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This paper explores the phenomenon of shrinkage-induced cracking in 
soil-cement bases. An attempt was made to delineate the primary cause 
of cracking, and expressions for the shrinkage stresses were derived in 
accordance with linear viscoelastic theory. The results show that t ensile 
shrinkage stresses are highly localized on the exposed surface. They 
attain maximum value during the first few days of drying and then decrease 
rapidly. For quantitative evaluation of shrinkage cracking, however, ex
periments were conducted on models whose design is based on a dimensional 
analysis of the linear problem of shrinkage cracking. Experimental re
sults indicate that the crack intensity (defined as area of cracks per unit 
area) decreases with (a) an increase in the thickness of the slab and (b) a 
decrease in the viscosity of the material. Adequate extended curing is 
extremely effective in controlling cracking in cement base. In the 2 
coarse-grained and 1 fine-grained soils studied, the crack intensity de
creased when the cement content exceeded the ASTM-PCA freeze-thaw 
criterion. Also, crack intensity tended to decrease with an increase in sub
grade friction. In a soil-cement matrix, relatively large pieces of gravel 
(nominal size ~ to 1 % in.) enhanced cracking. The model was used in a 
search for treatments that led to several promising additives: lime and 
lime with a trace amount of sugar proved to be best in a variety of soils; 
expansive cement admixture and sodium silicate surface treatment are 
effective in coarse-grained soils. 

•THE WIDESPREAD phenomenon of cracking in stabilized pavements is generally con
sidered to be caused by a combination of drying shrinkage and ambient temperature dur -
ing and after the curing period. The fact that cracks may develop in a new pavement 
before the application of any wheel load indicates the importance of stress caused by 
changes in temperature and moisture content. Wester gaard (32) cons idered 2 condi
tions to be involved in this problem. T he first ar ises from s low, uniform s hrinkage ; 
the second arises from quick changes of temperatm·e (or drying of a s lab from the top ) 
occurring, for example, by the change from a hot day to a cool night and vice versa. 
Late r studies (15 , 26, 30) have extended Westergaard 's theory to include U1e effects of 
a simple harmonic temperature variation, partial support, nonlinear temperature dis
tribution, and viscous damping forces. An obvious conclusion of all these investigations 
is that warping can induce stresses of sufficient magnitude to cause cracking of concrete 
highway pavements. 

The mechanics of cracks in soil-cement base, or any pavement component for that 
matter , have not been sufficiently investigated by engineers and researchers. The few 
studies (19, 25) conducted in this a1'ea simply consider the intensity of visible cracking 
on the pavement surface. As yet, the basic cause of the problem has not been exten
sively studied. George (7 ), in a recent paper, presented simplified solutions to crack
spacing and crack-width problems. In that study, the assumption was made that the 
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material is perfectly elastic. Some implications of a more realistic assumption-that 
the material is viscoelastic-are discussed in a second paper (10); and in yet another, 
the cracking problem is examined in accordance with the theoryof brittle fracture ad
vanced by Griffith (12). In the present paper, the cracking problem is studied by em
ploying models whose design is based on a dimensional analysis of the linear problem 
of shrinkage cracking. 

The primary objectives are to investigate the mechanics of shrinkage cracking and 
to delineate the factors influencing the cracking of stabilized soil-cement bases. Whereas 
some qualitative results are obtained by a theoretical analysis, for quantitative in
formation this investigation utilizes the techniques of dimensional analysis and small
scale model experiments. These models are employed in a further objective of 
investigating the effectiveness of additives in reducing the shrinkage cracks in soil
cement base. 

STRESS ANALYSIS OF PAVEMENT BASE SUBJECTED 
TO RESTRAINED SHRINKAGE 

An investigation of the shrinkage-induced cracking of pavement base entails the fol
lowing steps: (a) stress analysis of the slab bonded to the subgrade and shrunk by dry
ing from the top face and (b) determination of a suitable failure criterion. A failure 
criterion based on ultimate tensile strength is reasonably practical (16) and, hence, will 
not be discussed here. The first step mentioned, however, is regarded to be so com
plex a problem that a review of the existing experimental and analytical solutions can 
be enlightening. 

Stress Arising From Base-Subgr ade Interaction 

In a completely constrained pavement slab, a uniform shrinkage will give rise to 
uniform stress throughout the depth of the slab without any distortion. If the slab is only 
partially constrained, however, or is subjected to nonlinear strain variation throughout 
the depth, it will tend to warp. In many instances, warping stresses can be sufficiently 
high to cause cracking of the slab. 

Stresses Due to Warping 

If a pavement slab is subjected to a temperature gradient, or to a moisture gradient 
that results from drying from the top face, its surface will tend to warp. For a linear 
strain distribution, Westergaard (32) solved the problem for a slab of finite width and 
infinite length, supported on a Winkler foundation. Considering that warping due to non
linear temperature variation may result in only partial support of the slab by the ground 
and assuming that subgrade reactions are time-dependent, Reddy, Leonards, and Harr 
(26) presented expressions for stresses and deflections in a finite circular slab. 

Stresses Due to Restraint 

When a material expands or contracts uniformly but is not allowed to do so at some 
parts of its boundaries, a phenomenon of restrained shrinkage occurs. In the pavement
cracking problem, the underlying subgrade offers the restraint to the shrinking base. 
So far, solutions for only 2 limiting cases of restraint are available (4, 31). They are 
reviewed in the next section. - -

Stress in a Slab Whel} Bonded on One Face to a Rigid Plate and Shrunk-Assume a 
hypothetical case of a plate perfectly bonded to a fo undation and shr unk. Let S be the 
free shrinkage (that is, E"xx = ryy = S, for 0 s: z s: h) in the plate. For the Cartesian 
system shown in Figure 1, the boundary conditions at the bottom face are 

u = Sx; v = Sy; and w = 0 (1) 

which result in 

E"xx = E"yy = S (2) 



where 

u, v, w = displacements in x-, y-, and z-directions; and 
£xx, £yy = unit elongations in x- and y-directions. 

