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This investigation was conducted to provide information on 
factors affecting shrinkage and on the mechanism of shrinkage 
cracking. The ten soil samples studied represent a range in 
size. gradations and mineralogy. Linear shrinkage of 3- by 
3- by 11%-in. molded soil-cement beams at different cement 
contents was measured at. prescribed intervals. Other results 
obtained were suction-moisture relationship and swelling on 
immersion in kerosene followed by water. A few of these mix
tures were examined periodically for basal spacing of clay 
mineral. 

For the soils studied, shrinkage varied with the cement 
content such that an optimum content can be found giving the 
least amount of shrinkage and providing satisfactory strength. 
Total shrinkage appears to be a function of the ·amount and 
kind of clay, with montmorillonite contributing more than 
other types. Shrinkage of soil-cement can be considerably 
reduced by compacting to higher densities. Molding moisture 
appears to have the most influence on shrinkage, which is 
caused by the loss of moisture. Kaolinite soil-cement beams 
shrink faster than those of montmorillonite soil-cement. 
Furthermore, increasing the mixing temperature from 75 to 
100 F tends to increase shrinkage. 

Shrinkage forces set up by the tension in capillary water 
account for the volume change at fairly high humidities. The 
liquid-adsorption phenomenon discussed in this report indi
cates shrinkage and swelling to the interaction between soil 
grains and water. Changes in lattice spacing of the clay min
erals with moisture is a third mechanism affecting shrinkage. 

•THE systematic use of soil-cement as a road base material has grown from the first 
scientifically controlled 20,000-sq yd project built in 1932 near Johnsonville, South 
Carolina, to an annual placement in the United States of over 80,000,000 sq yd. A 
soil-cement problem that has long-range effects on pavement bases is shrinkage crack
ing. The resulting cracks, if left unsealed, will permit water to infiltrate into the sub
grade, further damaging the pavement base. Sealing of individual cracks is costly, 
looks unsightly, and affects riding qualities of the surface. 

Although shrinkage cracking of soil-cement pavements has been recognized as a 
serious problem, only a few studies have been reported (1, 2). Webb et al (2) have 
investigated the use of soil-cement in building and have observed the effect of water, 
cement, and material on the shrinkage characteristics. Nakayama and Handy (1) 
reported that the type of material stabilized with cement significantly affected the 
shrinkage characteristics. 

Paper spansored by Committee on Soi I-Portland Cement Stabilization and presented at the 47th Annual 
Meeting. 
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This paper reports the results of an investigation aimed at further evaluating the 
factors affecting shrinkage . The variables studied include the soil, cement content, 
molding moisture, density, mixing temperature, and time of curing. Results concern
ing the moisture movement and drying shrinkage are also presented. The second part 
of the report delineates the mechanism of shrinkage. 

MATERIALS 

Twelve soils were selected to represent a range in size gradations and mineralogy. 
Table l lists compositional data, brief physical properties, and classification of these 
soils. 

For convenience, each soil will be identified by a 1 letter-2 digit system; for example, 
K03 means soil #3 with kaolin as predominant clay mineral. Soil-cement mixtures will 
be identified by a 1 letter-4 digit system; for example, K03-06 contains 6 percent 
cement. 

Type I portlant cement was used. 1 

PROCEDURE 

Cement Requirements 

Cement requirements for the soils were approximated by the freezing and thawing 
tests, AsTM designation D 560-57 (3). To determine the effect of cement, specimens 
with cement content above and below ili.e estimated minimum requirements were investigated. 

Preparation of Specimens 

The previously air-dried samples of soil were ground (if required), and all except 
K03 were passed through the No. 10 mesh sieve. K03 soil was passed through a 0.25-
in. sieve. Optimum moisture and corresponding density were determined according 
to ASTM designation D 698-57T for moisture density relations of soil (3). 

The batches were mixed in a Hobart mixer, model M 12. The additIVe was first 
mixed with the air-dry soil. The materials were then wet mixed for 3 to 5 min. 

