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Expecte d Costs 

The next step in the decision analysis is to deter­
mine the expected costs of failure (ECFJ of each 
alternative. Expected costs are the product of the 
cost of that event and the probability of its oc­
curring. The costs of failure, i.e., $1 million for 
a delay and S3 million for an impact, are estimates 
based on likely delay times, injuries, damage to 
track and equipment, cleanup of rock, and slope 
stabilization, Indirect costs such as legal fees 
and insurance premiums should also be included in 
the costs of failure. The expected cost of failure 
for each alternative is shown on the decision tree 
(Figure 4). 

The final step in the analysis is to determine 
the likely cost of implementing each decision, i.e., 
the stabilization costs. The costs are estimated 
from previous construction projects and are added to 
the expected cost of failure. As shown on the 
decision tree, the most effective means of stabili­
zation is to unload the crest and install rock 
bolts, even though this is more expensive than 
bolting only. This shows the sensitivity to ex­
pected costs of the probability of failure. 

CONCLUSIONS 

In this paper, use of both limit-equilibrium and 
probability methods to design stabilization measures 
for a wedge failure in a rock slope is described, 
The advantages of using both methods are that lim­
it-equilibrium analysis has been well proved in rock 
engineering practice, whereas probability analysis 
allows the designer to assess the effect of uncer­
tainty in the input data on the design. The calcu-
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lation of the probability of failure of the slope 
for different courses of action allows the relative 
merits of the alternatives to be evaluated. The use 
of decision analysis requires an assessment of the 
consequences of failure, which can involve the owner 
in the decisionmaking process. 

REFERENCES 

1. c.o. Brawner and D.C. Wyllie. Rock Slope Sta-
bility on Railway Projects. American Railway 
Engineering Association, Vancouver, Canada, 1975. 

2. E. Hoek and J. Bray. Rock Slope Engineering, 3rd 
ed. IMM/North American Publications Center, 
Brookfield, VT, 1981. 

3. G.S. Littlejohn and D.A. Bruce. Rock 
State of the Art. Ground Engineering, 
July 1975, May 1976. 

Anchors-­
May and 

4. o.c. Wyllie, N.R. McCammon, and w. Brumund. 
Planning Slope Stabilization Programs Using 
Decision Analysis. TRB, Transportation Research 
Record 749, 1980, pp. 34-39. 

5. H. Raiffa. Decision Analysis. Addison-Wesley, 
Reading, MA, 1970, 309 pp. 

6. s.o. Russell. Civil Engineering Risks and Haz­
ards. The B.C. Professional Engineer, Jan. 1976. 

7. Pit Slope Manual. Canada Centre for Mineral and 
Energy Technology, Ottawa, Ontario, Canmet Rept . 
77-5, 1977, Chapter 5, 

8. D.L. Pentz. Slope Stability Analysis Techniques 
Incorporating µncertainty in Critical Parameters. 
Proc., Third International Symposium on Stability 
in Open Pit Mining, Vancouver, B.C., American 
Institute of Mining Engineers, New York, 1981. 

Publication of this paper sponsored by Committee on Soil and Rock Properties. 

Repetitive-Load Behavior of Unsaturated Soils 

E. SABRI MOTAN AND TUNCER B. EDIL 

The resilient and residual deformation behavior of a number of soil samples 
under unconfined repetitive loading was investigated in the unsaturated state 
as a function of matrix suction. Matrix suction values within the range of 
50-1500 kPa were achieved by using pressure-plate extractors. Results ob­
tained during the first phase of the study on low-plasticity sand and clay mix­
tures are extended to high-plasticity clay during the second phase after a series 
of repetitive-load tests on statically compacted samples of grundite at both 
dry- and wet-of-optimum compaction moisture content. The resilient modulus 
is shown to be related to the matrix suction in a rather unique form for all 
soils tested; the maximum is at 800 kPa suction and it decreases thereafter and 
subsequently increases again significantly at very high suction values (as in the 
air-dried or oven-dried state). This maximum resilient modulus obtained at 
800-kPa suction increases with decreasing plasticity index. The position and 
the form of the curve of resilient modulus versus matrix suction may undergo 
changes if deviator stress and confining pressure are introduced as variables. 
It is also shown that the resilient behavior of cohesive soils does not follow 
the same pattern as the relationship of unconfined strength versus suction be­
yond a suction value of 800 kPa. Furthermore, the postrepetitive testing un­
confined strength of dry- and wet-of-optimum compacted samples seems to 
be better correlated with the moisture content than with the soil suction 
value. 

