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The results of a laboratory study of the effects of repeated load 
triaxial tests on the stress-deformation characteristics and 
resilient properties of two elastic micaceous soils stabilized 
with portland cement are discussed. The ultimate strength and 
stress-deformation curves for both untreated and cement­
treated soils are reported for both conventional and repeated 
triaxial loadings. The addition of proper amounts of portland 
cement to these soils greatly increases the strength and stiff­
ness and considerably reduces the resilience. However, the 
strength and stiffness of these cement-treated soils under the 
action of repeated loads are not always properly represented by 
the results of a conventional (gradually applied load) triaxial 
test. Both the ultimate strength and stiffness of cement-treated 
soils are less when obtained in a repeated load test. The elas­
tic rebound or resiliency for both untreated and cement-treated 
soils appears to be directly and perhaps uniquely related to the 
ratio of the applied repeated deviator stress to the compressive 
strength as determined in a conventional triaxial test. 

• UNTIL A decade or so ago, highway engineers dealing with soil problems involving 
repeated or dynamic loadings were limited by lack of available information to use of 
static and gradually applied load parameters. Recent investigations have provided 
some basic repeated load information and have indicated, for example, that a soil may 
exhibit different strength-deformation properties when subjected to a series of re­
peated loads than it would when subjected to statically or gradually applied loads. 
Most of these studies have been concerned with compacted but untreated soils. Very 
little work has been reported on the effects of repeated loads on the strength and de­
formation characteristics of chemically stabilized soils. 

Recently, Tate (1) stabilized and compacted a number of samples of a micaceous 
silt with 5 and 10 percent portland cement and allowed them to cure for 6 days. After 
testing identical samples under both repeated and gradually applied loads, he found 
that, except at low levels of deviator stress (approximately 50 to 60 percent or less 
of the ultimate gradually applied load), the samples would fail suddenly in shear after 
relatively few repetitions of load. As reported by Ahmed and Larew (2), unstabilized 
samples of the same type of soil generally did not fail until subjected to repeated loads 
of magnitudes equal to and greater than 95 percent of the ultimate gradually applied 
load, even though many thousands of these load repetitions were applied. 

Tate also found that the magnitude of the elastic or resilient rebound for a given 
ratio of repeated load to ultimate gradually applied load was approximately the same 
for both stabilized and unstabilized soils. 

Colley and Nowlen (3) reported studies in which they subjected granular soil-cement 
subbases to repeated loadings. The soil-cement subbases, 6 in. thick, were placed at 
AASHO standard density and optimum moisture directly below a rigid concrete slab. 
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A load of 4, 000 lb was transmitted to an 8-in. diameter steel plate resting on a rubber 
pad astride the joint in a concrete slab. Addition of cement to four granular subbase 
materials reduced the densification of these materials to an insignificant amount and 
eliminated pumping from two materials that had pumped before the addition of cement. 
Moreover, the use of soil-cement greatly reduced the pressure transmitted to the sub­
grade. These studies by Tate and the Portland Cement Association were the only 
known published works which dealt with laboratory studies of repeated loadings on 
stabilized soils. 

Studies conducted by the California highway department (4) showed that highway 
pavements may fail by fatigue as a result of repeated reversals of stress. The fatigue 
failure is attributed in part to the resilient or elastic deformation of the subgrade un­
derlying the pavement. Since much of the Piedmont Province of Virginia is covered 
with micaceous silty soils which are highly elastic or resilient and the Virginia Depart-

TABLE 1 
BASIC SOIL INFORMATION 

Soil Property 

Fraction (% by wt.): 
Clay 
Silt 
Sand 

Spec. gr. of solids 
Shrinkage limit 
Plastic limit 
Liquid limit 
0 pt. moisture content (%)C 
0 pt. dry density (pcf) 

aAASHO classification A-4. 
bAASHO classification A-2-4. 
CAASHO Designation: T99· 

Glenelg ca 

7.5 
53.5 
39.0 
2.74 

24.5 
27.0 
35.0 
21. 5 
98.5 

Culpeper Cb 

4.0 
22.0 
74.0 

2.74 
28.50 
31. 5 
32.0 
18.5 
99.2 

ment of Highways has encountered diffi­
culty in the use and performance of these 
materials, this study was undertaken to 
determine whether the treatment and 
stabilization of these soils with portland 
cement would improve their strength­
deformation and resilient properties. 