Using Hooke's law and Eq. 2, we can express the stresses at the interface by 

O'xx = O'yy = ES/(1 - v) 

where 

E = modulus of elasticity of the slab material; and 
v = Poisson's ratio of the slab material. 
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(3) 

Although the theoretical determination of stresses in the top of the plate is complex, 
Durelli (4) has solved this problem by employing photoelastic models. The stress ob
tained atthe center of a 14-in. by 14-in. by 1-in. epoxy slab is 

axx = cryy =- 2 ES (4) 

where O'xx, O'yy = normal components of stress parallel to x- and y-axis. 

Stress in a Free Slab-Contrary to conditions found in a plate bonded to a rigid foun
dation, in an unrestrained plate the stress due to uniform shrinkage will be zero. If the 
shrinkage is linear but is not symmetrical with respect to the central plane, the stresses 
can be computed by the following expression (31): 

ESz 1 h 12 z h 
O'xx = O'yy = -1 _ v + h(l _ v) J ESzdZ + hs(l _ v) J Esxzdz 

0 0 
(5) 

where h = thickness of slab. 

Figure 1. Slab bonded on one face and shrunk. 
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Figure 2. Rheological (Burgers) model of 
soil-cement for soil K03 at 6 percent cement 
(Em= 0.89 x 106 lb/in.2 ;'1'/m = 4.50 x 107 

lb-hr/in.2 ; Ek = 1.70 x 106 lb/in.2; and 
nk = 1.89 x 107 lb-hr/in.2 ). 

This discussion reveals that the stress level 
in a shrinking slab is primarily dependent on 2 
factors: shrinkage strain distribution and sub
grade restraint. The latter will be shown to de
pend on the former. Because both of these fac
tors vary as the drying shrinkage progresses, a 
rigorous analysis of the stresses in a shrinking 
pavement slab can be complex. Given in the 
following, however, is a simplified analysis of 
the shrinkage stresses in a soil-cement slab 
permitted to dry from the top face only. 

Theoretical Analysis of Shrinkage Stress 

Before expressions for shrinkage stress can 
be derived, assumptions must be made in regard 
to laws controlling the flow of moisture in soil
cement and the relationship between shrinkage 
and moisture loss as well as the stress-strain
time relation. Assuming that the weight flux of 
water perpendicular to the direction of flow is 
directly proportional to the potential gradient 
and that the movement of water obeys the pr in -
ciple of conservation of matter, Gardner (6) ob-
tained the 1-dimensional flow equation -

( 6) 

where 

9 moisture content, percent; and 
D(e) = diffusivity, in.2/hour. 

The diffusivity in soil -cement, unlike that in natural soils, can be assumed to be nearly 
constant over a limited range of moisture change. Equation 6, with constant diffusivity, 
has been solved (2); a solution specifically applicable to the present problem is given 
by Sanan and George (27) and by Pickett (23). The shrinkage versus moisture content 
(weight loss) relationship has been experimentally determined (8) and found to be ap
proximately linear except during the final stages of drying. Burgers model, as shown 
in Figure 2, is chosen to describe the stress-strain-time relation of soil-cement (10). 
These assumptions were used in computing shrinkage strain, S, in a slab drying from 
the top face (27 ), which is shown in Figure 3a. These strain distributions, at various 
indicated times, are exact solutions for a slab infinite in the x-y plane. These curves 
indicate that during the early stages of drying the exposed surface is subjected to severe 
shrinkage strains. 

The next step in the solution is to consider the base subgrade interaction problem. 
The theoretical model chosen for analysis employs the bending of an infinitely long slab 
(y-direction) of width B (x-direction) resting on homogeneous foundations whose reaction 
against the slab is proportional to the deflection (Winkler foundation). As a result of 
drying, the slab is subjected to shrinkage strain that varies nonlinearly with depth (Fig. 
3a) but remains constant on any given plane parallel to the surface of the slab. 

The expressions for the stresses in the x- and y-directions are given in another 
paper (27). Stresses on the exposed surface have been calculated by employing these 
equations and are plotted with time in Figure 4. The tensile shrinkage stresses attain 
maximum value during the early stages of drying (40 to 100 hours, depending on re
straint condition) and then decrease comparatively rapidly. The maximum shrinkage 
stress varies from 0. 208 EmS"' with no restraint to 0. 273 EmSc:o with complete restraint. 
Theoretically, regardless of the restraint condition, shrinkage stress is highly localized 
on the exposed surface and decreases sharply with depth (Figs. 3b and 3c). This highly 
localized stress can be relieved only by surface cracks or by plastic flow in the material. 
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Figure 3. Shrinkage stress and strain distributions in a restrained slab at various times for 
soil K03-6. 
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If yielding takes place, there will be redistribution of stresses on the surface, a condi
tion that has not been accounted for in this analysis. It may be interesting, therefore, 
to examine the stress variation at some interior point close to the exposed surface. The 
graphs shown in Figure 4 (indicated by broken lines) indicate the stress distribution at 
a point 1 in. beneath the exposed surface. As expected, the stress intensity decreases 
by 50 to 80 percent, whereas the time to attain maximum stress increases to as long as 
200 to 350 hours. 

In summary, the linear viscoelastic theory predicts that the shrinkage stress in a 
pavement slab subject to drying from one face is highly localized on the exposed surface 
and decreases sharply with depth. This highly localized stress can be relieved either 
by surface cracks or by plastic flow in the material. The limitations of the stress 
analysis presented should, therefore, be recognized because the 4-element model, es
pecially at failure, does not necessarily represent the exact stress-strain-time behavior 
of soil cement. Furthermore, the stresses, to an important degree, are dependent on 
the subgrade restraint. In pavement slabs, therefore, the complex interactions among 
many factors involved during drying preclude a general study of the cracking until a 
number of gaps in the knowledge concerning these factors have been closed. For quan
titative results, therefore, this investigation utilizes the techniques of dimensional 
analysis and scale-model experiments as described in the following section. 