TABLE l 

PROPERTIES OF SOILS USED 

Optimum Optimum 
-2Jl Clay Liquid 

Plasticity Shrinkage Predominant 
Classification Soll No. Moisture ( i> Dens ly, (pel l ('.t) Llm·lt 

Index 
Limit Clay 

Engineering Standard/ Modified Stand.1rd Modified (~ (~ ) Mineral 

K03 13. 5/ 10. 8 118. 8/ 125. 0 16 31 10 20. 3 Kaolinite A-2-4(0) 
M07 13. 8/11 . 2 114. 0/ 121. 8 9 17 Nonplastlc 13. 8 Montmorill o -

nite & kaol. A-2-4(U) 
Mont. synth. 
(4 sand + 1 

clay) 13. 5/ • • • 113. 2/ . .. 20 Mont. 
Kll 8. 7/ ••• 127.0/ . . • 12 23 10 13. 7 Kaol. trace 

mont. A-2-4(0) 
Kl5 10. 2/ . . . 117. 0/ ••. NP NP Kao!. and 

illite A-3(0) 
Ml6 15. 4/ ... 107. 5/. . . 13 46 16 35 . 0 Mont. with 

mix layering A-2-7(1) 
Kl7 13. 5/. .. 117. 4/. .. 8 25 Kao!. A-2-4(0) 
K25 10. 0/ 9. 2 120. 5/ 122. 3 8 NP NP 17. 4 Kao!. A-2-4(0) 
K27 10. 7/ 8. 5 120. 0/ 125 . 5 13 21 1 20. 0 Kao!. A-2-4(0) 
M30 17. 0/ 13. 6 110. 3/ 120. 0 23 37 13 22. 0 Mont. and 

llllte A-6(9) 
K31 14. 0/ . .. 110. 2/ .•• 8 NP NP 20. 8 Kao!. A-2-4(0) 
K32 16. 8/ ... 110. 5/ . .. 35 36 11 31. 3 Kao!. A-6(8) 

1 The original manuscript of this paper contained c table of properties of the cement. It is available in 
Xerox form at cost of reproduction and handling from the Highway Research Board. When ordering 
refer to XS-22, Highway Research Record 255. 
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The 3-by 3-by 11%-in. test beams were prepared according to the ASTM suggested 
method of making and curing soil-cement compression and flexure test specimens in 
the laboratory (3). Immediately after molding, the specimen was moved to a smooth 
plexiglass sheet; index pins were cemented to both ends, and it was stored under ap
proximately 100 percent relative humidity (RH) and at 72 ± 4 F for various curing 
periods. 

Curing 

The period during which the beams received 100 percent RH curing varied; for ex
ample , no curing 1 day, 7 days, and 28 days. Oncompletionofmoist curing, the beams 
were air-dried at 72 ± 4 F and 55 percent RH. 

Measuring Device 

For all shrinkage measurements a dial gage comparator reading to 0.0001 in. was 
used. The U-frame, with the dial gage attached at one end, fits over the soil-cement 
beam and rests on a plexiglass cover placed on top of the beam (Fig. 1). The frame 
rides on ball bearings, t hereby eliminating any friction. The contact pressure (index 
pin against the measuring device) at both ends of the beam remains constant as a result 
of the spring action of the dial gage. The U-frame is kept at nearly constant tempera
ture (72 ± 2 F) and is periodically checked against a standard beam. 

Shrinkage Measurements 

Measurements were taken on the beams at various conditions of curing. The princi
pal items of information obtained were the values of length change and weight, both of 
which were taken periodically during curing. 

RESULTS AND DISCUSSION 

Factors that were found to influence shrinkage are presented in the following sections. 
For the results discussed, shrinkage is expressed in percentage based on the nominal 
length of 11. 25 in. The shrinkage result reported for a specific variable is the average 
of two or more specimens. 

Figure 1. Schematic diagram of the measuring frame. Note the plexiglass cover on top of the 
soi I-cement beam. 
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Figure 2. Time-rate of shrinkage of soil-cement mixes when air dried at 72 ± 4 F and 55 per
cent relative humidity. 

Time Rate of Shrinkage 

The shrinkage vs time graphs are shown in Figure 2. The shrinkage of beams moist 
cured for 7 days (or even 1 day) was delayed for several hours in the 55 percent RH 
room. The delays were typically 5 and 15 hr for K03 and M07 soils, respectively. 
Presumbably, the time delay was necessary for sufficient water to evaporate from the 
saturated pores so that the capillary forces could build up. 

Kaolinite soil-cement shrank faster, as is indicated by the steeper slope of shrinkage 
time plots. This result may be related to the larger particle size of kaolin clay, im
plying that most of the soil water is not strongly adsorbed to the surface and hence can 
be easily evaporated. Grim (4) reported similar results concerning the rate of shrink-
age of various clays. -

Application of the shrinkage rate to field situations would suggest that kaolinite soil
cement pavement bases warrant special attention and curing during the first 2 or 3 days 
in order to minimize shrinkage and cracking. 

