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Resilient behaviour of fine-grained soil treated with lime 

Le comportement resilient des sols raffines trait6s au calcaire

T.O .A I-R e fea i -  D e pa rtm e nta l C ivil Engineering, King S a ud University, S audi Arabia

ABSTRACT: In recent years, the resilient modulus test has become the focus of increased attention. The 1986 AASHTO Guide for 

design of pavement structures and other mechanistic pavement design procedures require the determination o f resilient modulus as a 

fundamental material property for characterizing both soils and flexible paving materials. A comprehensive laboratory evaluation of 

resilient modulus, MR, of lime-treated fine-grained soil is presented in this paper, using computer-controlled cyclic loading triaxial testing 

equipment and computer-based data acquisition. A stress-dependent constitutive model has been employed to evaluate resilient modulus 

of natural and treated soil. The model takes into account the influence of soil physical properties, confining and cyclic deviator stress. 

The effect o f cyclic loading on the unconfined compressive strength o f natural and lime-treated soil has also been examined. These 

laboratory data allowed the development of a statistical model to relate MR and unconfined compressive strength.

RESUME: Ces demieres annees, le test modulaire resilient a ete 1' objet d'une attention particuliere. Le Guide de l'AASHTO de 1986 

pour la conception des structures des chaussees et autres procedures de pavement repondant a des normes mechaniques necessite le choix 

d'un module resilient comme une matiere aux proprietes fondamentales pour caracteriser a la fois les sols et les materiaux de construction 

du point de vue de leur resistance mecanique. Une evaluation globale, en laboratoire, des modules resilients, MR, des sols raffines et 

traites au calcaire est presentee dans cette recherche en utilisant une batterie de test triaxial a charge cyclique dont le controle des donnees 

et leur acquisition se fait par ordinateur. Un modele constitutif en compression fut developpe pour evaluer le module resilient du sol naturel 

et du sol traite. Ce modele prend en consideration les proprietes physiques du sol, I'isolation et la pression cyclique deviante. L'effet 

de la charge cyclique sur la force compressive non-confinee du sol naturel ou traite au calcaire fut anssi examine. Les donnees 

experimentales ont permis le developpement d'un modele statistique mettant en relation MR et la force compressive non-confinee.

1 INTRODUCTION 3 MATERIALS AND TESTING PROCEDURES

The design of pavements involves a study o f subgrade soil and 

its behavior under load simulating traffic conditions. To explain 

this behavior, researchers have used the concept o f resilient 

modulus (MR), which is defined as the repeated deviator stress 

(ct,,) divided by recoverable (elastic) axial strain (e j . In 

AASHTO design procedure (1986), MR is considered a 

fundamental property to characterize the deformational 

characteristics o f pavement materials.

The use of lime stabilization o f fine-grained soil is well 

documented. However, much of the research and development 

have been conducted in a static manner that does not simulate 

the repetitive nature o f the actual loads. Testing procedures, and 

deformation measurements play a crucial role in MR testing. In 

this study the resilient behavior of lime treated soil is studied 

using the updated AASHTO T-294-92 testing procedure (1992).

2 STUDY OBJECTIVES

The objectives of this experimental work were to:

1. Study the resilient behavior of lime-treated fine-grained soil 

for a range of lime and water contents under different loading 

conditions.

2. Explore applying existing constitutive model to describe 

resilient modulus of treated soil and study the effect o f lime and 

water contents on parameters o f the constitutive model.

3. Investigate the effect o f repeated load testing on unconfined 

compressive strength (qu).

4. Develop an accurate correlation between MR and qu for 

lime treated fine-grained soil.

The lime used in this study was commercial grade white calcium 

hydrated lime. The physical properties o f the soil used are given 

in Table 1.

Unconfined Compression and MR tests were performed on 

specimens of 102 mm in diameter and 203 mm in height. The 

specimens were compacted by static compaction at optimum 

moisture content (OMC) and to 95% of maximum dry density 

(MDD) o f each respective lime content. Some samples were 

prepared at moisture content of 2 or 3% above optimum 

moisture content. The compacted specimens were wrapped and 

stored in a constant temperature and humidity chamber. After 

curing period each specimen was unwrapped, reweighed to 

determine moisture loss during curing, and its unconfined 

compressive strength determined at a strain rate o f 1%/min. 

Identical sample was then subjected to MR test, after the 

termination of MR test the sample was removed from the triaxial 

chamber and its unconfined compressive strength was 

determined.