SCALE-MODEL STUDIES 

A model is a device that is so related to a physical system that observations on the 
model may be used to predict the performance of the physical system in the desired 
respect. Kondner (17) has previously demonstrated the effectiveness of this approach 
in the field of soil mechanics. Although pavement cracking is not amenable to study 
by a "true" model, it is highly desirable to proceed with a somewhat distorted model 
study. 

Formulation of the Problem 

The design of the experimental model is based on a dimensional analysis of the linear 
problem of shrinkage cracking. The principal advantage of dimensional analysis lies 
in reducing the number of variables that must be investigated and in formulating ad
vantageous dimensionless variables. 

The extent of cracking in a stabilized soil-cement base , or any pavement for that 
matter , can be denoted by the area of cracks, I. The important factors that affect crack
ing are the geometrical dimensions of the base, the stress-strain-time characteristics 
of the material and its tensile strength, the resistance offered by subgrade, and the rate 
and extent of shrinkage. The geometry of the base may be defined by its length L, 
breadth B, and thickness H. The base is usually cast continuously; a construction joint , 
however, may occur every 80 to 100 ft. 

If the material can be idealized by a Maxwell fluid, the stress-strain characteristics 
of the base may be described by the Young's modulus E and modulus of viscosity 17. As 
postulated earlier, the cracking depends on the tensile strength of the material, au, 
which is assumed to remain constant throughout the test. 

Subgrade interaction is a complex process. Friberg (5) has stated that , because of 
temperature variations or other causes, movement in the -slab occurs over a certain 
length (called the active length) from the free end. Over a major portion of the active 
length the frictional resistance is constant and depends on the weight of the pavement. 
The resisting force in this investigation, however, is assumed to be constant over the 
entire length and is taken to depend on the frictional resistance per unit area per unit 
depth, F µ = µy. 

In the field, a soil-cement base is subjected to the combined effects of drying shrink
age and fluctuations of temperature. The latter, of course, influence the rate of shrink
age. In this study, however, the models are exposed to an atmosphere of constant tern -
perature and relative humidity (RH). Even then, shrinkage strain may be a nonlinear 
function of time as shown in Figure 5 (10). This condition can be appr oximated, how
ever, by a bilinear curve as shown in the fit~ure . The pertinent variables , therefore, 
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Idealized Shrinkage-Time Relation 
may qe taken as the rate of shrink
age, Sa v, and the time to attain 
maximum shrinkage, t1. For the 
time being, it is assumed that the 
variation of shrinkage throughout 
the depth of the pavement does 
not cause any warping; what af
fects the phenomenon is the aver
age shrinkage. 
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These considerations result 
in the set of physical quantities 
given in Table 1. There are 11 
variables , and by examination it 
can be determined that rank of 
the dimensional matrix is 3. So 
there are 8 independent dimen
sionless products , which give the 
following functional relationship: 

0 40 80 120 

Time, hours 

Figure 5. Typical time-rate of shrinkage of soil -cement when 
air-dried at 55 RH and 72 ± 4F . 

I (BHE 1) 
LB = f L' L ' au' HFut1' 

_!)__ • t) 
O'ut1' Savt1, 'ti (7) 

If the material used in the model is the same as that in the prototype, by artificially 
treating the foundation to increaseµ, the dimensionless product 17/ (HFµti) in the model 
may be made equal to that in the prototype. If a scale factor of Yio is chosen as the 
geometrical scale, the coefficient of friction should be increased 10 times. 

For a particular soil, Smax (= Savt1) is constant and, therefore, can be omitted from 
the list. Tests have to be conducted separately, however, for each type of soil. When 
we alter the cement content, if we assume that E is increased in proportion to au, the 
factor E/au can be taken to be constant and therefore omitted from Eq. 7. 

In practice the breadth of the pavement cannot be altered to control cracking. It 
must be held constant. The term H/L is different from B/ L, however. Changing the 
thickness may affectt1; for example, tiin-
creas es with the thickness. Also, Fµ may 
be affected by a change i11 thickness. Be
callse H/L may not affect the crack in
tensity in a direct manner, it may be 
deleted from Eq. 7. 

Having made the restriction that O"µ 
and 1) be the same in the prototype and in 
the model , we can satisfy the equation 
(17/ autdm = (17/ 0"u tilp by having (t1)m = 
(t 1)p. This r equirement was complied 
with by drying the experimental model in 
55 percent RH. For the 3 soils tested, 
this requirement resulted in a drying 
period of approximately 15 days for the 
model that corresponded to the same 
period in the prototype. The assumption 
here is that under extreme field condi
tions the prototype pavement undergoes 
drying in approximately 15 days. 

Using the same soil as in the prototype 
pavement, with the simplifications in
troduced and the restrictions imposed, 

TABLE 1 

PHYSICAL QUANTITIES CONSIDERED IN THE 
DIMENSIONAL ANALYSI& OF CRACKING OF SOIL BASE 

Physical Quantity 

Geometry 
Length of pavement 
Breadth of pavement 
Thickness of pavement 

Variables controlling stress-
s train-time char ac teris tics 

Young's modulus 
Modulus of viscosity 
Tensile strength 

Variable affecting subgrade 
resistance 

Resisting force/unit area/ 
unit depth = µ'Y 

Variables affecting shrinkage 
Shrinkage rate 
Time 
Time to reach maximum 

shrinkage 

Dependent variable 
Area of cracks 

Symbol 

L 
B 
H 

E 

Dimension 

L 
L 
L 

FL- 2 

FL- 2 T 
FL c, 

FL-3 

T 

L' 
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we can write the functional relation for a specific soil as 

(8) 

Experimental Procedure 

Materials-Model tests were conducted in 3 soils, each at 3 to 4 different cement con
tents. Classification properties of these soils are given in Table 2. For convenience, 
each soil is identified by al-letter, 4-digit system; for example, K03-06 means soil 
with 6 percent cement whose predominant clay mineral is kaolin. Type I portland 
cement was used in this study. 