The critical role of mo i sture in controlling the 
mechanical behavior of partly saturated cohesive 
soils through changes in the state of stress in soil 

and its modifying effects on the soil fabric have 
been well recognized. Strength and deformation 
characteristics of saturated soils can be related 
consistently to the stress state in the soil skele­
ton through the use of the effective-stress princi­
ple. However, in partly saturated soils, with de­
creasing degree of saturation, the evaluation of the 
effective stresses becomes less and less reliabl e 
due mainly to experimental difficulties. At low 
degrees of saturation, soil suction, which is the 
only measurable soil-water stress parameter, can be 
used analogous to the effective stress in saturated 
soils. The use of soil suction here as the critical 
soil-moisture parameter instead of the water content 
is also supported by the dependence of the consis­
tency limits of cohesive soils of different origins 
on the stress conditions in soil water rather than 
on the amount of water. 

Partly saturated soils usually do not create 
critical bearing-capacity problems. However, the 
magnitude of the recoverable (resilient) and irre­
coverable (residual) deformations in base-course and 
subgrade materials caused by repetitively applied 
traffic loads is the ba s ic concern in flexible pave-
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Table 1. Soil properties. Optimum 
Liquid Plastic AASHTO Unified Maximum Dry Moisture 
Limit Index Classifi- Classifi- Unit Weight Content 

Series Soil (%) (%) cation cation (kN/m 3
) (%) 

l Fayette silt loam" 39 18 A-6 (11) CL 18.2 18 .2 
2 Sand mixb 33 12 A-6 (9) CL 18.3 15 .5 
3 Sodium grundite< 55 27 A-7 (18) CH 16. l 21.7 
4 Calcium grunditec 54 26 A-7 (18) CH 16.4 21.0 

8 Vernon County, Wisconsin , 
hMixture of 75 percent Fayette silt loam and 25 percent Keweenaw loamy sand from Douglas Co., Wisconsin . 
csodium and calcium surface-saturated fraction of grundi te passing No. 200 sieve, respectively. 

ment design methodology. Soil failure in this con­
text is described as the accumulation of excessive 
residual deformations in soil, which may not neces­
sarily be the result of a shear failure. 

Strength and deformation characteristics of com­
pacted and consolidated cohesive soils subjected to 
repetitive loading have been documented as functions 
of water content and soil suction value by many re­
searchers (1-7). One of the earliest studies re­
ported (8) indicated a steep rise in the resilient 
modulus of a till and a corresponding drop in the 
residual deformation with decreasing water content 
at wet-of-optimum and more gradual changes at dry­
of-optimum. Richards and others (_2), measuring the 
suction in a subgrade soil by psychrometers, looked 
for a possible correlation between the deformation 
character is tics of compacted laboratory samples and 
those of the subgrade soils as a function of soil 
suction. Richards and Gordon (10) observed a linear 
correlation between the soil suction and the resil­
ient modulus on a logarithmic plot. Shackel (11) 
indicated a slight dependence of soil suction on dry 
density and observed a decrease in soil suction dur­
ing repetitive loading. Fredlund, Bergan, and Sauer 
( 12) proposed a set of stress-state var iables--con­
f ining pressure, deviator stress, and soil suction-­
controlling the deformation characteristics of a 
soil under repetitive loading. Later, Fredlund, 
Bergan, and Wong ( 13) gave equations relating the 
resilient modulus to deviator and confining stress 
through a set of parameters that are functions of 
matrix suction. Edris and Lytton (14) reported 
negligible changes in the resilient modulus of three 
different soils (with group symbols of ML, CL, and 
CH according to the Unified Soil Classification Sys­
tem) at psychrometrically measured initial total 
suction values higher than those corresponding to 
moisture content at approximately 2 percent dry-of­
optimum. Luh ( 15) reported a tendency in the dy­
namic shear modulus of kaolinite specimens tested in 
a resonant column apparatus to increase substan­
tially up to 400 kPa, which was followed by a de­
crease at 800 kPa. The drop in the shear modulus at 
800 kPa was attributed to the formation of micro­
cracks at high suction levels. 