TABLE 2 

SHRINKAGE AND MOIST CURING 

Shrinkage After Curing in 100 percent 
-2µ RlI As Indicated 

Soll No. Content (~) 
(%) 

0 day 1 day 7 days 26 days 

Kl5-06a 4 o. 0613 o. 0631 0. 0742 
K25-06 8 o. 1346 o. 1431 o. 1849 
M07-06 9 o. 2196 o. 2275 0. 2147 0. 2311 
K27-06 11 o. 1289 0. 1236 0. 1124 0. 1244 
Kll-06 12 o. 1654 o. 1431 o. 1714 
Ml6-06 13 o. 2600 o. 2578 
K03-06 16 o. 2436 0. 2302 o. 2407 o. 1831 
M30-10 23 0. 6213 0. 7742 o. 7506 0. 6205 
K32-10 35 1. 2115 o. 7699 0. 7155 

°Cement content, percent dry weight of soil. 

Shrinkage vs Curing 

Table 2 indicates that for soil-cement 
with -2µ clay content about 12 percent or 
less, shrinkage increased slightly if it 
took place after 28 days moist curing in
stead of immediately after molding. As 
the clay content is increased, however, 
the tendency to shrink decreases with 
moist curing. The increased shrinkage 
from prolonged curing may be attributed 
to the higher proportion of gel and the fact 
that less restraint is offered from unhy
drated cement particles. 

In clay soils, however, as more and 
more soil reacted with cement, the shrink
age due to clay itself greatly decreased. 
Although prolonged curing could increase 
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shrinkage slightly due to higher proportion of gel, the net effect appears to be a de
crease in the overall shrinkage. 

Shrinkage vs Cement Content 

Shrinkage of soil-cement beams first decreased with the proportion of cement, then 
attained a minimum, and thereafter increased slightly with cement content (Fig. 3). 
Therefore, it is possible to find an optimum proportion giving the least amount of 
shrinkage. Cement requirement to make soil-cement is also shown on each plot. For 
all soils the optimum proportion of cement for minimum shrinkage was always lower 
than that required to make dur able soil-cement. Judging from this, it is desirable to 
use as small a quantity of cement as possible and remain consistent with the strength 
requirements. 

This finding in general agrees with that of Pickett (5). His results indicated that 
the drying shrinkage of concrete increased with the absolute volume of cement and 
water: the more cement in the concrete, the more paste or gel particles due to hy
dration. The fact that the shrinkage of sand K15 (4 percent clay) increased with cement 
content (Fig. 3) substantiates this hypothesis. 

Increase in shrinkage with cement content in soil-cement could be the result of sev
eral factors. First of all, the cement hydration may be robbing clay of water. For 
complete hydration, cement is known to absorb about 42 percent of water by weight. 

0.2 5 

... 
c:: .. 
u ... 
~ . .. 
Cl 
Cl ... 

·~ 
.::. 
(/) 

Cl 
0 

0.10 I-

c .. 
u ... 

-f----'~--+-----1----- ---+--...; 1.00 g_ 

K25 

K03 

3 6 10 15 

Cement Content, per cent 

Figure 3. Effect of cement content on shrinkage of soi I-cement mixes. 
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Since the loss of moisture is the 
primary reason for shrinkage, 
cement hydration causes a kind 
of self-desiccation and shrink
age. The drying effect of cement 
was studied by coating a soil
cement beam with wax and thus 
preventing moisture loss by evap
oration. The results show that 
the waxed beam shrank about 17 
percent of its maximum shrink
age without any appreciable loss 
of water. It appears, therefore, 
that the cement in soil-cement 
takes up moisture to result in 
self-desiccation and shrinkage. 

The drying effect of cement is 
also shown in Figure 4. All of 
the beam specimens received 7 
days of fog room curing (nearly 
100 percent RH). Only soils M30 
and K32, with clay contents 23 
and 35 percent, respectively, 
shrank during moist curing. The 
shrinkage observed for soil K32 
with various cement contents is 
presented in Figure 4. For the 

o.ooe----'---'-----'----~--~ three sets of beams molded at 
o 3 6 10 15 20 different times of the year, the 

Cement Content, per cent 

Figure 4. Shrinkage during 7 days moist curing re lated to ce
ment content-soil K32. 

shrinkage increased with the ce
ment content, substantiating the 
hypothesis that the cement hy
dration may be robbing the clay 
of water. Inasmuch as shrink
age can be caused by internal 

desiccation, it is desirable in the field to supplement the moisture loss due to cement 
hydration by adequate curing, thus probably minimizing early shrinkage cracking. 