Model Testing-The model of the base consists of a 4-ft by 2-ft by 1-in. thicksoil
ceme nt slab with 1 of its short edges fixed and the other 3 edges free. Simulating the 
s ubgrade underneath is an aluminum plate whose interlocking (frictional) characteris
tics are modified to satisfy the similitude r equirements. If a geometr i cal scale of Y10 
is used, the model so designed simulates half of a prototype pavement slab of size 80 ft 
by 20 ft by 10 in. thick. 

The soil-cement mixture, which has been mixed slightly above the optimum moisture, 
is compacted by a 45-lb roller to approximately 90 percent of the AASHO T-99 density. 
After casting, the slab is kept in a fog room (RH nearly 100 percent and temperature 
72 ± 2 F) for 7 days. After curing in the fog room, the model is dried by exposure in 
55 percent RH at 72 ± 2 F. The field condition is simulated by sealing all surfaces ex
cept the top face, and the slab is allowed to dry through the top face only. Cracks that 
appear as the slab dries eventually form a definite pattern in which orthogonal inter -
sections predominate. The length and width of the cracks that occur as the slab dries 
are the important data collected from the model tests. 

Rosette strain gages cemented to a corner at the free end of the model are used to 
measure shrinkage strain. The fact that the corner of the slab can be assumed to be 
stress free ensures that the creep strain and strain due to stress are both nearly zero. 
The shrinkage strain is thus obtained from the strain gage. (Shrinkage strain is that 
unit deformation due to any cause other than stress that would occur in an infinitesimal 
element if the element were unrestrained by neighboring elements.) 

The investigation of the factors responsible for pavement cracking entails the evalua
tion of the crack intensity due to variation of the 3 dimensionless products on the right 
side of Eq. 8. Because the explicit relationship between the dependent variable and the 
other dimensionless products is not known, it is desirable to limit each parameter within 
a range consistent with the prototype pavement. The dependent parameters are 
varied as follows: (a) Fµ by changing the frictional characteristics of the aluminum 
plate , (b) cru by changing the cement content in the soil, (c) t by taking measurements 
at various intervals, and (d) t1 by cover ing tlrle surface so as to reduce the rate of drying. 

When cement content of a soil is varied to change cru, both t1 and Tl change and thus 
affect the dimensionless factor T1/(HFµl1) in Eq. 8. Experimental results, however, 

TABLE 2 

SOIL CLASSIFICATION DATA 

Characteristic 
Sand Clay 

(K03) 

Liquid limit, percent 31 
Plasticity index, percent 10 
-2 micron clay, percent 16 
Mineral composition of -2 

micron clay Kaolinite 

Classification 
AASHO system A-2-4 
Unified system SM 
Textural system Sandy 

Sand Clay 
(K36) 

22 
1 

16 

Kaolinite 

A-2-4 
SM 

Sandy 

Silty Clay 
(M30) 

37 
13 
20 

Montmorillonite and 
illite 

A-6-9 
ML 

Silty clay 
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show that 17/t1 remains nearly constant for any specific cement that ensures that Eq. 8 
is the governing relation. 

RESULTS AND DISCUSSION 

The experimental data from the model tests are presented here. Several tests were 
repeated to ensure duplicability. The crack intensity, i(= I/LB), as defined in this re
port, is the unit of area of cracks per unit area of slab (in. /in.2

) . In reporting the crack 
intensity, however, weight factors such as 1, 0.8, and 0.5 are assigned respectively to 
initiate, lengthen, and widen a crack. These factors are semi-empirical and have been 
chosen so that the factor associated with each of these events is inversely proportional 
to the probability of its occurrence. By modifying lengthening and widening in this 
manner, the author hoped to obtain the crack potential of the shrinking slab. The fol -
lowing example illustrates how these weight factors can be used to determine a crack 
intensity value in a model. The increase in crack intensity, ~i, due to an increase in 
width (weight factor 0. 5) from 0. 02 to 0. 03 in. of a 1-in. long crack (per unit area) would 
be 0.005 in.2/in.2 Adjustment of the measured crack area as indicated, however, does 
not change the qualitative nature of the results presented in this section. 

Graphical Representation of the Model Test Results 

As indicated earlier, Eq. 8 governed the design of the model. With one exception, 
all of the geometric design conditions were satisfied in the model. It was not possible 
to reduce the size of the soil particles used in the laboratory to the same scale as the 
other geometrical parameters. This contradiction in geometrical similitude between 
the model and the prototype can be overcome by assigning an appropriate distortion 
factor for each soil type. Inasmuch as the principal objective of this investigation has 
been to delineate the factors affecting cracking, an exact numerical value for the dis
tortion factor cannot be of great value; this discrepancy, however, precludes a direct 
comparison of the results of soils with different textures. The fact that a significant 
quantity such as Smax has been deleted from the general functional relation, Eq. 8, 
further invalidates the scope of combining the results of fine-grained and coarse-grained 
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Figure 6. Typical curves of crack intensity versus drying time. 

soils. Of necessity, therefore, 
the results of these 2 groups of 
soils will be analyzed separately. 
Because relatively more data 
are available for the latter group 
of soils, the discussion that fol
lows will primarily concern 
granular soils. 

Typical plots showing the in
crease in crack intensity with 
time are shown in Figure 6. The 
maximum crack intensity, imax, 
in each test has been estimated 
from similar plots, and its varia -
tions with the other dimension
less parameters, n/ (au ti) and 
17/(HFuti), are shown in Figure 7. 
Because the maximum crack in
tensity is of interest in this study, 
t/t1 can be taken to be unity and, 
therefore, deleted from Eq. 8. 
The following conclusions from 
the plot seem warranted: 

1. Crack intensity, i, increases 
with modulus of viscosity (17), 
and the use of such additives as 
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Figure 7 . Crack intensity, imax• related to 2 dimensionless parameters (crack intensity 
decreases with decrease in parameters). 

emulsion or rubberized asphalt should be considered for decreasing viscosity and, 
therefore, minimizing cracks; and 

2. Crack intensity decreases with an increase in thickness of the slab H, the time 
taken to attain the maximum shrinkage t1, the tensile strength cru, and the coefficient of 
subgrade friction µ.. 