In this study, the response of soil under uncon­
fined repetitive loading has been investigated as a 
function of matrix and total suction values on a 
number of cohesive soils over a range of plasticity 
characteristics. Consideration was given to the 
dependence of the resilient modulus and residual 
deformation of soils tested on the matrix component 
of the total suction values along with the modifying 
effects of the osmotic component, if any, on the 
soil behavior. The possible existence of a unique 
s~t of curves relating the resilient modulus to the 
matrix suction was investigated in particular. 

EXPERIMENTAL PROGRAM 

Soil Proper ties 

Four series of compacted specimens were prepared for 

repetitive testing (Table 1) by using three dif­
ferent soils. 

Sample Preparation and Moisture Equilibration 

For series 1 and 2, three sets of samples were pre­
pared by using a Harvard miniature compactor at the 
optimum moisture content and 2 percent dry- and wet­
of-optimum ( 16). For series 3 and 4, two sets of 
samples were prepared at 2 percent dry- and wet-of­
optimum moisture content by using static compaction 
and a compaction mold similar to that described by 
Shackel (17). 

All th;- samples were placed on saturated ceramic 
plates in pressure extractors and permitted to 
absorb as much water as possible under atmospheric 
pressure. In series 3 and 4, sodium and calcium 
chloride were added to water saturating the ex­
tractor plate to minimize the water transfer between 
the plate and the samples through osmotic pro­
cesses. Subsequently, all samples were moisture­
equilibrated in extractors along a desorption cycle 
by increasing the applied air pressure in steps to 
achieve matrix suction values of 50, 100, 200, 400, 
800, and 1500 kPa, and a number of them were tested 
under repetitive loading after equilibration at each 
step (16). At equilibrium, the moisture remaining 
in the~soil specimen is in equilibrium with the 
applied air pressure, which has a value correspond­
ing to the matrix suction component of the total 
suction. Total suction, which can be directly mea­
sured by using a psychrometer, is the sum of the 
matrix and osmotic components. Some of the samples 
in series 3 and 4 were further dried over a sulfuric 
acid solution in a desiccator to moisture contents 
lower than those corresponding to 1500-kPa suction 
prior to repetitive loading in order to examine the 
soil behavior at suction values beyond 1500 kPa (at 
an estimated matrix suction of 9000 kPa). A mois­
ture sorption cycle (400 and 100 kPa) was also fol­
lowed in series 3 and 4. In addition, three samples 
that were previously tested were retested subsequent 
to oven drying, which resulted in very large suction 
values. 

Repetitive Loading 

For series 1 and 2, the samples were tested uniaxi­
ally on an MTS Systems Corporation repetitive-load­
ing system at a loading frequency of O .5 cycle/s; a 
haversine load curve that lasted 0.3 s was used 
(16). For series 3 and 4, a pneumatic repetitive­
loading system applying uniaxial loading was used at 
a frequency of O .5 cycle/s with a continuous haver­
sine load curve. 

During the repetitive testing of series 3 and 4 
samples, top and bottom loading caps made of Plexi­
glas and equipped with open psychrometers were used 
(Figure 1) to monitor the total soil suction before, 
during, and after the repetitive-loading tests. 
Load-deformation curves on an X-Y recorder were 
taken several times during the test and more fre-
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quently within the first 1000 cycles. Resilient and 
residual deformations were monitored by a 6. 25-mm 
travel linear variable differential transformer 
(LVDTl and a dial gage reading 2.5 x 10-• mm per 
division, respectively. Axial load was measured by 
a load cell as illustrated in Figure 1. Minimum and 
maximum deviator stresses during the tests were kept 
fairly constant around 20 kPa and 100 kPa, respec­
tively, to eliminate the deviator stress as a vari­
able. Moisture loss in samples during repetitive 

Figure 1. Arrangement of 
psychrometers and load 
cell during repetitive­
loading test. 
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Figure 2. Relative magnitude of repetitive stress level and form of repetitive­
load axial-deformation curves at different suction values. 
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loading was prevented by surrounding the membrane­
covered samples by a cylinder containing wetted Sty­
rofoam packing material, which was found to be very 
effective. Maximum number of load repetitions in 
series 1 and 2 was 10 000 and 5000, respectively. 
In series 3 and 4, tests were terminated after ap­
proximately 4 0 000 repetitions. An unconfined­
compression test was run on each sample after repet­
itive testing. 