It was concluded that whereas the shrinkage of clayey soils is primarily a function 
of the fine fraction in the soil, this is not true of sands and sandy soils, where the main 
reason is probably due to shrinkage of the hydrated cement paste. 

Shrinkage and Clay Content 

In soil-cement both portland cement and clay affect the total shrinkage. The data 
pertaining to shrinkage and clay content are shown in Figure 5. Each point is the 
average from several beams molded from mixtures containing 6 or 10 percent cement. 
The 95 percent confidence interval is shown by the vertical line at each point. The 
relationships for montmorillonite and kaolinite soils plot into two different curves. It 
follows from their expanding lattice structure and the water adsorption properties that 
montmorillonite soils would shrink much more than kaolinite soils of similar textural 
composition. Total shrinkage is influenced by the kind of clay, with montmorillonite 
contributing more than other types. 

As would be expected, the shrinkage increases with -2µ content. As the clay con
tent increases, however, the shrinkage appears to increase at a faster rate, indicated 
by the steeper slope of the shrinkage-clay content relationship. This would be ex
pected, since aggregates serve to reduce shrinkage, theoretically, by acting as rigid 
inclusions in the shrinking matrix. Therefore, as the clay content is increased, the 
shrinking matrix increases, and the rigid aggregates that restrain shrinkage are 
decreased. This would tend to put shrinkage in proportion to some power function of 
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clay content. Based on these assumptions, I made an attempt to relate shrinkage and 
clay content by an expression similar to that derived by Pickett (5 ). This equation for 
soil-cement is -

S = S0 (1 - g)et (1) 

where 

S and So =unit linear shrinkages of soil-cement and cement-clay pastes, respectively, 
percent; 

g = volume fraction of the aggregate (+2µ. particles); and 
et= a constant, depending on the elastic properties of the paste and aggregate . 

Subsequent tests by Pickett verified the relationship, a for sand mortars being about 
1. 7. Working with soil-cement, Nakayama and Handy (1) derived expressions for So for 
both montmorillonite and kaolinite clays in the presence of excess lime. The equations 
are 

S
0 

= 0.4 + 0.12 Pm (2a) 
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80 = 0.4 + 0.05 Pk (2b) 

where Pm and Pk= the percentages of -2µ montmorillonite or kaolinite clay, respec
tively, percent. 

I tried to compare, without much success, the shrinkages predicted using Eqs. 1, 
2a, and 2b with those obtained from actual measurements. For a typical calculation 
see Nakayama and Handy (1). Therefore, it appeared that a new value for a was needed 
to predict the shrinkages of soil-cement mixtures. A plot of 80 /S vs log 1/(1-g) was 
made for that purpose, and the new value of aobtained for soil-cement was about 1.2. 

Effect of Molding Moisture on Shrinkage 

Figure 6 shows the relationship between shrinkage and molding moisture content for 
three different soils. When the moisture contents are increased about 2 percentage 
points above the Proctor optimum moisture, the shrinkage increased in the order of 50, 
41, and 25 percent, respectively, for K03-06, M07-06, andsynthetic montmorillonite at 
12 percent cement. The shrinkage in soil-cement is not a linear function of moisture 
content, but increases in proportion to some power function of moisture content. The 
same general trend has been observed in various other natural and synthetic soils. 

The increased shrinkage of beams molded at about 2 percent wet of Proctor moisture 
and at optimum dry density could be explained using the effective stress principle. For 
nearly saturated soils, the effective stress equation suggested by Bishop (6) can be ap-
proximated by the relation -

where 

a = effective stress, psi, 
cr = total stress, psi, and 
u = pore-water pressure, psi. 
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Figure 6. Effect of moisture on shrinkage. 

cr =a - u (3) 

If Eq. 3 is applied to the stress equilibrium 
during compaction, cr signifies the contact pres
sure of the compacting device, er, the correspond
ing intergranular stress, and u, the pore-fluid 
pressure. On release of this compacting pres
sure, the pore-water pressure decreases by an 
amount .:iu (7). In other words, when the total 
stress becomes zero, the soil expands slightly 
in the vertical direction. The expansion of the 
soil is resisted by the development of negative 
pore-water pressure. 