The two soils chosen for this study ex­
hibited elastic properties and were ob­
tained from the Piedmont Province of Vir­
ginia. The pedological classifications 
were Culpeper C and Glenelg C, and the 
AASHO classifications were A-2-4 and 
A-4, respectively. Index properties for 
these soils are listed in Table 1 and 
gradation curves are shown in Figure 1. 
Both Type I (normal) and Type III (high 
early strength) cements were employed in 
the study. 
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Figure l. Gradation curves for Culpeper C and Glenelg C. 
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The purpose of this study was to determine the strength, deformation and resilient 
properties of these two stabilized soils under the action of repeated loads and to com­
pare these with similar properties of the untreated soils. 

SCOPE AND PROCEDURE 

Studies were made to determine the required percentage of portland cement to be 
added to each soil so that Portland Cement Association requirements for soil-cement 
would be satisfied. For the Culpeper C, 10 percent of either Type I or Type III cement 
by ovendry weight provided the proper strength and durability for soil-cement. How­
ever, the percentage of portland cement required for the Glenelg C yielded sample 
strengths beyond the testing capability of the repeated load device and, therefore, a 5 
percent mixture, which yielded a "cement-modified" soil, was used. All samples 
tested were compacted to optimum moisture and dry density in a Harvard miniature 
mold with a modified drop-type rammer. Each molded specimen of both cement­
treated and untreated soils was protected by aluminum foil and wax, cured in a humid 
r oom at 68 F, and subsequently tested in either a conventional or repea ted load tri­
axial device. 

To reduce the curing time, Type III high early strength cement was used with both 
soils. A curing period of 10 days was employed for the Culpeper C soil. Figure 2 
indicates that for this material there was only a minor strength gain after the 10-day 
curing period which minimized the effect of strength increase during the testing period. 
Figure 2 also indicates that the Culpeper C stabilized with Type I cement and cured 
for 35 days had essentially the same strength in the conventional triaxial test as the 
Type III cement-stabilized soil with a 10-day cure period. Figure 3 shows the simi­
larity between conventional triaxial stress-strain curves for the Culpeper C stabilized 
with both types of ce ment, each type being cured for the previously mentioned lengths 
of time. Only a 5-day curing period at 68 F was required for the Glenelg C Type III 
cement-modified samples as shown in Figure 4. No Glenelg C Type I cement-modified 
samples were prepared. 

Conventional and repeated load triaxial units as described by Larew and Leonards 
(5) were used to obtain the conventional and repeated load stress vs strain curves for 
bo th untreated and cement-treated soils. A confining pressure, a3, of 10 psi was used 
for all tests and most specimens were subjected to 100, 000 load repetitions applied at 
the rate of 20 loads per minute. Both total deformation and elastic rebound deformation 
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Figur e 2. Ultimate gradually applied stress vs cure time for Type I and Type III cement. 
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readings were obtained for each sample tested in the repeated load device. A typical 
deformation vs log of the number of load repetitions curve is shown in Figure 5. 

The repeated load stress vs strain curves were obtained by essentially the same 
method first described by Ahmed and Larew (~). As shown in Figure 5, the total 
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Figure 5. Repetitions of loading vs deformation for Glenelg C + 5 per cent Type III ce­
ment; numbers to r i ght are 6crr/6cr s values. 