EVALUATION OF EXPERIMENTAL DATA 

Resilient modulus (Mr, cyclic deviator stress 
divided by resilient strai~, axial residual strain 
(£pl, st rain- energy absorption capacity, and 
postrepeti tive testing unconfined strength (qupl 
have been e xamined i n t his section as a function of 
number of load repetitions (Nl and pre-test-induced 
matrix suction (~ml• Justification for the 
choice of matrix suction instead of total suction 
(~tl will be given later in this section • 

Load-Deformation Curves 

During the repetitive-loading tests, basically three 
types of load-deformation curves were obtained as 
illustrated in Figure 2, where the repetitive stress 
level is indicated as a percentage of the unconfined 
strength. Curve 1 represents a tendency for recov­
ery in the soil after a relatively large deformation 
has been imposed on it, which results in a rapid 
buildup of residual deformations. Repetitive-load 
level is relatively close to the unconfined 
strength, and the frequency of loading can play a 
significant role in controlling the residual defor­
mations. With increasing suction, linear and con­
cave upward loading curves result (curves 2 and 3l. 
The lateral inertia of the sample is not expected to 
play a significant role in curve 3, since the load­
ing cannot be classified as impact type. However, 
the initiation of a desaturation after 800 kPa as 
measured on series 3 and 4 specimens is believed to 
leave some relatively large pores free of water and 
easier to deform, but elastically, because of the 
increasing integrity of the soil structure under in­
creasing suction. Also, the formation of micro­
cracks with decreasing water in grundite, as ob­
served by Luh (15l at macroscale in kaolinite 
samples after 800-kPa suction, and the closure of 
such cracks at small compressive stresses compared 
with the unconfined compressive strength can result 

Figure 3. Rate of increase in resilient modulus during repetitive loading at 
different matrix suction values. 
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in a concave upward stress-strain curve. However, 
these cracks, if they actually exist, have to be 
very small, since thin sections prepared by using 
compacted grundite specimens freeze-dried under 
vacuum after equilibrium under 1500-kPa extractor 
pressure did not reveal any visible crack pattern 
when viewed under a petrographic microscope. 

Resilient Modulus Versus Number of 
Load Repetitions 

The resilient modulus in series 1 and 2 increased 
monotonically from the beginning of the repetitive­
loading test (16). However, in the majority of the 
samples in series 3 and 4, a decrease in Mr was 
evident during the early part of the repetitive 
loading 1 Mr reached a minimum value mostly within 
the first 100 repetitions and was accompanied by an 
increase thereafter. This is attributed to a small 
time-dependent increase in the rigidity of the soil 
structure during the moisture-extraction process, 
which extended over a period of 4-12 months. After 
several applications of the repetitive load, the 
memory effects were removed. The considerable scat­
ter in the rate of increase in Mr (Figure 3) as 
determined beyond 1000 repetitions by the slope of 
the curves of Mr versus log N shows that ap­
parently identical compacted soil samples may dis­
play significantly different resilient moduli at 
large numbers of load repetitions even though the 
resilient response may be comparable at low repeti­
tions during a repetitive-load test. 

Resilient Modulus Versus Matrix Suction 

Samples of series 1 and 2 were tested at different 
matrix suction values by repetitive loading without 
any total-suction measurements. In series 3 and 4, 
the measured total-suction curve showed a decreasing 
osmotic suction component within the range of test 
moisture contents when super imposed on the curve of 
moisture content versus matrix suction and even­
tually approached it at higher induced matrix suc­
tion values. The osmotic suction measured on the 
pore-water extracts obtained during pressure equi­
librium, on the other hand, remained fairly constant 
with increasing extractor pressure. In general, the 
contribution of the soluble salts in pore water to 
the changes in soil behavior did not seem to be 
clearly reflected by the magnitude of the measured 
osmotic suction due to the apparently more compli­
cated effects of the ionic distribution around the 
particles than can be deduced by osmotic suction 
measurements alone. If we consider the obvious 
changes taking place in soil behavior after moisture 
equilibration under increasing extractor pressure, 
the matrix suction was adopted as the meaningful 
soil-moisture stress parameter for the purpose of 
this study. 

