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Preface

Expansive soils are a worldwide problem. The estimated damage to buildings, roads, and
other structures built on expansive soils, for example, exceeds 15 billion dollars in the US
annually. Such soils are considered natural hazards that pose challenges to civil engineers,
construction firms, and owners. In some underdeveloped countries, buildings were
constructed without any knowledge of the presence of expansive soils. This was in part
due to a lack of historical evidence. With the rapid development in urban infrastructure,
expansive soil problems have become more evident. There is therefore a need to address the
problems associated with these soils.

Expansive soils occur in many parts of the world but particularly in arid and semi-arid
regions. In these regions, evaporation rates are higher than the annual rainfall so that there
is almost always a moisture deficiency in the soil. The addition of water will cause ground
heave in soils possessing swelling potential. Semi-arid regions are characterized by short
periods of rainfall followed by long periods of draught causing cyclic swelling and shrinking
phenomena. The ground heave that results from soil swelling potential is a multifactorial
phenomenon that involves a combination of the type of material, type and amount of clay
minerals, microfabric, initial moisture content, and initial dry density.

Considerable research has been reported on expansive soils over the past three decades.
The last international conference on expansive soils was held in Dallas, Texas, USA in
1992. The 6th International Conference on Expansive Soils was held in New Delhi in
January 1988. Several textbooks on expansive soils are also available: Foundations on
Expansive Soils by Chen, F.H., Elsevier 1988; Expansive Soils: Problems and Practice in
Foundation and Pavement Engineering by Nelson, J.D. and Miller, D.J., John Wiley &
Sons, Inc. 1992; Construction of Buildings on Expansive Soils by Sorochan, E.A.,
Aa Balkema January 1991; and Behaviour of Saturated Expansive Soil and Control
Methods – Revised and Enlarged Edition by Katti, R.K./Katti, D.R./Katti, A.R., Routledge
2002. Since the most recent comprehensive publication is several years old, a book is now
needed that updates the state-of-the-art knowledge in this area.

This book provides a broad coverage of recent advances in the characteristics and treat-
ment of expansive soils. There are nine parts each with specific chapters. It starts with an
overview section (Part 1) on the nature, identification, and classification of expansive soils.
Parts 2 and 3 deal with volume change characteristics and swelling potential measurements,
respectively. Part 4 covers advanced techniques for swelling potential assessment. Such tests
are important for assessing the actual swelling potential of the soil and estimating ground
heave. Part 5 on site characterization presents field measurements of soil swelling potential
and suction. The next three parts deal with lime stabilization, cement stabilization, and



xii Preface

other treatment methods. Chemical stabilization, for example, has gained wide attention as
a successful technique for treating expansive soils. In the final section (Part 9), the performance
of engineering structures built on expansive soils such as buildings, houses, embankments,
and roads, is evaluated. Remedial measures used to address soil swelling problems are also
described.

The intended audience for this book includes researchers, practicing engineers, contractors,
postgraduate and undergraduate students, and others working in expansive soils. The authors
hope that the information provided in this book will help to promote a better understanding
of expansive soils, contribute toward their treatment, and thereby reducing or minimizing
their effects. The views expressed in the chapters of this book are those of the authors and
do not necessarily reflect those of their respective institutions. The authors hope that this
book will contribute to the advancement in research in expansive soils and help engineers
in the development of practical solutions to expansive soil problems.

Amer Ali Al-Rawas
Sultan Qaboos University, Al-Khoud, Sultanate of Oman

Mattheus F.A. Goosen
University of Turabo, Gurabo, Puerto Rico

2005



Part 1

Nature, identification, and
classification of expansive
soils



Summary

This chapter deals with the prediction and classification of the degree of expansiveness of
clay soil. Statistics analysis was introduced as a simple technique for identifying and
predicting the degree of swelling. There were three properties which were most strongly
correlated to swelling potential (i.e. plasticity index, liquid limit, and clay fraction). In
general, the models in the current study showed good correlation compared with previous
models cited in the literature. The multiple linear regression model gave the best-fit for all
soil conditions.