sample deformation increased with each increase in the ratio of Aar/ Aas· The term 
ti..ar / Aas symbolizes the ratio of the s tress induced by the magnitude of the repeated 
s tress , Aar, to the ultimate compressive stress, Aas, as determined in the conven­
t ional frfaxial test. For a given level of the ratio of Aar/Aas, the total deformation 
increased with increasing numbers of load repetitions, but at a decreasing rate. After 
a certain number of load applications, the total sample deformation became constant 
for each value of Aar/ /:J a s below a critical level of the ratio Aarcl Aas, as defined 
earlier by La rew and Leonarda(~ . For any level of b.ar / Aa5 in excess of this cri tical 
value, the sample deformation increased at an increasing rate with each additional 
load application until the sample failed. The limiting value of deformation for each 
level of Aar/ Aas below this critical value was defined as the equilibrium total 



defor mation for that level of t:.arl Aas. The se equilibr ium total defo rmation values 
wer e used by Ahmed and Larew (2) to calculate the corresponding s ample strains. 
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For very low ratios of Aar / Aas, such as 0.123, the equilibrium deformation was 
reached within a few hundred load applications in many cases. For ratios of Aar/ Aas 
above the critical level, no equilibrium deformation could be established, since the 
sample continued to deform until it failed. 

From a family of curves such as that shown in Figure 5, several levels of Aar and 
the corresponding values of limiting strain were obtained . These data were then used 
by Ahmed and Larew to plot a repeated load stress-strain curve as shown in Figure 6. 
Both repeated and static load stress-strain curves shown in Figure 6 are for one level 
of dry unit weight and water content. From repeated load stress-strain curves such 
as these , static and repeated strength moduli, Es and Er, were calculated. The pro­
cedures for obtaining the repeated load stress-strain curves employed by the authors 
differed from the foregoing method in that the limiting total deformation for any level 
of repeated deviator stress, Aar , was chosen at a constant and arbitrary number of 
load repetitions rather than for the equilibrium condition. 

RESULTS 

Families of curves similar to Figure 5 were obtained for Glenelg C stabilized with 
5 percent Type III cement, for Culpeper C stabilized with both Type I and Type III 
cements, and for the untreated Culpeper C. The elastic deformation or resiliency at 
a point on any one curve is the vertical distance between the totai and plastic deforma­
tion lines. 

Figure 6 compares the stress-strain curve for the Glenelg C soil with 5 percent 
Type III cement as obtained in the conventional triaxial test with that obtained by 
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repeated load triaxial tests. From Figure 6 it can be readily seen that the repeated 
load strength and stiffness for this cement-modified soil is considerably less for re­
peated loads than for conventionally applied loads; however, the strain at failure is es­
sentially the same in both cases. 

Figure 7 shows that the ultimate strengths and stiffnesses of the stabilized Culpeper 
C soil as obtained in the conventional triaxial test are much greater than that of the 
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Figure 9. Repeated load and conventional stress vs strain curves for Culpeper C + 10 
percent Type III cement. 

unstabilized soil. Figure 8 shows the repeated load stress-strain curves for the Cul­
peper C soil, both untreated and stabilized with 10 percent Type I and Type III cements. 
Both ultimate strength and stiffness as obtained from repeated load tests are greater 
for the stabilized soil than for the unstabilized condition. 

Figures 9 and 10 show a comparison of the conventional and repeated load stress­
strain curves for the Culpeper C soil stabilized with 10 percent Type III and Type I 
cements, respectively. In contrast to the Glenelg C soil, the initial stiffness of the 
Culpeper C soil, as measured by an initial tangent modulus and as obtained from the 
repeated load stress-strain curves, is essentially the same as obtained in the con­
ventional triaxial test. However, the ultimate strength of the Culpeper C soil, as ob­
tained in the repeated load test, is less than that obtained in the conventional test. 

Figure 11 is a comparison of the conventional and repeated load stress-strain curves 
for the untreated Culpeper C soil. In this instance the secant modulus for the repeated 
stress-strain curve is, at least, equal or greater than the conventional secant modulus. 
This is not in agreement with the findings of Ahmed and Larew (2) who, for untreated 
soils, obtained secant moduli in conventional triaxial tests that were always greater 
than the corresponding repeated load moduli. Differences in the manner of selecting 
equilibrium deformations from the deformation vs log of number of repetitions curves 
have caused this apparent disagreement with Ahmed and Larew's results, as explained 
earlier. 