A pneumatic system was used to apply haversine shaped stress 

pulse with a load duration of 0.10 sec and 0.9 sec relaxation 

period at a frequency of 1 Hz. The axial deformation was 

measured using two external LVDTs. Specimens were 

conditioned by applying 1000 repetitions of 27.6 kPa deviator 

stress under a 41.4 kPa confining pressure. Conditioning 

eliminates the affects o f specimen disturbance due to compaction 

and sample preparation procedures and also aids in minimizing 

the effects o f imperfect contacts between end platens and the 

specimen. Then, the specimen was subjected to 100 repetitions 

of 6.9, 13.8, 41.4, 55.2 and 69 kPa deviator stresses at each one 

of the confining stresses o f 41.4, 20.7 and 0 kPa. The MR value 

is then calculated by using the deviator load and deformation 

from the last cycle o f each testine condition
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Table 1. Properties o f unstabilized soil

Grain size (%)

Silt (.002 -.075 mm) 70

Clay (< 002 mm) 30

Physical properties

Liquid limit 38

Plasticity index 13

Standard AASHTO max. dry density (kg/m3) 1590

Optimum moisture content (%) 23.6

Specific gravity 2.73

Classification

AASHTO A-6

Unified ML

SHRP soil type 2

4 RESULTS

Typical variations of MR with deviator and confining stresses for 

untreated and lime treated soil is shown in Figure 1. Untreated 

soil exhibited the usual behavior found with cohesive soil - MR 

increased with an increase in the confining stress and decreased 

with increasing deviator stress (stress-softening response). 

However for lime treated soil MR increased with an increase in 

the confining stress and remain either constant or slightly 

decreased with an increase of the deviator stress. Moduli o f lime 

treated soil are significantly higher than untreated values, 

indicating the addition of lime significantly improve MR, 

particularly at high deviator stress.

4.1 Influence o f  lime content on MR

The effect of lime content on MR was examined for lime 

contents within the range of practical values (between 2 and 

10%). A more convenient way of presenting the change in MR 

with lime content is with using a model formulated by Pezo 

(1993) which includes the influence of deviator (ct,j) and 

confining (ct3) stresses on MR and expressed as:

Mr = K x a Ki  ofs (1)

where K,, K2 and K3 = model parameters dependent upon soil 

type and its physical state.

The measured MR values (MPa) for samples with OMC, 95% 

of MDD, and cured for 7 days, at confining stresses o f 20.7 and 

41.4 kPa were used to quantify the influence of lime content on 

MR. Regressions analysis were performed for every single test 

and K,, K2 and K} were found for each lime content and are 

presented along with the coefficient of determination (R2) and 

the standard error of estimate (SEE) in Table 2.

The statistics given in Table 2 provide evidence of the capability 
o f used model in describing the behavior of lime treated soil and

Table 2. Summary of K[, K2 and K3 statistics

% Lime K, k 2 k 3 R2 SEE

0 19.90 -.325 0.313 0.97 0.914

2 20.02 -.021 0.306 0.99 0.881

4 26.76 -.025 0.322 0.96 1.462

6 24.72 .016 0.292 0.98 1.105

8 24.78 .017 0.293 0.98 0.980

10 24.07 .013 0.301 0.98 1.138

D e v ia t o r  S t r e s s  (K P a )

Fig. 1 E f fe c t  o f  lim e t re a tm e n t  on MR fo r

v a r io u s  d e v ia to r  and c o n fin in g  s tre s s e s .

l im e  ( % )

Fig. 2 In flu e n c e  o f  lim e c o n te n t  on K 1 ,K 2 ,K 3 .

indicate that the testing procedure used gives consistent results 

for lime treated soil. The parameters K,, K2 and K3 are plotted 

with lime contents in Figure 2. In contrast to K3, K[ and K2 are 

affected significantly by lime content. This implies that the effect 

o f confining stress on MR for untreated and lime treated soil was 

the same. Figure 2 shows lime content has a pronounced effect
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D e v ia t o r  S t r e s s  (K P a )

Fig. 3 E f fe c t  o f  lim e  t re a tm e n t  and m o is tu re  

c o n te n t  on MR

on K, (value of MR (MPa) at a d = a 3 = 1 kPa), that is, as lime 

content increases, Kj increases up to 4% lime and decreases 

thereon. Beyond 6% lime the sample exhibited either a constant 

or slightly decreasing K,. The decrease in K, with increasing 

lime content is mainly due to the decrease in density. This 

supports the view that adding too much lime can actually be 

counter productive. K2 is a key parameter in predicting resilient 

behavior o f fine-grained soil, negative K2 implies decreasing MR 

with increasing deviator stress. Stabilized soil should be 

expected to behave essentially linearly if K2 -  0. Figure 2 

illustrates that, K2 increases rapidly at first, notably during the 

addition of 2% lime, then increases more slowly upto 6% lime 

and remain constant (about 0) thereafter.

