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This paper is an extremely condensed summary of a large amount 
of experimental work that has been carried out in these labora-
tories on cement paste consistency, hydration and chemical re-
actions, strength gain and volume changes. Much new informa-
tion has been accumulated on the effects of particle size, strength 
gain and drying shrinkage, and this may eventually assist in mi-
proving the general performance and durability of concrete. 

'FINENESS OF grinding constitutes an important variable in the behavior of portland 
cement. Everyone is well aware of the opinions, often quite acrimonious, that have 
been expressed about finely ground modern cements in contrast to coarsely ground 
old-fashioned cements. This paper is concerned with the properties of the ground 
products. 

The behavior of particles of different sizes has a significant effect on such obvious 
properties of paste as consistency, strength, volume stability and durability. It is the 
aim of this paper to show in a brief way how the size of the particles affects these 
properties and further, to indicate which chemical changes are occurring and how the 
concomitant physical changes in the paste induce the exterior changes that are generally 
observed. 

This work at present merely touches on the fringes of some significant developments 
that are increasing our understanding of portland cement and its behavior. Although 
this work may appear to lack massive amounts of supporting evidence, time and further 
experimentation will correct this defect. This paper forms a small tribute to Treval 
Powers and the work that he and his collaborators have carried out. 

PASTE CONSISTENCY 

The amount of mixing water that is required to impart a given workability to a paste 
has important implications for a variety of other properties that have to be measured. 
Setting time, strength development and volume changes are affected by the water content 
of paste. As the mean particle size decreases, the paste workability-water content 
relationship should approach a minimum, based on the supposition that the particle size 
distribution of the cement is the only factor that affects paste workability. 

As soon as cement and water come into contact a number of changes commence. 
These changes have commenced in cement in storage because anhydrous clinker tends 
to dehydrate gypsum and will absorb water vapor from the atmosphere. Thus unless 
special precautions are taken portland cement consists of a mixture of surface-hydrated 
clinker and dehydrated gypsum, such as hemihydrate or soluble anhydrite. When mixed 
with water the clinker hydration reactions can proceed more rapidly and more com-
pletely while the dehydrated gypsum can dissolve in water and rehydrate. At the same 
time reactions between hydrated clinker compounds and solutes or solids, such as 
calcium sulfate, become possible and the resultant modifications produced by these re-
actions affect all the properties of the cement paste including its consistency. These 
chemical reactions are in most instances arrested at an early stage and thereafter pro-
ceed at relatively slow rates. There is now a very large body of evidence supporting 
the general occurrence of occlusion-type reactions in concentrated suspensions. Two 
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TABLE 1 

EFFECT OF CHANGES IN PARTICLE SIZE DISTRIBUTION AND CONSTITUTION ON PASTE CONSISTENCYa 
(S Indicates Substitution of Quartz Particles for Clinker Particles) 