Figure 12 shows the variation of the equilibrium elas tic rebound with changing 
values of the ratio A<Jr/ A<Js, where Acrr is the intensity of the repeated deviator stress 
and Acrs is the ultimate compressive strength as obtained in a conventional loading 
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Figure 10. Repeated load and conventional stress vs strain curves for Culpeper C + 10 
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test. For lower levels of the ratio, the elastic rebound was both essentially linear 
and unique for both the untreated and stabilized soils studied. This agrees with Tate's 
(1) earlier findings. Figure 12, therefore, indicates that whereas the addition of port­
lind cement to t.."lese soils reduced t..11.e elastic rebound caused by a given. repeated 
load, the elastic rebound was no different for stabilized or untreated soils when re­
peated loads imposing similar ratios of l::.crr/l::.08 were employed. This indicates that 
the magnitude of the elastic rebound under the action of repeated loads will not be re­
duced by the addition of portland cement if at the same time we attempt to take full 
advantage of increased strength and stiffness of the cement-treated soils. 

If the relationship shown in Figure 12 is truly unique for any given soil, then a 
method for predicting the amount of elastic rebound produced by a given intensity of 
repeated load can be developed if the conventional stress-strain relationship for either 
the treated or untreated soil is known. Further studies of this relationship are 
needed, however. 



c.n 
c.n 
"' ~ ..... 
c.n 
~ 

0 ..... 
ct 
> 
"' Q_ 

c.n 
.... A. 
c( 
z-;, 
0 b 
;:: ~ 
z b 
"' -> z 
0 
u 
a5 

Q 

"' .... 
c( 

so 

40 

30 

20 

10 

, , 

.-"_/ 
,.,. 0 

r ; 
I 

I I 
I 
I 
I v 0 

37 

--
CONVENTIONAL 

... ..... 
~o--o-c to-

TRIAXIAL '-, 0 ... i.-0 ... ...... 
~~ r-- REPEA ED LOA D 1t 

,./ ~;· 
,/o 

,{,'/ 

.;: 
t'/ 
IO 

NOTE: R.EPEATED LOAD STRAIN 
V,ALUES ARE FOR THE 
l(>OOTH LOADING. 

0"3 = 10 rs1 J 

"' A. 

"' DI: 
2.0 4.0 6.0 8.0 10.0 12.0 

PERCENT STRAIN 
Figure 11 . Repeated and conventional load stress vs strain curves for unstabilized 

Culpeper C soil. 

Figure 12. Elastic rebound vs percent ultimate gradually applied stress for soils 
indicated. 



38 

CONCLUSIONS 

As a result of this study the following conclusions seem justified: 

1. The ultimate strengths and stiffnesses of soils employed in this study were in­
creased many times when they were stabilized with portland cement. This was veri­
fied by both conventional triaxial and repeated load testing. 

2. For unstabilized Culpeper C soil there was no apparent difference between the 
conventional stress-strain curve and the repeated load stress-strain curve. 

3. The ultimate strengths of both the soil-cement and cement-modified soils, as 
determined with repeated loads, was considerably less than the ultimate strength ob­
tained for identical samples using conventional loading apparatus; however, the strain 
at failure remained nearly the same for both types of loading. 

4. The stiffness of the soil-cement, as measured by a soil modulus, was little 
different when determined from either repeated load or conventional stress-strain 
curves. This was not true for the cement-modified soil (Glenelg C + 5 percent Type 
III cement) in that the stress - strain curve, as determined by the repeated load test, 
was less steep and, therefore, gave a lower secant modulus. This indicates that 
gradually applied load moduli may not be indicative of repeated load moduli in cement­
stabilized soils. Further research concerning these findings should be undertaken. 

5. The amount of elastic rebound increased linearly with increased ratio of Acrr/ 
Aas up to values of Acrr/Acrs = 0. 3 for all soils studied, whether treated or untreated. 
This appears to be a significant finding for if forther research corroborates these re­
sults, a prediction of the amount of elastic rebound for a soil can be made from the 
results of only a conventional triaxial load test. 
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