1,208 1, 306 10, 808 II, 780 14, 525 
170 4 1,010 1,020 1, 163 9,482 11, 838 14, 734 
170 10 953 1,090 1, 350 11 , 766 12, 875 13,000 

Control 130 4 661 980 3, 7.25 6, 175 
130 20 848 1, 022 5,904 7, 500 
150 15 724 1, 036 4,450 6, 713 
170 4 744 882 3, 87 5 6,875 
170 20 760 946 5,520 7, 720 

Note: Cement: aggregate= 1 :5 and sand :rock = 2:3 1 F • 1 8 ICI + 32. 1 psi 0 6.9 kPa. 

aFor 2 by 2 by 12-in (5.1 by 5 1 by 30.5·cm) beams. bFor 2 by 2· in (5 1 by 5, 1-crn ) cubes , 

they were removed, they were allowed to cool for 1 hour and then tested. All batches 
were made with a 1 :5 cement-aggregate ratio, and different levels of the Ca
lignosulfonate admixture were used, depending on the cement fineness. The 3900-
cm2/g system had a typical rise. The 5200 -cm2/g system was slightly retarded but 
then rapidly gained strength. The 6000-cm2/ g system was retarded for almost 4 hours, 
but the strength rise was very sharp to an eventual 8,000-psi (55.2-MPa) strength after 
22 hours of steaming. 

A compai·ison of some typical conc1·etes prepared with both a normal type 2 cement 
and a 6000-cm2/g Blaine special cement made from the same type 2 clinker i s given in 
Table 1. All 6000-cm2/g Blaine cement sam1Jles were prepared by using w/ c = 0.26; 
0.5 percent Ca-lignosulfonate and 0.9 percent K2C03 by weight of cement were added. 
The 3000 -cm2/ g control samples made with w/c = 0.41hada1-in. (2.5-cm) slump. In 
all cases, saturated surface dry aggregate was used. All samples had preset time of 
1 hour. On an average, 100 percent higher compressive strength and 30 percent higher 
moduli of rupture were obtained for samples made from the 6000-cm2/g cement. 
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Other Properties 

Shrinkage tests included both steam-cured and moist-cured samples. Steam curing 
was performed at 150 F (65.6 C) for 15 hours and at 130 F (54.4 C) and 170 F (76. 7 C) 
for 4 hours. Without exception, all samples had lower shrinkage than the limit given 
by Structural Engineers Association of California [0.032 percent for 4 by 4 by 12-in. 
(10.2 by 10.2 by 30.5-cm) specimens; 0.415 percent for 3 by 3 by 12-in. (7.6 by 7.6 by 
30.5-cm) specimens], and a majority of the samples had lower shrinkage than the con
trol samples made from type 2 cement. Because of the limited amount of tests and 
samples, no quantitative conclusions similar to those given by Brunauer, Skalny, and 
Yudenfreund (12) can be given at this time. 

The beams Tor freeze-thaw resistance were made by using the mix design and mix
ing conditions that gave the highest 28-day compressive strengths. Two different 
steam-curing temperatures and periods were used. Low-w/c concrete performed 
much better than the controls, as would be expected because of its higher density. At 
100 cycles, all beams appeared to be unaffected. At 135 cycles some beams had begun 
to develop small cracks along the upper surface, but no scaling was yet visible. The 
affected specimens were those that had the longer steam-curing periods (15 hours), 
both at 130 F (54.4 C) and 170 F (76.7 C). No air-entraining agents were used. 

SUMMARY 

The results show that it is possible to prepare workable cement paste and concrete 
mixes at lower than usual w/c and that these ratios at the same time will give higher 
early and ultimate strength and better dimensional stability-. However, the technical 
problems connected with larger scale production of low -w/ c concretes are far from 
being solved. The mechanisms of the interaction of the different admixtures used with 
the clinker minerals, both individually and in the presence of others, should be inves
tigated more thoroughly. The presence of sand and aggregate in concrete mixes adds 
to the long list of variables. 

The combination of admixtures used in this study is not optimal, and admixture sys
tems giving better workability and strength should be available in the future; however, 
these were not available when this study was initiated. 
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