Particle Size Distribution 
Composition of Cement, 

12i 	12-24i 	24-36i 

and 
g 

+36i 

Water/Solids 
Ratio 

Paste 
Densityb, g/cc 

ConsistencyC 

Initial Penetration 

Dist., mm 	Load, g 

Further 
Penetration 

Load, g 

- - 100 0.25 1.90 10 1780 
10 - - 100 0.23 2.04 10 270 770 
20 - - 100 0.21 2. 11 10 80 630 
30 - - 100 0.19 2.19 10 2780 3800 - - - 100 0.30 2.04 20 1800 2200 
10 - - 100 0.27 2. 19 40 0 - 
20 - - 100 0.25 2.22 40 0 - 
30 - -. 100 0.23 2.30 40 0 - 
40 - - 100 0.21 2.44 40 0 - 
50 - - 100 0.20 2.48 20 1190 3200 
10 - 10 100 0.25 2.37 30 0 150 
20 - 20 100 0.21 2.07 12 0 400 
20 - 30 100 0.20 1.93 20 1860 3460 
10 10 - 100 0.25 2.00 40 0 - 
20 20 - 100 0.21 2.41 40 0 - 
30 30 . 	- 100 0.19 2.41 20 1300 2000 - 10 - 100 0.27 2.22 40 0 - - 30 - 100 0.23 2.26 8 0 50 - 50 - 100 0.20 2.22 1 3340 5340 - - 100 - 0.30 2. 15 2 0 200 
10 - 100 - 0.27 2.19 	' 26 0 150 
30 - 100 - -0.23 2.11 1 2850 3850 - 10 100 - 0.27 2.19 	- 3 0 150 - 20 100 - 0.25 2. 11 1 3570 5340 - - 50 50 0.30 2.33 40 0 - 	- 
10 - 50 50 0.27 2.37 40 0 - 
30 - 50 50 0.23 2.44 40 0 - 
50 - 50 50 0.20 2.07 8 4450 
10 10 50 50 0.25 2.37 40 0 - 
20 20 50 50 0.21 2.41 33 0 200 
30 30 50 50 0.19 2.07 5 4450 
105 - - 100 0.23 2.30 10 200 400 
30S - - 100 0.19 2.33 23 0 100 
50S - - 100 0. 17 2.26 20 1800 2700 
lOS - - 100 0.27 2.37 40 0 - 
40S - - 100 0.21 2.33 40 0 - 
60S - - 100 0.19 2.33 20 970 1370 
lOS - lOS 100 0.25 2.30 40 0 - 
20S - 20S 100 0.21 2.40 30 0 50 
20S - 30S 100 0.20 2.33 18 1350 2050 
lOS lOS - 100 0.25 2.30 40 0 - 
20S 20S - 100 0.21 2.30 40 0 - 
30S 30S - 100 0.19 2.37 19 100 150 - lOS - 100 0.27 2.26 15 0 150 - 30S - 100 0.23 2.33 30 0 100 - 50S - 100 0.20 2.22 1 860 1470 
lOS - 100 - 0.27 2.22 25 0 100 
30S - 100 	t - 0.23 2.22 1 0 300 
40S - 100 - 0.21 2.15 1 1270 2070 - lOS 100 - 0.27 2.19 3 0 50 - 20S 100 - 0.25 2.15 1 250 860 - 30S 100 - 0.23 2.00 1 1770 2740 
lOS - 50 50 0.27 2.30 40 0 - 
30S - 50 50 0.23 2.44 35 0 100 
SOS - 50 50 0.20 2.37 13 960 1160 
105 lOS 50 50 0.25 2.30 40 0 - 
20S 20S 50 50 0.21 2.37 32 0 100 
30S 30S 50 50 0. 19 2.22 18 3240 3740 
10 - - 100S 0.23 2.19 6 0 100 
30 - - 100S 0. 19 2.33 3 0 200 
40 - - 100S 0.18 2.33 1 0 3650 
10 - - 100S 0.27 .2. 15 40 0 
40 - - lOOS 0.21 2.22 4 . 	0 500 
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Particle Size Distribution and 
Composition of Cement, g 