4.2 Influence o f  moisture content

To evaluate the effect of moisture content on the resilient 

behavior, MR tests were conducted on untreated and lime treated 

specimens (7% lime and cured for 7 days). Specimens were 

compacted to 95% of their corresponding MDD and with a 

moisture content 3% points above OMC of untreated and treated 

soil. Plots of MR as a function of cyclic deviator stress at 

confining stress o f 0 kPa are given in Figure 3. For untreated 

fine-grained soil, as the moisture content increases, MR 

decreases. This is due to the fact that increasing moisture 

content increases the induced resilient axial strain. This behavior 

was substantiated in previous studies summarized and presented 

by Li and Selig (1994). In contrast to the very pronounced 

influence of increasing moisture content on MR for untreated 

soil, the influence of moisture content on lime treated soil is 

relatively minor. Addition of lime substantially improved 

resilient behavior at high moisture content. Similar results were 

obtained by Robnett and Thompson (1976) in one of the earliest 

attempts to study effect of lime on the resilient behavior o f fine

grained soil.

4.3 Influence o f  repetitive loading on the unconfined 

compressive strength o f  lime treated soil

Figure 4 shows plots o f unconfined compressive strength for 

various lime content percentages at two aging periods before and 

after MR tests. The results show that the unconfined 

compressive strength increased for all samples when compression 

tests are conducted after repeated load testing. This increase in 

strength is due to densification which took place during repeated

l im e  ( % )

F ig. 4  E f fe c t  o f  r e p e t it iv e  lo a d in g  on UCS o f  

lim e  tre a te d  so il

loading. Similar results were obtained in a study conducted by 

Akoto (1986). In contrast to what one would normally expect, 

the increase in strength is more significant for samples cured for

27 days. This may be attributed to the fact that after the initial

7 days of curing, strength increases are the results o f hydration 

and increases in crystallinity o f the reaction products rather than 

from continued formation of additional pozzolanic compounds as 

suggested by Cabrera and Nwakanma (1979).

All the stress-strain plots prove that lime treatment increased 

the stiffness (modulus of elasticity) o f treated soil subjected to 

repetitive loadings that should be indicative o f field conditions. 

Therefore the addition of lime is expected to reduce the rutting 

(permanent deformation) of flexible pavement due to traffic- 

induced vibration.

4.4 M R  - qu relationship

Because MR determination by cyclic triaxial testing involves a 

complicated test procedure with complex and expensive 

equipment, various methods have been suggested to estimated 

MR. In this paper, the feasibility of predicting MR for lime 

treated soil from the unconfined compressive strength which is 

the most popular method of evaluating the effectiveness of 

stabilization is investigated. Two identical specimens were 

prepared for UCS and MR tests at 95% of MDD. The material 

factors that influenced the soil behavior and that were 

investigated for this part o f research were the lime content (0, 2,

4, 6, 8 and 10%), the water content (OMC, + 2%, and + 3%), 

and the curing period (0, 7, and 28 days). Analysis using 

ELSYM5 computer program indicates that loading conditions for 

pavement structures in Saudi Arabia are typically in the vicinity 

o f a deviator stress o f 41.4 kPa and a confining stress o f 20.7 

kPa. Regression analysis of MR data at these loading conditions 

and qu was performed to predict MR (MPa) based on qu (kPa). 

Three models were developed and are shown in Table 3 and 

Figure 5. The logarithmic model is the best obtained correlation 

for tested soil, where 91.8% (R2) of the variance in the data is 

accounted for by this model and at about the 95% confidence 

level, the MR values of lime treated soil would fall within ±

11.56 MPa (± 2SEE) the values predicted by the model.
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U n c o n f in e d  C o m p r e s s iv e  S t r e n g t h  (K P a )

F ig .5 R e s ilie n t M o du lus  V e rsu s  U n c o n fin e d  

C o m p re ss ive  S tre n g th

Table 3. Regression models

Model R2 SEE

Linear; MR = 6.59 + 0.11 qu 0.83 8.40

Logarithmic; MR = -141+32.58 log qu 0.92 5.78

Power; MR = 0.53 (qu) 763 0.86 7.66

5 CONCLUSIONS

1. Lime treatment significantly improves the resilient moduli 

o f fine grained soil specially at high deviator stress and with 

high moisture content.

2. The resilient modulus of lime treated fine-grained soil is 

less sensitive to changes in deviator stress (more linear).

3. Equation (1) is appropriate for describing the resilient 

behavior o f lime treated soil.

4. Repeated load testing increases the unconfined compressive 

strength of lime treated soil.

5. The paper presents correlations from which the MR of 

lime-treated soil may be estimated from the unconfined 

compressive strength. It should however be emphasized that 

those correlations have been determined for a particular soil, and 

although they may be applicable to other soils, further research 

is needed to prove this. Also, the decision as to their use should 

be made with due consideration of the error that can be tolerated.
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