The importance of thickness can be demonstrated by a comparison of the theoretical 
stress distribution in the interior of slabs 6 in. and 10 in. thick. It can be observed in 
Figure 3b that, when the drying time of a 6-in. slab is increased from 40 to 400 hours, 
the critical depth (defined as the zone in which the shrinkage stress exceeds the strength 
of the material) increases from 20 percent of slab depth to 60 percent. When the same 
time interval is observed in a 10-in. slab, however, the critical depth increases from 
10 percent to only 3 5 percent. In other words, because tensile stress exceeds the 
strength, a 6-in. slab will crack more in a given time than will a 10-in. slab. 

When the slab is unrestrained, however, shrinkage stress can be shown to be a func
tion of the characteristic of the system, A., where 

A. = (K/ 4D)% (9) 

where 

D = Eh3
/ [ 12(1 - 11

2
)]; and 

K = modulus of the foundation. 

It has been verified (15, 27) that warping stresses and, thereby, shrinkage stresses in 
an unrestrained slab decrease with an increase in the flexural rigidity, EI, or a de
crease in the modulus of the foundation. In other words, tensile stresses due to warping 
are lowered significantly more by thick slabs on weak subgrades than by thin slabs on 
strong subgrades. 

The significance of increasing t1, that is, the desirability of adequate curing, is dis
cussed elsewhere (10). The findings of that study show conclusively that cracking in 
cement base can beminimized by adequately extended curing. The last 2 factors, 
namely cru and Fµ., have been varied in the present investigation; consequently, the re
sults and the significance of these factol's on cracking are discussed in some detail. 
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K03, and K36 for various values of subgrade friction. 

Effect of Cement Content (Tensile Strength) on Crack Intensity 
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In Figure 8, the 2 curves for granular soils are shown to have certain characteris
tics in common. That is, for treatment levels ranging from a small percentage of cement 
to that specified by the Portland Cement Association (PCA) criterion (according to ASTM 
D 560), the crack intensity remains nearly constant. Thereafter it begins to decrease. 
For granular soils, therefore, it may be desirable to use slightly more cement than is 
required to meet the PCA-ASTM criterion. 

Although cracks result primarily from shrinkage, it is paradoxical that the crack in
tensity results do not agree with the shrinkage results reported in a previous study (9). 
Typically, as shown by broken lines in Figures Sb and 8c , the minimum shrinkage oc-: 
curred in cement proportions somewhat below the PCA requirement; thereafter shrink
age increased as cement content was increased. At low cement contents, although 
shrinkage is at a minimum, the base, on account of its low tensile strength, tends to 
exhibit closely spaced cracks. Conversely, when cement content is increased, tensile 
strength is also increased and cracks occur at wider spacings. The increased crack 
spacing can be shown to have a twofold effect on crack width and, therefore, on crack 
intensity. First, as evidenced by the equation ('.V 

13y S L - ~yL2 
CD 4Et 

where 

oy = crack width, 
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s"' maximum (final) shrinkage, 
L crack spacillg, 
µ. coefficient of subgrade friction, 
y unit weight of base, and 

Et Young's modulus in tension, 

crack width decreases with L2
• Second, as shown by Pickett (22), the creep strain, 

which arises from the restraint in the slab, increases with slab size and partly com
pensates for the shrinkage, thereby reducing the crack width. In summary, the higher 
tensile strength overcomes the adverse effect of increased shrinkage. 

The crack intensity in the fine-grained soil , M30, is nearly constant with the increase 
in cement content, a fact in satisfactory agreement with the shrinkage results (Fig. Ba). 
In fine-grained soils, a cement content that meets the PCA-ASTM criterion should give 
a satisfactory mix for design purposes. 

Effect of Subgrade Friction on Crack Intensity 

In the fine-grained soil, the crack intensity remains unchanged, whereas in the 2 
coarse-grained soils, as shown in Figure 7, the crack intensity tends to decrease withµ., 
In explaining these results, it may be noted that crack intensity is influenced by 2 op
posing factors. As µ increases, frictional resistance increases (7, Eq. la) creating 
frequent cracks. The data given in Table 3, which show that the crack length increases 
with increase in µ, support this hypothesis and perhaps suggest an increase in crack 
intensity as well. The increased restraint, however, opposes this tendency, as it en
hances the creep in the shrinking matrix and partly compensates for the shrinkage to 
reduce the crack width and, thereby, crack intensity. The effect of subgrade will be 
even more significant in the field. That is, the high frictional resistance may serve 
to redistribute more evenly the stresses caused by localized shrinkage and, thereby, 
reduce the incidence of cracking. The theoretical studies of Pickett (22) as well as the 
experimental results obtained byNagataki (20) show that as restraint increases the re
sultant strain assumes nearly uniform distribution. 

The fact that crack intensity in the fine-grained soil model is not significantly in
fluenced by the subgrade resistance can be the result of warping in cracked panels. As 
drying of the model slab continued, cracks appeared. After further drying at constant 
temperature, these cracked panels separated out of the base and exhibited large con
vexity at the top face (11). It was concluded, therefore, that crack intensity during the 
later stage of drying cannot be a function of the subgrade resistance. 

Test results indicate that increasing the subgrade friction tends to reduce crack in
tensity. The observation that mixed in-place jobs exhibit less cracking than do central 
plant jobs validates this finding. 

Cracking Influenced by Texture of Soil 

By necessity, the gradation or texture of soil is not taken into consideration in de
signing the model. It does not seem feasible, therefore, to relate crack intensity to 

textural characteristics such as clay con-

TABLE 3 

ULTIMATE CRACK LENGTH OBSERVED IN MODEL 

Soil 

K03 

Cement 
(percent) µ. = 4 

Length. of Cracksa (in.) 