12u 	12-24u 	24-36u 	+36u 

Water/Solids 	Paste 
Ratio 	Densityb,g/cc 

Consistencyc 

Initial Penetration 

Dist., mm 	Load, g 

Further 
Penetration 

Load, g 

60 - - 100S 0.19 2.04 2 4400 
10 - 10 lOGS 0.25 2.19 40 0 - 
20 - 20 lOGS 0.21 2.26 40 0 - 
30 - 30 100S 0. 19 2.33 12 0 400 
40 - 40 lOGS 0. 17 2.22 1 2240 4250 
10 10 - lOGS 0.25 2.22 40 0 - 
20 20 - lOGS 0.21 2.26 40 0 - 
30 30 - lOGS 0. 19 2.33 1 0 4250 - 10 - 100S 0.27 2.26 7 0 50 - 30 - 100S 0.23 2.26 40 0 - - 50 - lOGS 0.20 2.26 32 0 100 - 70 - 100S 0. 18 2.15 1 1470 2740 
10 - lOGS - 0.27 2.07 1 100 300 
30 - 100S - 0.23 2.11 1 400 900 
40 - 100S - 0.21 1.93 0.5 5240 - 10 100S - 0.27 1.90 1 0 50 - 20 100S - 0.25 1.90 1 1970 3240 
10 - 505 50S 0.27 2.15 40 0 - 
30 - SOS 50S 0.23 2.22 40 0 - 
50 - SOS 50S 0.20 2.15 1 550 2460 
10 10 50S 50S 0.25 2.22 40 0 - 
20 20 50S 50S, 0.21 2.22 8 0 200 
30 30 50S SOS 0.19 1.90 1 2070 3340 - - - 1005 0.25 1.96 7 0 200 
105 - - . 100S 0.23 2.07 40 0 - 
30S - - lOGS 0.19 2.19 40 0 - 
50S - - 100S 0. 17 2.22 3 0 100 
60S - - lOGS 0.16 2.15 5 1570 
lOS - - 100S 0.27 2.19 40 0 - 
30S - - lOGS 0.23 2.19 40 0 - 
60S - - lOGS 0. 19 2.22 23 0 50 
70S - - 100S 0. 18 2.26 1 0 400 
80S - - lOGS 0.17 1.93 5 2100 
los - lOS 100S 0.25 2.07 40 0 - 
30S - 30S 100S 0.19 2.19 40 0 - 
40S - 40S 100S 0.17 2.22 2 200 400 
lOS lOS - lOGS 0.25 2. 11 40 0 - 
30S 30S - lOGS 0.19 2.22 33 0 100 
40S 40S - 100S 0. 17 2. 15 2 900 1470 - lOS - 100S 0.27 2.11 24 0 100 - 30S - 100S 0.23 2.15 37 0 100 - 50S - 100S 0.20 2.15 2 100 200 
los .2  10S - 0.27 1.96 13 0 100 
30S - lOGS - 0.23 2.07 8 100 200 
40S - lOGS - 0.21 1.96 1 1470 2070 - lOS 100S - 0.27 1.93 3 0 200 - 20S 100S - 0.25 1.85 1 1270 1970 - 30S lOGS - 0.23 1.74 2 1570 2070 
lOS - SOS 50S 0.27 2.07 40 0 - 
30S - SOS SOS 0.23 2. iS 40 0 - 
SOS - SOS 50S 0.20 2.11 3 0 150 
los ios SOS SOS 0.25 2. 15 40 0 - 
20S 20S SOS 50S 0.21 2.19 29 0 50 
30S 30S 50S SOS 0.19 2.11 2 400 500 
40S 40S SOS 50S 0.17 1.85 1 1780 2750 

aThe sized fractions of cement and quartz obtained by air Separation in a Walther air separator. The sizes of the 
particles obtained were checked in various ways-e.g. , wet cyclones and counters-but because they are ball-milled 
products their shape factor makes ideal checking difficult if not impossible. Perhaps the best check was a functional 
one in which grouts consisting of fine particles could be pumped through cracks that had widths equivalent to the 
maximum particle size of the finer ranges. The coarse + 36J size could be checked by sieving. 

boensity measured on fresh pastes. 
Cvjcat plunger penetration method: initial plunge was made as soon as paste was mixed and, without removing the 
plunger, additional weights were added until a further penetration of at least 1 mm was observed. The added load 
required to cause this penetration is given in the last column. 
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pieces of evidence may be mentioned briefly: (a) the amount of soluble gypsum that can 
be extracted from cement suspensions is always less than the total amount, and (b) the 
amount of soluble gypsum in paste or mortar specimens that are kept immersed in 
water decreases rapidly to a low level though undissolved gypsum and free water are 
present. Such specimens remain at constant volume for long periods of time until they 
are given dry-wet cycles when, as a result of increased sulfoaluminate formation, they 
commence expanding. More will be said later about the significance of these arrested 
reactions because they can significantly affect other characteristics of hardened port-
land cement paste. 

Paste consistency therefore can be regarded as being affected partly by particle size 
distribution and partly by the magnitude and type of chemical reactions that can occur. 
Fine-grinding can enormously increase the rates of clinker compound hydration and 
reaction. The product of the reaction between hydrated tricalcium aluminate and cal-
cium sulfate tends to cause the paste to stiffen rapidly. If the paste is deficient in 
gypsum or if the gypsum is rapidly occluded and prevented from going into solution, the 
very rapid hydration reactions, especially that of tricalcium aluminate, will cause the 
paste to stiffen rapidly, overheat and assume a desiccated appearance. The paste 
maintains a satisfactory consistency only when the calcium sulfate can dissolve at a 
sufficient rate to retard the hydration of the tricalcium aluminate and prevent itself 
from being too rapidly occluded. Excessively large quantities of hemihydrate will, of 
course, induce stiffening in paste as a result of its own recrystallization. 