The differences in the resilient modulus of dry­
and wet-of-optimum specimens at 5000 repetitions in 
all four series were relatively small below 100 kPa 
( Figures 4 and 5) • Afterwards, an increasing range 
of Mr in series 1 and 2 was observed, more signif­
icantly in series 2, whereas it remained compara­
tively small in series 3 and 4 throughout the suc-
tion range used (Figure 5). The same range of 
compaction moisture content (wopt ± 2 percent) 
was used in all series. The difference in resilient 
modulus between dry- and wet-of-optimum specimens 
and the average value of the resilient modulus in­
crease with decreasing plasticity (or optimum mois­
ture content of the soil) is shown in Figure 6. 

The maximum resilient modulus in all series was 
found to lie at a matrix suction value of approxi­
mately 800 kPa; there is a drop at 1500 kPa. The 
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indication is that Mr increases again 
suction values beyond 1500 kPa as shown in 
below, which gives a set of samples tested 
drying that gave significantly higher 
moduli: 

Specimen Mr (kPa•lO"') 

Series 3, wet of optimum 236. 9 
Series 3, wet of optimum 197.6 
Series 4, dry of optimum 152.2 

at matrix 
the table 
after air 
resilient 

w (%) 

2.9 
2.2 
2.5 

Therefore, all the evidence suggests the form of 
Mr versus log Wm relationship as given quali­
tatively in Figure 7. 

High resilient modulus is rather expected at very 
high suction values and increasing rigidity of the 
soil skeleton. The hump occurring at 800 kPa repre­
sents a change more likely in the role of soil mois­
ture than in the mechanical behavior of the soil. 
Increasing the dry unit weight with suction should 
also be considered as a contributing factor, al­
though it does not explain the decrease in Mr 
after 800 kPa. Buildup of residual deformation is 
very small above 400 kPa, which is indicative of the 
more-elastic character of soil deformations under 
repetitive loading (see ~·igure 12). 

A desaturation initiated at 800 kPa (Figure 8) is 
thought to have resulted from emptying of relatively 
large pores as mentioned earlier. This confines the 
soil moisture to extremely small pores, particle 
surfaces, and interparticle contacts under very high 
tension and possibly results in microcrack forma­
tion. This distribution of moisture is believed to 
give the soil structure a more elastically deform­
able character while the development of residual 
strains is resisted. The eventual development of 
particle-to-particle bonds beyond a certain suction 
level, then, results in a stiff soil structure that 
displays high resilient modulus as observed in oven­
dried tested samples at very high suction values. 

The advantage of relating the resilient modulus 
of soil suction instead of moisture content is evi­
dent in Figure 9 due to the fact that the matrix 
suction fixes the position of the maximum resilient 
modulus at 800 kPa for all soils tested, whereas no 
such trend is evident when moisture content is used 
as the main moisture variable. Furthermore, the use 
of moisture content results in considerable scatter 
of the data. 

Because of the small differences in moisture con­
tent along the desorption and sorption branches of 
the moisture-retention curve, the samples tested at 
400 and 100 kPa suction on the sorption curve did 
not provide significant insight into the effects of 
moisture hysteresis on the resilient behavior of the 
samples in series 3 and 4 and were not included in 
Figure 5. Series 1 and 2 samples were equilibrated 
only along a desorption curve. 

Effects of Ory Unit Weight and Deviator 
Stress Level on Resilient Modulus 

The samples compacted on the same side of the opti­
mum moisture content and tested at matrix suction 
values up to 800 kPa indicate approximately a linear 
variation between Mr and Yd within the suction 
range used; samples compacted dry of optimum exhibit 
a somewhat higher resilient modulus (Figure 10), 
However, this situation is believed to be due as 
much to generally higher soil suction in dry of op­
timum at a given unit weight as to the differences 
in the soil structure. Also, any possible relation 
between Mr and Yd breaks down after 800 kPa 
due to the change in soil behavior. 