µ. = 10 

91.0 (29.5) 
84.0 

µ. = 14 

tent. Indirectly, however, a relation can 
be demonstrated here. The effect of clay 
content on shrinkage has been reported (9), 
and the results show that the shrinkage in
creases somewhat exponentially with -2 
micron clay content. 

From the results of the present investi
gation, it can be shown that crack intensity 

3 
6 

10 

79.5 (30.5) 
63.0 (35.0) 
25.0 (21.5) 35.0 (28.0) 34 ·5 (26.5) is influenced by shrinkage. As given in 

K36 

M30 

6 
8 

10 

6 
10 
15 

66.0 
43.0 
44.0 

103.5 

64.0 

54.0 
35.0 
41.5 

3 Maximum shrinkage strain, Sm x 10- 4
, is in parentheses. 

70.0 

113 .0 

103.0 

Table 4, for example, the crack intensity 
increases somewhat proportionally with the 
drying shrinkage. It must be emphasized 
that, of all factors pertaining to soil, the 
clay exerts the most influence in cracking 
of soil-cement base. 
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The effect of coarse aggregates in crack
ing is somewhat understood. By acting as 
rigid inclusions in the shrinking matrix, they 
r educe shrinkage (9, 24). The par t played by 
the gravel, approximately 1/z to 1% in. nominal 
size, often found in cement-treated clay-gravel 
mixtures, is discussed in the following. 

TABLE 4 

CRACK INTENSITY COMPARED WITH MAXIMUM 
SHRINKAGE 

Soil 

K03 
K36 
M30 

Cement 
(percent) 

5a 
6 

10 

Maximum Unit 
Shrinka ge 
(percent) 

0.2407 
0.2071 
0. 7506 

Crack Inte nsity 
(in. 2/ in.' x 10- 1

) 

11. 38 
9.86 

21.52 A recent study (29) on the shrinkage micro
cracking in concrete reveals that tensile 
stresses, developing at the aggregate-cement 
paste interface, cause microcracks at the in-

acement based on dry weight of so il, as a percentage , 

terface during the curing period of concrete. 
Several studies concerning the disturbing effect of small spherical and cylindrical in
clusions on an otherwise uniform stress distribution are reported in the literature (3, 
13, 28). In simple tension, for example, a perfectly rigid spherical inclusion intensifies 
the tension at the "poles," in the same direction as the applied tension T, to about 2T (13 ). 

Aggregates, therefore, assume a dual role in the shrinkage cracking of soil-cement: 
First, by acting as rigid inclusions in the shrinking matrix, they inhibit shrinkage; and, 
second, by virtue of the stress concentration at the interface, they tend to enhance crack
ing. This problem has been investigated by model testing. 

Inasmuch as the model design followed the principles of dimensional analysis, it was 
desirable to proportion the aggregate size accordingly. It is shown elsewhere (13) that 
stresses in 2 systems (model and prototype), with inclusions of the same form but dif
ferent sizes, are the same at similarly situated points. A requirement in the model 
design that the shrinkage stresses in the model and in the prototype be the same at ho
mologous points makes it imperative that gravel of the same size be used in the 2 sys-

Figure 9. Crack pattern in gravel-embedded model 
for soil M30-10 (location of gravel shown by circles). 

tems. Because of practical considerations, 
however, nat ural gravel of nominal size-
% to % in. -is used in this investigation. 
The gravel was randomly embedded in the 
M30-10 matrix at distances of approxi
mately 10 in. 

In accordance with the theory, cracks 
began to appear radially from the gravel 
inclusion. After further shrinkage, how
ever, cracks radiating from adjacent in
clusions became interconnected, resulting 
in the crack pattern shown in Figure 9. 
The presence of gravel substantially in
creased the cracking. For example, as 
given in Table 5, the crack intensity in a 
model with 15 pieces of gravel is 50 per
cent more than that in a control model con
taining no gravel. 

A few qualitative conclusions pertain
ing to the effect of gravel can be drawn 
from the studies of Daniel and Durelli (3) 
and Shelly and Yuan (28). For instance-;
the higher the dryingshrinkage is, the 
higher will be the stress concentration 
with gravel inclusions. Although the stress 
distribution around a single inclusion is 
independent of size, it can become signifi
cant when a group of inclusions is con
sidered. The stress level is also modified 
by the spacing of inclusions; the smaller 
the spacing is, the larger will be the hoop 
stress evaluated at some point between the 
inclusions. 
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INFLUENCE OF ADDITIVES ON CRACKING 

In the preceding part of this report, a number of factors regulating shrinkage crack
ing of stabilized pavement systems have been evaluated. Cracking can best be con
trolled, however, by minimizing shrinkage of the treated soil. The effectiveness of ad
ditives and treatments in reducing cracking is brought into focus in the following 
discussion. 

Effect of Lime 

In soil-cement blends, lime replaced an equal amount of cement. As given in Table 
5, 3 percent lime in K03-6 and K36-6 and 4 percent lime in M30-10 reduced the crack 
intensity by 60, 65, and 25 percent respectively. This reduction is in excellent agree
ment with the shrinkage results reported by George (7). The addition of a smallpropor
tion of lime reduced the shrinkage in several soils by- 30 to 40 percent. The fact that 
lime flocculates clay more effectively than cement and facilitates better compaction is 
another point in favor of recommending lime in cement-treated soils, especially in 
fine-grained soils. In proportioning the lime, it should be kept in mind that the com
pressive strength of a lime-soil-cement mixture is slightly less than that of a soil
cement mixture of equivalent cement content. 