Lambe (8) has shown that as the molding water 
content increases above optimum, the residual 
pore pressure in the compacted sample becomes 
less negative. Restated, .:iu - u (equal the ef
fective stress &0 ) will decrease with increase in 
moisture; that is, the specimen molded at wet of 
optimum is under a relatively small intergranu
lar stress and thus is more susceptible to volume 
change on drying. 

The slope of the shrinkage-moisture content 
relation (Fig. 6) is a function of the -2µ clay con
tent, which suggests that, in soils with high clay 
content, the increase in shrinkage with moisture 
could be a structure effect; that is, the higher 
the molding moisture content, the higher the 
tendency to form dispersed structure, and ac
cordingly, shrinkage is higher. 
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Therefore, it is imperative to compact the soil-cement at optimum or a little below 
it, but never above optimum. 

Effect of Density 

Plots 4 and 5 of Figure 7 show that shrinkage can be reduced by improving the com
paction. The beam tested after compacting to modified Proctor density and correspond
ing moisture showed a marked decrease in shrinkage. The shrinkage of the beam, 
molded at modified Proctor density and about 2 percentage points above the modified 
Proctor moisture is unusually high. One of the implications of this result is that it is 
undesirable to attempt to compact soil-cement to higher density without a correspond
ing decrease in the moisture content. 

Although shrinkage could increase with n1olding n1oisture, it is paradoxical for the 
beams at modified Proctor density (and moisture about 2 percentage points above modi
fied optimum) to have exhibited higher shrinkage than similar beams of standard Proc
tor density and corresponding optimum moisture. The high shrinkage could again be 
attributed to the negative pore-water pressure developed upon removal of compacting 
pressure. Lambe's study (8) appears convincing in that he has observed less negative 
residual pore pressure from higher compactive effort. Contributing to less negative 
pore pressure herein are (a) the higher moisture content, and (b) the higher compactive 
effort. As hypothesized, the less negative pore pressure accounts for the small inter
granular stress and increased shrinkage on drying. 

The "structure" effect could again be significant in these specimens, particularly 
those with high clay content. The greater shrinkage on drying for dispersed as opposed 
to flocculated structure is illustrated by several researchers in this area (9, _!Q). 
Shrinkage and Moisture Loss 

Shrinkage appears to be caused by the loss of moisture from soil-cement. To study 
the effect of drying on shrinkage, the relationship between loss of moisture and shrink
age for the soils at various cement contents was determined (see the air-drying plot, 
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Figure 7. Effect of density and moisture on shrinkage-soil K03, 6 percent cement. 
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Fig. 10). From this and other data it appears that there is correlation between shrink
age and evaporation. However, when a given amont of water is released by drying, the 
amount of accompanying volumetric shrinkage is only a small fraction of the volume of 
water lost (Table 3). 

Furthermore, the shrinkage per gram of water lost for montmorillonite soil-cement 
is greater than that of the kaolinite. The higher ratio of montmorillonite soil-cement 
could be attributed to its higher total shrinkage and relatively small water loss. For 
the two soils, this ratio increases with cement content; i. e. , the shrinkage at a given 
water content increases with cement content. 

c ., 
u ... ., 
a. 
., 
00 
0 

"" c 
·;: 
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Soil- Cement Content 

~ Control, molded at 75 ± 5 F, 
~ cured and air dried at 72 ± 4 F. 

~ Specimens molded at 100 ± 5 F, 
~ cured and air dried at 72 ± 4 F. 

~ Specimens molded at 100 ± 5 F, 
~ cured and air dried at 100 ± 2 F. 

Figure 8. Comparison of shrinkages of soi I-cement mixtures processed at 
various temperatures. 
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Effect of Temperature 

Shrinkage problems seem to be encountered more frequently in hot weather than in 
cool weather. To explore this point, shrinkage of specimens molded from preheated 
(100 F) soil, cement, and water are compared with those of control specimens molded 
at 75 ± 5 F. The former specimens shrank more than the controls in five soils tested 
(Fig. 8). This difference became more pronounced as the clay content of the soil was 
increased. The observations of Witkoskl and Shaffer (11) on two concrete pavements, 
placed at 85 F and 66 F (average high temperature), agree with this finding in that the 
number of cracks on the former was 85 percent greater than that in the latter. 