Some results are given in Table 1 to show, the effect on paste consistency of particle 
size and composition. Note that quartz particles have been substituted in some paste 
for cement particles of approximately the same size. It will be seen that the fine 
cement particles have a very large effect on consistency. Moreover, the relatively 
coarse clinker particles (i. e., +36 to 150 ) have a marked effect on consistency. 
These coarse particles contribute significantly to the properties of cement paste even 
though it is obvious that the finer particles contribute more to the early strength-• 
gaining properties of the paste. Portland cement of Blaine fineness about 3000 cm2/g 
usually contains about 40-50 percent + 36 M particles and some 15-20 percent of - 
particles. Increasing the fineness to 6000 cm2/g usually increases the - 12 i. fraction 
to about 25 percent and decreases the + 36 M  fraction by a corresponding amount. In 
other words, an excessive amount of grinding energy is expended to produce a product 
that has only a slightly different particle size distribution but which exhibits very dif-
ferent properties when mixed with wa.ter to form a paste. These properties, strength 
and volume stability, will be discussed later. 

The results in Table 1 also indicate that particle size affects consistency. For ex-
ample, a paste consisting of coarse and fine particles (i. e., gap graded) gives a work-
able paste at a lower water content than a closely-sized paste (i. e., a paste that ap-
proximates a continuous grading over a restricted range of particle sizes). Ball mills 
tend to produce products having a wide range of particle sizes and it is quite possible 
to adapt grinding practices to give a satisfactory product. 

STRENGTH 

The compressive strength of specimens has become one of the most generally ac-
cepted of all test criteria for specifying the performance of cement. Other forms of 
strength determination have been advocated and they undoubtedly indicate the behavior 
of specimens under different stress conditions. All this, however, has been done in 
the absence of a satisfactory theory of strength development in hydrating cement paste. 
The two end members of the series are known—the starting material, which is a readily 
deformable mixture of solid particles (cement) suspended in water, and the finishing 
material, hardened paste, which hasa strongly developed resistance to deformation 
and in which the water does not fill all the interparticle spaces. The way in which the 
cement hydrates and the hydration products are disposed within the volume occupied by 
the original suspension has not been elucidated. These processes are vital to the 
behavior of portland cement and it is essential to understand them before any improve-
ment in the properties of cement and cementing action can be achieved. 
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TABLE 2 

COMPRESSIVE STRENGTHS OF PASTES MADE FROM MIXTURES OF 
DIFFERENT SIZE PARTICLES 

Particle Size Distribution, percent 
Cement 

-12u 	12-24w 	24-36u 	+36u Ratio 

Compressive Strength, psi 

7 Days 	28 Days 	84 Days 

A 	18.7 5.0 24.0 52. 3 0.27 17,750 23,700 25,050 
10 10 30 50 0.27 15,100 26,950 30,450 
10 15 25 50 0.27 16,950 25,700 27,300 
15 10 25 50 0.27 20,800 26,350 29,650 
15 15 20 50 0. 27 18,550 22,550 25,300 
20 10 20 50 0.27 17,600 23,400 25,300 
30 10 10 50 0. 27 20,650 22,550 23,750 
20 - 80 - 0.31 20,550 19,950 25,300 
40 - 60 - 0.31 20,900 19,450 25,800 
60 - 40 - 0.40 16,850 18,500 22,500 
20 20 60 - 0.31 21,550 18,900 22,400 
30 30 40 - 0.31 20,550 22,850 25,350 
40 20 40 - 0.31 21,950 18,900 22, 150 
60 20 20 - 0.37 20,850 20,250 24,500 