Effect of Lime and Sugar 

It is generally agreed that early setting of cement is detrimental (9); therefore, it 
may be desirable to use slow-set cement in soil-cement work. Zube-et al. (33) have 
repo1· ted that Type II cement, because of its slow set rate, is better than Type! cement 
in preventing block cracking. Orchard (21) and Arman (1) advocate the use of retarding 
admixtures in soil-cement. - -

The author of this study experimented with a trace amount of sugar in soil-cement
lime mixtures, and the crack intensity result is given in Table 5. The response of the 
2 granular soils tested is remarkable. Even with 2 percent lime and% percent sugar, 
crack intensities in K03-6 and K36-6 were reduced by 67 and 65 percent respectively. 
As little sugar as 3

/ 16 percent has been found to be effective in K03. 
The reduction of cracks in sugar-treated models can be attributed to the reduced 

shrinkage rate of the material. As recorded by the strain gages, the shrinkage rate in 

TABLE 5 

EFFECT OF ADDITIVES ON CRACK INTENSITY 

Crack Intensity 

Additive Concentration 
(in. 2/in.' x 10-') 

Additive (percent) Soil Soil Soil 
K03 K36 M30 

Gravel Cement 10; 1/, to'/, in. 
nominal size gravel 33.50 

Cement, 10 (control) 21.52 

Lime Cement, 6; lime, 3 3.33 2.29 
Cement, 10 (control) 8.33 6.66 

Lime Cement, 10; lirr1e, 4 14.43 
Cement, 15 (control) 19.26 

Lime and sugar Cement, 6; lime, 2; sugar, 3/a 2.74 3.44 
Cement, 10 (control) 8.33 6.66 

Expansive Cement, O; expansive 
cement cement, 10 0.38 22.36 

Cement, 5; expansive 
cement, 5 0.52 22.85 

Cement, 10 (control) 8.33 21.52 

Sodium Cement, 6; 5 percent sodium 
metasilicate metasllicate solution applied 

'/10 gal/sq yd 2.50 
Cement, 6 (control) 10.34 
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sugar-treated models was reduced on the order of 40 percent from that in the untreated 
models. Previous studies (10, 27) have shown conclusively that shrinkage stresses and, 
thereby, cracks can be reduced by decreasing shrinkage rate. 

When the compressive strengths were compared, it was found that, if% percent sugar 
is added, the 7-day compressive strengths in K03-6 and K36-6 were reduced by 80 and 
77 percent respectively. It is significant, however, that sugar-treated mixtures, if 
adequately cured, will develop strengths nearly equal to their untreated counterparts. 

Effect of Expansive Cement 

The primary use of expansive cement in concrete or soil-cement is to expand and 
compensate for the shrinkage that occurs during drying. Besides compensating for 
shrinkage, the mechanical behavior of a pavement base, which normally is continuous 
or restrained at the bottom or both, can be significantly modified by the expansion. If 
the cement base is restrained while the expansive soil-cement is curing and tending to 
expand, a compressive stress can be built up within the soil-cement. The experimental 
finding of Nagataki (20) supports this hypothesis. Upon drying, the soil-cement, which 
would shrink withouIThe prior restraint, would be relieved of the compressive stress 
developed during the curing period. In other words, if the base material is prestressed, 
ultimate tensile capacity is increased by the same order of magnitude, thereby eliminat
ing most of the shrinkage cracks. 

The crack intensity in the 2 soils with varying amounts of expansive cement (expan -
sive cement replaced an equal amount of portland cement) is given in Table 5. The re
sults indicate that with 10 percent expansive cement in K03 (typical of a coarse-grained 
soil) the crack intensity is reduced by 90 percent. In fine-grained montmorillonite soil, 
M30, however, the expansive cement is not effective. This finding agrees with the re
ported results (7) in that, by replacing 50 percent of the portland cement with an equal 
amount of expansive cement, the shrinkage was reduced in 5 out of 7 soils tested; all 
5 soils were coarse-grained soils. The test results, although limited, indicate that 
shrinkage can be substantially reduced by replacing approximately 50 percent of the 
portland cement by expansive cement. Fine-grained soils are not generally responsive 
to expansive cement. 

Surface Hardening of Soil -Cement 

As shown in Figure 3b, the shrinkage stress is highly localized; as a result, cracks 
originate on the exposed surface. A simple expedient to control surface cracking, 
therefore, would be to increase the hardness of the upper crust. Some early work on 
surface hardening of stabilized soil has been reported by Handy et al. (14). They showed 
that only a 5 percent solution of sodium metasilicate applied in the amount of~ gal/sq yd 
approximately doubled the bearing strength. In this investigation 5 percent sodium met
asilicate solution was sprayed in 2 equal installments at the rate of 0. 3 gal/ sq yd. The 
result was striking in that the crack intensity in K03-6 was reduced by 66 percent. 

The reduction in crack intensity can be attributed primarily to 2 factors. First, 
because the silicate treatment boosts the surface hardness, as critical stresses occur 
at the exposed surface, the top-reinforced base is especially resistant to surface crack
ing. Second, by virtue of its ability to diffuse uniformly through the pore fluid (18), 
sodium metasilicate lowers the diffusivity coefficient, k, and thereby the evaporation 
rate. (k is a measure of the amount of moistw·e moving through a unit volume of the 
material in unit time.) The results of this study as well as those of a previous study 
(10) showed that by lowering the evaporation rate the incidence of cracking can be 
minimized. 

Effect of Moisture and Density 

Results concerning the effect of moisture and density on shrinkage have been re
ported by the author (Q). They are as follows : 

1. Compaction at wet or optimum moisture content results in appreciably higher 
total shrinkage, and molding moisture appears to have the most influence on shrinkage; and 
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2. Shrinkage can be reduced by improving compaction. 

Because the model design was based on a dimensional analysis of the linear problem, 
the effect of moisture content on crack intensity in the prototype pavement cannot be 
predicted from model studies. Some approximate calculations, however, show that a 
1 percent increase in moisture content in the field may result in as much as a 15 to 25 
percent increase in the crack intensity. The writer emphasizes, therefore, that of all 
the factors molding moisture has the greatest influence on crack intensity. In the in
terest of brevity, detailed results of this study are not reported here. It has been dem
onstrated, however, that the maximum density attainable should be specified in the field 
in an effort to substantially reduce the crack intensity. 