One of the reasons for this increased shrinkage could be that the setting time of ce
ment is re.duced by the increased temperature. Early set, or "flash" set, is known to 
give rise to a structurally poor cement matrix, and thereby enhances the susceptibility 
to volume change. Another phenomenon, related to early set, is decreased workabili
ty, and it may be that the density attainable for any specified compactive effort is low
ered. This is experimentally verified in that for K03 soil-cement mixture at 100 F 
the decrease in dry density is 1.1 pcf. Observations on an experimental pavement 
made by the writer agree with this finding (12, Fig. 15). 

Above all, the hot weather would intensifythe adverse effects of haul time in the 
field, primarily by increasing the rate of evaporation. It is concluded, therefore, that 
every effort should be made to discourage the mixing of soil and cement with water at 
hot summer temperatures. 

Interestingly enough, another investigation shows that the shrinkage of specimens 
molded, cured, and dried at 100 F is slightly less than that of identical specimens molded 
at 100 F but cured and dried at 72 ± 4 F (Fig. 8). The treatment at high temperature 
could be considered accelerated curing, which would result in greater development of 
a network of cementitious particles, which, in turn, tends to retard shrinkage. How
ever, the time-rate of shrinkage of the former specimens (molded and dried at 100 F) 
is typically 50 percent greater than the latter. 

MECHANISM OF SHRINKAGE 

A question arises as to how water evaporation causes volume change or shrinkage. 
The shrinkage and reversible moisture movement of soil-cement can be ascribed to a 
number of causes. The relative part these causes play is still not clear. Three dif
ferent hypotheses concerning shrinkage are presented here. 

Capillary Tension 

The shrinkage and swelling of rigid bodies that undergo volume changes much small
er than the corresponding changes in water content are regarded by some as capillary 
phenomena (13). Accordingly, from the result in Table 3, it appears that the volume 
change of soil-cement obeys the principles of capillary tension theory, as the volumet
ric shrinkage is much smaller than the corresponding loss of water. 

In the capillary tension theory, shrinkage is associated with the increase of the ten
sion at the water meniscus in the capillaries as drying proceeds. The pressure de
ficiency inside the meniscus (14) is 

(4) 

where 

p = pressure, psi; 
T = surface tension of the liquid, lb/in; and 

r 1 and r 2 = the radii of the convex of the concave parts, respectively, in. 

As evaporation takes place a meniscus is formed with a certain radius. This radius 
becomes progressively smaller as evaporation continues. At every stage the menisci 
react against the walls of the soil capillaries, stressing the walls between the menisci 
compressively. 



TABLE 3 

VOLUMETRIC SHRINKAGE AND WATER LOSS 

Soil No. 

K03-06 
M07-06 
K25-06 
K27-06 
M30-06 
K31-06 
K32-06 
K32-00 

Volumetric Shrinkage 
(cm') 

5 
8 
7 
6 

35 
7 

41 
109 

Loss of Water 
(cm') 

210 
244 
218 
230 
355 
264 
279 
281 
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The pressure membrane method was used to 
measure the moisture tension (suction) accord
ing to techniques similar to those described by 
Richards (15). 

The relation between-logarithms of shrinkage 
and moisture tension (suction) is shown in Figure 
9. These two measures are the consequences of 
a common element, moisture content, and the re
lationship is therefore obtained from combining 
suction moisture and shrinkage moisture curves. 
For the range of moisture tension investigated, 
it could be stated beyond doubt that shrinkage is 
caused by the increase in tension at the water 

meniscus in the capillaries. The empirical relation believed to best describe the data 
is of the parabolic type. Equations pertaining to various cement mixtures and soils are 
shown in Figure 9. 

Because of equipment limitations, the suction-moisture study could not be continued 
beyond about 200-psi pressure. The equilibrium moisture content at this pressure was 
well below that at which the beams ceased to shrink. However, the trend in suction
moisture relationship is such that the suction increases rapidly in response to a small 
decrease in moisture content. As the drying continues, on the other hand, the beams 
shrink less and less until a point is reached where the shrinkage is practically zero 
(Fig. 2). It is expected, therefore, that the shrinkage-suction relationship could deviate 
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Figure 9. Shrinkage related to suction. 
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considerably from the parabolic relationship shown in Figure 9. It may be that the 
water film has become exceedingly thin, allowing the grains to come more nearly in 
contact. 