17. 7 14.2 30.6 37. 5 0. 27 19,900 26,900 24,050 
10 10 30 50 0.27 8,900 17,900 24,900 
10 15 25 50 0.27 11,100 18,100 23,750 
15 10 25 50 0.27 12,600 24,300 25,700 
15 15 20 50 0. 27 16,650 23,700 29,700 
20 10 20 50 0.27 15,900 23,750 29,000 
30 10 10 50 0.27 14,750 23,400 25,300 
20 - 80 - 0.37 17,900 22,950 23,650 
40 - 60 - 0.37 20,900 22,850 21,900 
60 40 - 0.45 17,100 17,600 16,700 
20 20 60 - 0.31 16,650 21,850 23,500 
30 30 40 - 0. 37 17,900 18,650 21,100 
40 20 40 - 0.37 15,900 21,900 23,000 
60 20 20 - 0.40 20,350 21,100 21,800 

Work that has been proceeding in these laboratories on the mechanism of strength 
development has shown that the hydration products are moved from their sites of for -
mation by forces that cause minor disruption in the paste rather than by diffusion. 
There is still much to observe andmeasure in the hydration-strength development me-
chanism. 

To return to the original theme-the effect of particle size on cement properties-it 
can be readily shown that strength is affected to a marked extent. As a result of thou-
sands of tests it has been shown that the strength of cement paste is significantly 
affected by particle fineness. As the cement particle fineness increases, the initial 
rate of strength gain increases. When the amount of very fine particles in the paste 
exceeds an amount equivalent to 15-20 percent by weight of the cement the ultimate 
strength of the hardened paste declines. Thus, in addition to the limitation on strength 
imposed by increasing water/cement ratio, there is a limitation imposed by the particle 
size distribution. The reasons for this second limitation lie in the tendency for the 
occluding action of the first-formed hydrated cement to retard further hydration of the 
unhydrated compounds and the fact that hydration products from coarser particles 
appear to produce a better quality or stronger paste than those derived from very fine 
particles. 

A few results showing the compressive strengths developed by pastes of various size 
composition are shown in Table 2. (The paste specimens were '/2-  by '/2-  by 1-in. 
prisms which were broken by loading through their parallel molded sides. All 
specimens were demolded after 18 hr and cured under water at approximately 70 F. 
High early strengths generally result from cements that consist of a large amount of 
fines, have a wide particle sized distribution and require a relatively low water/cement 
ratio for a satisfactory consistency. Low early strengths are induced by cements that 
contain small amounts of fine particles, are closely sized and have a relatively high 
water requirement. The highest ultimate strengths are developed by cements containing 



TABLE 3 

COMPRESSIVE STRENGTHS OF PASTE SPECIMENS MADE FROM BLENDS OF 
CEMENT PARTICLES AND VARYING AMOUNTS OF INERT QUARTZ PARTICLES 

(S Indicates Substitution ofQuartz Particles for Clinker Particles) 

Particle Size 

-12u 	12-24u 

Composition, 

24-36u 

g 

+36u 

Water/Solids 
Ratio 

Compressive Strength,. psi 

7 Days 	28 Days 	84 Days 

- - - 100 0.30 	T 500 2,700 6,500 
10 - - 100 0.27 6,300 20,700 18,850 
20 - - 100 0.25 14,750 16,950 23,300 
30 - - 100 0.23 18,250 20,900 21,250 
40 - - 100 0.21 18,850 20,850 23,200 
50 - - 100 0.20 18,550 23,200 17,900 
lOS - - 100 0.27 2, 150 12,750 15,100 
20S - - 100 0.25 5,650 14,550 19,950 
30S - - 100 0.23 7,000 15,250 22,450 
40S - - 100 0.21 7,100 18,100 20,600 
50S - - 100 0.20 10,400 20,200 26,200 
60S - - 100 0.19 9,750 19,600 23,900 
10 - - 100S 0. 27 300 200 100 
30 - - 100S 0.23 3,500 5,250 5,200 
50 - - 100S 0.20 12,500 13,250 12,750 

- - 50 50 0.30 2,400 14,700 21,500 
10 - 50 50 0. 27 17,900 23,350 29,500 
20 - 50 50 0.25 20,800 22,350 26,900 
30 - 50 50 0. 23 21,400 24,300 26,900 
40 - 50 50 0.21 21,300 23,900 23,500 
los - 50 50 0.27 5,900 19,300 24,900 
20S - 50 50 0.25 6,500 18,200 24,100 
3S - 50 50 0. 23 16,550 21,650 25,900 
40S - 50 50 0.21 13,900 20,550 23,750 
50S - 50 50 0.20 12,050 15,750 22,050 
10 - SOS 50S ., 	0. 27 300 200 150 
30 - 50S 50S 0. 23 4,050 5,050 4,950 
50 - 50S 50S 0.20 8,700 7,700 9,950 