SUMMARY AND CONCLUSIONS 

Employing linear viscoelastic theory, the author has presented expressions whereby 
stresses in base slabs subject to ambient moisture gradient can be computed. As a 
result of this analysis, the following results seem warranted: 

1. Theoretically, shrinkage stress is highly localized on the exposed surface and de
creases sharply with depth; 

2. The tensile shrinkage stress on the exposed surface of a soil -cement slab attains 
maximum value during the early stages of drying (40 to 100 hours depending on the re
straint condition) and then decreases rapidly; and 

3. The maximum shrinkage stress, which typically varies from 0. 2 to 0. 3 EmS"', is 
much greater than the tensile strength of soil-cement in normal use; consequently, the 
surface of the slab will crack or flow under stress. 

Application of these results would suggest that, if cracking is minimized, a soil-cement 
base warrants special attention and curing during the first critical 2 to 4 days. 

The shrinkage cracking of soil-cement base was investigated by using a model whose 
design was based on a dimensional analysis of the linear problem of shrinkage cracking. 
The results are as follows: 

1. The crack intensity, i (defined as area of cracks per unit area), decreases with an 
increase in the thickness of the slab, cement content, and the coefficient of subgrade 
friction; 

2. The crack intensity decreases with a decrease in the modulus of viscosity of the 
soil and the shrinkage rate; 

3. The crack intensity increases with the type and amount of clay-sized particles in 
the soil (clay content exerts more influence on cracking than does any other factor); and 

4. Large aggregates (nominal size % in. and larger), by virtue of thefr ability to in
tensify the stress in the shrinking matrix, enhance crack intensity. 

As a result of this study, it is recommedned that cement equal to or slightly in excess of 
that required to meet the PCA-ASTM criterion be used. 

The search for treatments to reduce cracking led to several promising additives. 
Lime and lime with a trace amount of sugar proved to be the best in a variety of soils. 
Expansive cement admixture and sodium silicate surface treatment are effective in 
well-graded, coarse-grained soils. The effect of moisture content on shrinkage crack
ing is sufficient to warrant a special effort to compact the soil-cement at or below, but 
never above, the optimum moisture. The model studies confirm that shrinkage crack
ing can be reduced by improving compaction. 

NOTATION 

The following notations were used in this paper. 

D = 
E = 

EK = 
Em 

f = 

flexural rigidity; 
Young's modulus; 
Young's modulus in Kelvin model; 
Young's modulus in Maxwell model; 
surface factor; 



GK= 
Gm= 

h = 
k = 
K= 
B = 
s = 

Sav = 
s.,, = 

t = 
u, v, w = 

T'IK = 
r/m = 

I.I= 

e 
O'XX• (]yy 
Exx, Eyy 
K03-06 

shear modulus in Kelvin model; 
shear modulus in Maxwell model; 
thickness of the slab; 
diffusivity coefficient of shrinkage; 
bulk modulus; 
width of slab in x-direction; 
free, rmrestrained linear shrinkage; 
average shortening per rmit length; 
final shrinkage, value of S when t = ~; 
time; 

/ 

displacements in x-, y-, z-directions; 
modulus of viscosity in Kelvin model; 
modulus of viscosity in Maxwell model; 
Poisson's ratio; 
moisture content by weight; 
normal components of stress parallel to x- and y-axes; 
stress-induced unit elongations in x- and y-directions; 
soil 3 with 6 percent cement, predominant clay mineral kaolin; 
soil 36 with 6 percent cement, predominant clay mineral kaolin; and 
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K36-06 
M30-10 = soil 30 with 10 percent cement, predominant clay mineral montmorillonite. 
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Discussion 

J. B. METCALF, Australian Road Research Board, Victor ia -The author has produced 
a most interesting analysis of cracking in s0il cement slabs. However, I do not be
lieve the problem he has tackled to be the central problem in stabilization. In taking 
the problem of cracking density, he produces arguments that show reduced cracking 
density with higher cement contents, i.e., with higher strengths. Yet, this is the con
dition that leads to the worst form of cracking, and I submit that the form of cracking 
is more important than its intensity as suggested here. The most common cause of 
failure due to cracking is the appearance of widely spaced, wide cracks in cement sta -
bilized pavements. For this condition, the cracking density may be quite low and the 
strength quite high, and this is to be avoided. The first question for George is, Can 
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he reorient his approach to produce estimates of crack width and crack spacing rather 
than cracking intensity and point the direction in which cement content and so on should 
be moved to minimize this. I would expect to find the reverse of his present conclusions. 
The second question is of a rather more detailed nature: Can he provide information on 
the proportion of cracking due to cement hydration, rather than to drying out, because 
good construction practice would lead to a minimum of drying out? 

K. P. GEORGE, Closure-The writer appreciates the interesting comments presented 
by Metcalf. Despite the apparent disagreements, the writer finds that the comments 
are essentially the same as those presented in the paper. 

The answer to Metcalf' s first question may be seen in the paper in the section entitled 
"Effect of Cement Content (Tensile Strength) on Crack Intensity." Should the shrinkage 
data, similar to those shown in Figure 8 of the paper, be the criterion, the writer 
tends to agree with Metcalf's hypothetical conclusions. Nevertheless, the model study 
shows that, for treatment levels at or slightly above the PCA-ASTM criterion, the crack 
spacing is increased and the crack width is decreased (in Metcalf's terminology, widely 
spaced, narrow cracks). The writer, therefore, would like to reaffirm his conclusion 
that for granular soils it may be desirable to use slightly more cement than is required 
to meet the PCA-ASTM criterion. 

For an answer to the second question raised by the reviewer, it would be pertinent 
to refer to the results given in another report (9). In that report, the writer showed 
that the cement in soil -cement takes up moisture to result in self-desiccation and 
shrinkage of the order of 17 percent of the maximum shrinkage. A conclusion, based 
on this result, would be that perhaps 15 to 20 percent of the cracking results because 
of cement hydration. 