It is concluded, therefore, that the capillary tension theory could very well explain 
the shrinkage characteristics of soil-cement, except perhaps the final stage of drying 
shrinkage, where the beams ceased to shrink for all intents and purposes even when 
the moisture content was too low for the existence of a meniscus. According to the 
capillary tension theory, when the moisture content is such that a meniscus cannot 
exist, the body should expand. It is thus apparent that the capillary theory alone is 
not sufficient to explain the phenomena. 

Liquid Adsorption Phenomenon 

The liquid adsorption or surface sorption hypothesis is associated with the fine clay 
particles and cement gel, since it is here that the bulk of the surface area exists. The 
water that is adsorbed is held under surface forces, and alteration in the thickness of 
the film will change the spacing of the solid particles. It would appear that the volume 
change of soil-cement should be proportional to the change in spacing of the solid bodies 
that are held apart by adsorbed water. The spacing should decrease as adsorbed water 
is withdrawn and increase as adsorbed water is added. 

To substaintiate this hypothesis, a soil- cement beam, after being air dried for a 
period of about two weeks, was wetted by immersing in water. Typical results of air 
drying and swelling are shown in Figure 10. According to Mielenz and King (16), an 
important mechanism accounting for the swelling process is the relaxation of the ef
fective compressive stresses associated with the enlargement of capillary films upon 
moisture increase. This, in effect, is the reverse of the drying shrinkage process. 

During the first few hours the beam had absorbed more than the full weight of water 
that it had lost earlier in drying, but it had regained only half the length loss by shrink
age. In other words, on swelling, the original volume at a given water content is not 
recovered. It may be that the permanent changes in internal texture and structure and 

Immersed in water 
/1296 hr 

removed from water 
456 hr 

-Goin 

280 240 200 160 120 80 40 

Moisture Change, cm• 

Loss-

0 40 80 120 

Figure 10. Shrinkage and swelling of beam plotted against the variation of internal vol
ume occupied by liquid (water or kerosene)-soi I K03, 6 percent cement. 
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the attractive forces during the shrinkage process are responsible for the reduced rate 
of swelling. Continued immersion, however, resulted in a slow gain in weight, accom
panied by substantial swelling. An alternate explanation for the overall behavior during 
swelling may be that the water absorbed early in the course of wetting is less active 
than water absorbed later as far as swelling is concerned. Therefore, it appears that 
for soil-cement swelling is due mostly to the saturation of the less accessible voids in 
the soil-cement mass, i.e. , the regions of the grain-to-grain contacts. 

In the same experiment, the nature of the solid-to-liquid attraction and the manner 
in which it influences volume change was evaluated. For this purpose, swelling charac
teristics of the same soil-beam were studied by immersing it in kerosene followed by 
water (typical data are shown in Fig. 10). Kerosene is known to be inert. Accordingly, 
the lines of saturation on the graphs are almost completely horizontal; i. e. , this liquid 
causes no swelling of the beams, although the internal volumes occupied by it are much 
more than the volumes vacated by water on drying. After saturation with kerosene the 
specimen was placed in water; it began to absorb water, displacing only a small portion 
of the kerosene already absorbed, and it exhibited considerable swelling. A few mont
morillonite soil beams also were investigated in a similar manner. Kaolinite soil
cement swelled close to its original length, whereas the montmorillonite was much 
greater than its original length. It is also significant that a montmorillonite soil beam 
(M30-10) that had twice undergone successful water-immersion disintegrated instan
taneously when it was immersed in water after having been saturated with kerosene. 
These results suggest that shrinkage and swelling are the outcome of surface interac
tion between soil grains and water. Accordingly, if the mutual attraction or interaction 
is weak, volume change should be relatively small. Results in Table 4 substantiate this 
hypothesis in that when kerosene is substituted for water for molding, shrinkage is re
duced 95 percent or more. 

Hrennikoff (17) arrived at a similar conclusion from his experiments with cement 
mortars. He proposed that the water enters the cement not by way of its voids but by 
creeping along the surface of the cement elements. This could be particularly true 
for the soils in that the absorbed water has a remarkably high freedom of movement in 
directions parallel to particle surfaces, although it may not be readily displaceable 
normal to the surface (18). It may be that the water is creeping along the grains and 
separating them like a wedge, thereby causing them to swell. Here again the volume 
change is attributed to rather high intermolecular forces that exist between the cement 
grains and water. 