- 10 - 100 0.27 2,400 12,400 16,700 - 20 - 100 0.25 4,400 16,100 19,150 - 30 - 100 0.23 5,100 14,300 15,800 - 40 - 100 0.21 9,700 17,800 19,700 - 105 - 100 0.27 1,750 6,650 9,400 - 20S - 100 0.25 2,700 11,750 14,900 - 30S - 100 0.23 4,550 14,250 19,700 - 40S - 100 0.21 4,800 13,700 16,700 - 10 - 100S 0.27 350 150 300 - 20 	... - 100S 0. 25 1,450 2,000 2,300 - 30 - 100S 0. 23 3,500 3,800 5,250 - 40 - 100S 0.21 5,800 5,950 8,700 

- - 100 - 0.30 5, 150 14,400 17,250 
10 - 100 - 0.27 12,900 18,750 17,900 
20 - 100 - 0.25 12,700 23,900 22,350 
30 - 100 - 0.23 11,250 15,350 17,700 
lOS - 100 - 0. 27 15,800 18,750 20,750 
20S - 100 - 0. 25 18,800 150 23,250 
30S - 100 - 0.23 15,300 21,700 22,800 
40S - 100 - 0. 21 15,150 100 23,300 
10 - 100S - 0.27 400 300 300 
20 - 100S - 0.25 1,300 1,200 750 
30 - 100S - 0. 23 2,900 3, 100 2,300 
40 - 100S - 0.21 2,650 2,900 2,550 

- 10 100 - 0. 27 5,800 18,350 19,650 - 20 100 - 0. 25 5, 700 15,750 16,550 - lOS 100 - 0.27 6,900 15,400 18,050 - 20S 100 - 0.25 7,700 15,100 18,500 - 30S 100 - .0. 23 9, 100 13,350 19,350 - 10 100S - 0. 27 550 500 400 - 20 100S - 0.25 1,400 1,500 1,400 - 30 100S - 0. 23 2, 100 2,250 2, 250 

OAII specimens cured by immersion in water 
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relatively small amqunts of fine particles, that have a wide particle size range and 
consequently a low water/cement ratio. In most cement pastes the rate of hydration is 
much greater for fine than for coarse particles and gypsum tends to be concentrated in 
the finest particle size fraction. Consequently there is a tendency for a considerable 
amount of gypsum to be occluded by the hydration product derived from the fine 
particles, for this gypsum to react slowly with the hydrated tricalcium aluminate over 
a relatively long period of time, and for the hydrated products to occlude and prevent 
the hydration of the coarse clinker particles which tend to behave as though they are 
deficient in gypsum. Coarse cement or clinker particles, alone or mixed with gypsum, 
make up into pastes that develop very considerable strength and, if mixed with fine 
inert particles, can develop extremely high strengths as shown in Table 3. (Strength 
results are recorded in Table 3 for pastes that had sufficiently workable consistencies 
for them to be fully compacted.) 

It is clear that the inert particles occupy space between the large clinker particles 
and that they insure that the hydrated cement gel possesses suitable strength and 
density properties. Pastes containing as much as one third of their weight of inert 
quartz particles develop approximately the same compressive strengths as those con-
sisting entirely of cement particles. In addition the water/portland cement ratios of 
the former are significantly greater than ratios of the latter pastes. The compressive 
strengths of pastes made from fine cement and coarse quartz particles were always 
considerably less than those of other comparable pastes. This was due largely to the 
pastes being deficient in portland cement and to the water/portland cement ratio being 
relatively high: A further potent factor affecting strength concerns the more effective 
distribution of hydrated cement gel throughout the paste when it is derived from coarse 
particles rather than from fine particles. This latter factor has a marked effect on the 
mechanism of strength development in hydrating cement pastes. 