After the termination of the repetitive loading, 
axial deformation-load curves were taken at increas-
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Figure 4. Resilient modulus versus matrix suction in series 1 and 2 samples. 
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Figure 5. Resilient modulus versus matrix suction in series 3 and 4 samples. 
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ing deviatoric stress levels above the maximum 
repetitive deviatoric stress. At suction values 
less than 1500 kPa, Mr decreased with increasing 
deviator stress. However, in some of the 1500-kPa 
specimens, Mr increased initially, reached a maxi­
mum, and decreased thereafter. This leads to the 
argument that the maximum Mr measured at 800 kP a 
may occur at a higher suction or it may disappear 
completely with increasing repetitive deviatoric 
stress levels. 

Relative Energy Absorption Capacity 
Versus Matrix Suction 

The ratio of the area inside the hysteretic load­
deformation curve (A1 ) to the area of the triangle 
(A2) in Figure 11 is defined as the relative en­
ergy absorption capacity of the soil. It decreases 
rapidly with increasing suction up to 400 kPa in 
series 3 and 4; the minimum is in the vicinity of 
800-1500 kPa. Desiccator-equilibrated samples had 
an absorption capacity somewhat higher than the min­
imum for both soils, which signified a delayed elas­
tic response of the soil within a suction zone be­
yond 1500 kPa and attainment of a nearly perfect 
elastic response afterwards. 

Estimation of this ratio at different stress 
levels and suction values for a soil profile under­
lying a structure subject to 
help in assessing the degree 
the soil against vibration 

vibratory loading may 
of damping offered by 
effects. A similar, 

suction-dependent relationship expressed in terms of 
shear stresses will be useful in computing the soil 

Figure 7. Qualitative relationship of resilient modulus versus matrix suction 
including extremely high matrix suction range . 
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response to earthquake excitation whether there is 
an already established steady state or a transient 
suction profile. 

Residual Deformation Versus Matrix Suction 

Total residual strain decreased sharply in series 1 
and 2 up to 100-kPa suctioni it remained approxi­
mately constant afterwards (Figure 12) • The same 
trend was observed in series 3 and 4, and the resid­
ual strain evened out after 200-kPa suction (Figure 
13). There was not a clearly defined indication as 
to which side of the optimum compaction yielded 
higher residual deformation. 

The increase in residual strain with the number 

Figure 9. Resilient modulus versus moisture content in series 3 and 4 samples. 
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Figure 12. Total residual strain 
versus matrix suction in series 1 
and 2 samples at 5000 load 
repetitions. 

4 ~ 

•\ 
3 \ 

SE~lES 

I 

,GJ,, . 1.o,c O • 
opllmum C:,, • 

l ... 
,;i 
~ 2 0 

>­
"' -' .. 
~ . 
~ I 
a: 

..... ~ l,.qp1 0 e 

o-~ - - --~----~--~ 
.I 10 

MATR IX SUCTION, 4'rnlkflo xl62) 

Figure 13. Residual strain versus matrix suction in series 3 and 4 samples 
beyond 100 load repetitions. · 

2 .0 .-...... --------------------- - -. 

Ill IV 

a! UI "' dry-ot-opl. 0 • -... \. wet-of.op! 0 • "' z \_ 
ci 
0:: \_ I- 1.0 • I/') a 

"' _J 

ct • " :::, 
e 
i!lo.s 
0:: 

• . 0 
I 10 

MATRIX SUCTION. l4J (kPa xl0
2

) 
m 

Figure 14. Rate of increase in residual strain with number of load repetitions 
versus matrix suction in series 3 and 4 samples . 

,r,4 I 
/ 

/~ 
I 

/ / 0 

I • / 
a / / / 

0 / / 
I / z / 8 / 0 / a / .!:! 

~ 
/ ,./ 

103 1• 
ICI. / / 

"' / / <l I • / 
/0 / 

/ / 
/ I / • / / D / ,. 