Lattice Shrinkage in Clay 

It is possible that the lattice spacing of a clay mineral (montmorillonite) changes with 
its water content. Since montmorillonite clay has a layer structure, water molecules 
can enter between the layers expanding the lattice. Such changes in lattice spacing 
would be accompanied by an overall expansion of the solid. 

The mineralogical investigation (X-ray diffraction), therefo·re, attempts to determine 
the basal spacing of the clay mineral while it is being cured. The diffraction study was 
conducted on a Philips-Norelco X-ray unit utilizing copper Ka radiation. A mixture of 

Soil 

M30-10 
M30-00 
K32-00 

TABLE 4 

EFFECT OF WATER AND KEROSENE ON 
DRYING SHRINKAGE OF SOIL BEAMS 

Beams Molded with Water Beams Molded with Kerosene 

Max. Shrinkage 
(~) 

0. 7506 
1. 2783 
2. 2320 

Evaporation Loss 
at Max. Shrinkage 

(cm'I 

300 
370 
281 

Max. Shrinkage 
(%) 

o. 0533 
o. 0604 
o. 0560 

Evaporation Loss 
at Max. Shrinkage 

(cm') 

149 
274 
258 
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Figure 11. Shrinkage related to basal spacing of clay mineral-80 percent Ottawa sand 
and 20 percent Volclay (montmorillonite); (a) shrinkage curves, and (b) change of basal 

spacing during curing. 

Ottawa sand and montmorillonite (Volclay) clay in the ratio of 4 to 1 was prepared. The 
primary cation in the clay is known to be sodium. Different amounts of cement were 
added to this mixture and two beams were molded from each mixture at optimum mois
ture and density. One beam was used for shrinkage measurement. Soil pellets for 
X-ray diffraction were fabricated from the second one. Changes in length and basal 
spacing are shown in Figure 11. Although the d-spacing of clay mineral appears to de
crease with time, its influence on total shrinkage is not precisely known. 

The interlayer spacing of the clay mineral, however, is influenced by addition of 
cement. For cement mL'ttures of 9 and 12 percent, the interlayer spacings of 18.2 A 
and 18. 6 A, respectively, were observed. Interlayer spacings of three other cement 
mixtur es of zero, 3, and 6 percent were about the same, namely, 16.3 A. All the mix
tures, with one exception, had their basal spacing decreased to 15. 5 .A when equili
brated at 55 percent RH for 16 days . The exception was 12 percent mixture, which 
showed a spacing of 14.5 A. The net basal spacing change partially explains the greater 
overall shrinkage of soil beams at high cement contents. 

Summary 

No precise conclusions can be drawn from these various mechanisms but it seems 
that capillary effects may operate at fairly high humidities (during the early stages of 
curing), the liquid adsorption phenomenon at intermediate humidities, and the lattice 
shrinkage of clay particles at low humidities. 
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CONCLUSIONS 

Results and conclusions of this investigation of factors affecting shrinkage and of the 
mechanism accompanying it are summarized as follows: 

1. Kaolinite soil-cement shrinks faster than montmorillonite soil-cement. 
2. In general, longer curing increases the total shrinkage of sandy soils; however, 

the reverse is true for the clayey soils. 
3. Shrinkage of soil-cement first decreases with the proportion of cement, attains 

a minimum, and thereafter increases slightly with cement content. Therefore, it is 
possible to find an optimum proportion giving the least amount of shrinkage. 

4. The shrinkage of clayey soils is primarily a function of the fine fraction in the 
soil. In sands and sandy soils, however, the main reason is probably shrinkage of the 
hydrated cement paste. 

5. Total shrinkage is primarily a function of the amount and kind of clay, mont
morillonite contributing more than other types. 

6. Compaction at wet of optimum moisture content results in appreciable higher 
total shrinkage. Molding moisture appears to have the most influence on shrinkage. 

7. Shrinkage can be reduced by improving compaction. 
8. Shrinkage appears to be caused by the loss of moisture and correlation exists 

between shrinkage and evaporation loss. 
9. Increasing the mixing temperature from 75 to 100 F tends to increase shrinkage. 

10. Three different hypotheses concerning shrinkage have been proposed. In order 
of importance, they are capillary tension theory, liquid adsorption phenomenon, and 
shrinkage due to lattice changes. It is proposed that capillary effects may operate at 
fairly high humidities, liquid adsorption phenomenon at intermediate humidities, and 
lattice changes at low humidities. 
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