VOLUME STABILITY 

Any discussion of volume stability involves a consideration of both the shrinkage and 
expansion changes that can occur in paste. While it is generally accepted that shrinkage 
is due to removal of water from paste, there is very little definite evidence to show how 
the shrinkage mechanism operates. Powers and Brownyard (1) indicated that the 
shrinkage of cement paste should be very much greater (about 8 times greater) than is 
actually recorded. The reasons for this discrepancy have never been explained ade-
quately, and there is no published explanation of the shrinkage mechanism. As a result 
of recent studies in these laboratories a large number of new facts have emerged about 
this phenomenon. The measured shrinkage of a cement paste is the resultant movement 
induced by contraction on the one hand and by expansion on the other. Although other 
mechanisms operate to minimize measured shrinkage, the fact that an expansion me-
chanism, which tends to offset shrinkage movement, occurs simultaneously has caused 
much confusion. The formation of calcium sulfoaluminate tends to cause the expansion 
that offsets shrinkage. When a paste specimen is subjected to dry-wet cycles two 
phenomena can be distinguished: (a) the paste shrinks and swells by an amount that is 
affected by the loss and gain of free water and of some water of crystallization in the 
sulfoaluminate, and (b) as the number of dry-wet cycles increases, the occluded gypsum 
is released and it reacts with more hydrated tricalcium aluminate to form more calcium 
sulfoaluminate which tends to cause the paste to expand. Consequently over a series 
of dry-wet cycles, the paste volume may increase significantly and this induces the 
craze crack patterns that are such a feature of the exposed surfaces of concrete. These 
cracks, which are open at the surface, are actually caused by expansion and not by 
shrinkage movement. 

Enough has been said here to indicate that tricalcium aluminate hydrate and gypsum 
are not compatible components in cement paste, especially paste subject to a variable 
moisture content. A good deal of current research effort is being devoted to resolving 
this problem because (a) clinker has to be produced from available materials, (b) 
gypsum is required to promote strength and to regulate setting, and (c) gypsum gener-
ally reduces shrinkage at the first drying cycle. Thereafter gypsum is likely to cause 
expansion and deterioration. 



25 

Earlier it was indicated that other mechanisms operate to minimize the measured 
shrinkage of a paste. Paste specimens are of finite size and, as a result of gradients 
in water content in them, do not shrink ideally. Mortar and concrete specimens behave 
even less ideally than paste specimens. Moreover, continued cement hydration induces 
restraints that restrict the movement of paste and reduce overall shrinkage. Evidence 
is now being accumulated on the types of movement that can occur in paste. 

In connection with the volume changes of hardened paste, it can be shown that the 
cement particle size is quite as important as the water content of the paste. It is ap-
parent that cement particle size affects both the level of shrinkage and the amplitude 
of movement between the lengths of specimens when fully wet and fully dry. Both 
movements are affected by the quantity and disposition of the hydrated cement in the 
hardened specimen. The volume changes and movements that occur in paste are now 
being more intensively studied in these laboratories. Moreover, possible methods of 
reducing drying shrinkage and other volume changes in pastes are being studied. 

CONCLUSION 

These studies have indicated a number of aspects of cement research and testing that 
should be closely examined. The basic studies that need to be carried out to elucidate 
completely the strength-gaining and volume-change characteristics of cement paste as 
it ages and undergoes changes in its curing conditions are very obvious fields for much 
further investigational work. The need to. reduceshrinkage and insure uniform strength 
development in concrete will justify completely the basic work in these fields. It is 
necessary, however, to go beyond these fields of work because the premises on which 
cement composition and much of the testing of cement and concrete are based are now 
being questioned. 

Regarding cement composition, either tricalcium aluminate should be eliminated from 
clinker or the presence of gypsum in cement must be considered to be a durability risk. 
Consequently, while clinker maintains its present composition, it is not so much a 
question of how much gypsum is desirable as whether gypsum should be there at all. 
From a short-term test viewpoint gypsum undoubtedly has a beneficial effect in the 
cement; from the long-term durability viewpoint gypsum has a much less beneficial and 
possibly even a very deleterious effect on cement. Tests are almost invariably short-
term acceptance tests that do not measure durability; concrete is exposed in many in-
stances to a variable environment and its durability becomes a major factor in its 
survival. There will undoubtedly have to be more attention given to the study of con-
crete durability and the factors and reactions that enhance it. 
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