/ SERIES 
/ D Ill IV 

/• dry-of-opt. 0 • / 
0 / wet-of-opt, 0 • 

-t 
10 

10 

MATRIX SUCTION, 14' (kPulOZi 
• 



Transportation Research Record 872 

Figure 15. Postrepetitive loading unconfined compressive strength versus matrix 
suction in series 1 and 2 samples. 
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Figure 16. Postrepetitive loading unconfined compressive strength versus matrix 
suction in series 3 and 4 samples. 
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of load repetitions (A cp/_A logN) on a loga­
rithmic plot against the soil suction is approxi­
mately a straight line, although some scatter at 
suction values less than 400 kPa is evident (Figure 
14). In other words, the rate of increase of resid­
ual strain is a transcendental function of suction. 
This suggests that the following relationship may be 
helpful in evaluating the buildup of residual strain 
with an increasing number of load repetitions: 

log (dEp/d ]ogN) =a+ b Jog,J, (I) 

If we integrate Equation 1, the residual strain is 
obtained as follows: 

(2) 
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Figure 17. Pastrepetitive loading unconfined compressive strength versus test 
moisture content in series 3 and 4 samples. 
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where 

a and b 
ljli and \jlf 

empirical coefficients, 
initial and final matrix suction val­
ues, 
initial and final numbers of load rep-
etitions, and 

C value of £pat ljli and Ni• 

However, considering the complexity of the field 
conditions, in the absence of supporting data, Equa­
tion 2 should be regarded only as a first approxi­
mation to the actual residual settlement. 

Postrepetitive Loading Unconfined 
Compressive Strength 

Unconfined compressive strength increases with in­
creasing matrix suction in series 1 and 2; dry-of­
optimum samples generally yield higher strength 
(Figure 15). Variation of the unconfined compres­
sive strength in series 3 and 4 with matrix suction 
is given in Figure 16. The wet-of-optimum specimens 
yield higher strength throughout the moisture­
content range; the difference between series 3 and 
series 4 specimens increases with increasing matrix 
suction. However, as is evident from the comparison 
of Figures 16 and 17, unconfined compressive 
strength correlates better with moisture content 
than with matrix suction. Since the data presented 
in Figures 15 and 16 do not indicate the type of 
decrease observed in the resilient modulus beyond a 
suction value of 800 kPa, no interdependence between 
the unconfined compressive strength and the resil­
ient modulus of the soil exists after BOO kPa. 
Therefore, the static unconfined compression test 
results should not be taken as indicative of the 
resilient modulus of the soil at high suction and at 
relatively low repetitive-stress levels. 

Sl.J.IMARY AND °CONCLUSIONS 

The changes in the deformation characteristics of a 
number of cohesive soils as a function of the ini­
tial matrix suction have been investigated for re­
petitive unconfined loading. The following con­
clusions are drawn from an evaluation of the data: 
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1. The rate of change in the resilient modulus 
with the number of load repetitions in samples 
tested at the same initial matrix suction can be 
significantly different even for soils with similar 
grain size, plasticity, and compaction character­
istics. 

2. The resilient modulus displayed a maximum at 
a matrix suction of about 800 kPa followed by a drop 
and a subsequent increase for the soils tested at 
the repetitive deviator-stress level used. However, 
it is possible that both the magnitude of the maxi­
mum modulus and the corresponding er i tic al matrix 
suction change at a different stress level. 

3. The similarity of the curves of resilient 
modulus versus matrix suction obtained on different 
soils supports the use of matrix suction as the 
basic soil-moisture parameter rather than the mois­
ture content for indexing the deformation behavior 
of cohesive soils. 

4. The scatter in the curves of resilient mod­
ulus versus matrix suction can be minimized by nor­
malizing the resilient modulus with respect to a 
parameter related to the plasticity index of the 
soil. Another parameter, which involves the dif­
ference between the dry- and wet-of-optimum compac­
tion moisture contents compared with the optimum 
compaction moisture content, can possibly be used 
for this purpose. 

5. The effects of dry unit weight on the resil­
ient behavior of soil with increasing matrix suction 
can meaningfully be investigated for compaction only 
on one side of the optimum moisture content, either 
dry or wet, because of the fabric effects. 

6. Unconfined compressive strength does not 
prove to be a good indicator of the resilient be­
havior of cohesive soils tested at matrix suction 
values above 800 kPa, since it continues to increase 
while the resilient modulus decreases. Strength 
appears to be correlated with moisture content 
better than soil suction, whereas the opposite is 
true for the resilient modulus. 
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