Introduction

Expansive soils are a world wide problem (Seed et al., 1962; Kormonik and David, 1969;
Al-Rawas et al., 1998; Alawaji, 1999; Cokca, 2001; Erguler and Ulusay, 2003; Muntohar
and Hashim, 2003). Principally, swelling occurs when water infiltrates between the clay
particles, causing them to separate. Several attempts have been made by researchers to
obtain time-swell relationships for expansive soils. Some progress has been made toward
characterizing swelling characteristics, despite the complexity of the behavior. Seed et al.
(1962) reported that the time required for completion of swelling is relatively long.

Many tests and methods have been developed for estimating shrink–swell potential. These
include both indirect and direct measurements. Indirect methods involve the use of
soil properties and classification schemes to estimate shrink–swell potential. Direct methods
provide actual physical measurements of swelling. Several laboratory methods have
been developed to directly determine the swelling a soil undergoes as the moisture con-
tent changes. These include free swell, expansion index, consolidation-swelling, California
Bearing Ratio (CBR), potential volume change (PVC), and coefficient of linear extensibility
(COLE).

Currently, no one method of soil analysis estimates the shrink–swell potential accurately
for all soils. Soil scientists recognize that shrink–swell behavior can be best predicted by
examining a combination of physical, chemical, and mineralogical soil properties.
Determining these properties and establishing a shrink–swell model that can be extrapolated

Chapter 3

Prediction and classification of
expansive clay soils

Agus Setyo Muntohar1

1 Department of Civil Engineering, Muhammadiyah University of Yogyakarta, Building F1, 3rd floor. Jl. Ringroad
Selatan, Taman Tirto, Yogyakarta, Indonesia. 55183. Email: muntohar@umy.ac.id



across the same or similar parent materials is needed. Some researchers consider that this
swelling potential can be linked to a single parameter.

This chapter deals with the prediction and classification of the degree of expansiveness
of clay soil. Statistics analysis is introduced as a simple technique for identifying and
predicting the degree of swelling.

Potential of volume change

Holtz and Gibbs (1956), Altmeyer (1955), Seed et al. (1962), and Daksanamurthy and
Raman (1973) have evolved different methods to identify expansive soils based on the
percentage of clay content, shrinkage limits (both volumetric and linear), plasticity index,
liquid limit, and shrinkage index. Accordingly, they classified soils into low, medium, high,
and very high degrees of potential expansiveness (Figures 3.1, 3.2, and 3.3). However, as
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with most soil systems, the activity classification scheme does not accurately estimate
shrink–swell potential in mixed mineralogy soils. Parker et al. (1977) found that the activity
index was too imprecise for both mixed and montmorillonitic mineralogy soils to be useful.
However, Schreiner (1988) observed consistent trends in soil and bentonite/sand mixtures
using the activity index as an indicator of shrink–swell potential.

The classification of potential expansiveness does not give the same assessment of the
swelling potential. It cannot conclude precisely the degree of volume change for particular
soils as presented, for example, in Table 3.1. Seed et al. (1962) have also correlated the
swelling potential with the degree of expansion values used by USBR as presented in
Table 3.2. The boundaries defining these ranges are plotted in Figure 3.4.

Indirect estimation of swelling parameters

In view of the difference that has been observed between the directly measured values of the
swelling parameters and the values output by the earlier models, the first idea was to fit the
models in question. The literature contains a considerable number of empirical techniques
for assessing the swelling potential of soils, which correlated with consistency limits,
moisture content, dry density, and depth of the soil samples (Seed et al., 1962; Chen, 1983;
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Table 3.1 Classifications for degree of expansion (swelling potential)

Degree of Chen (1983) Seed et al. Daksanamurthy USBR (Holtz and
expansion (1962) and Raman (1973) Gibbs, 1956)

Very high LL � 60 PI �35 LL � 70 CC � 28
High 40 � LL 
 60 20 � PI 
 35 50 � LL 
 70 20 � CC 
 31
Medium 30 
 LL 
 40 10 
 PI 
 20 35 � LL 
 50 13 
 CC 
 23
Low LL � 30 �10 20 
 LL 
 35 CC � 13
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Basma et al., 1995; Djedid, 2001). Thomas (1998) proposed an expansive soil rating system,
termed as the Expansive Soil Index (ESI). The model was developed as a function of using
the soil properties most correlated with shrink–swell potential such as the ratio 2:1 between
smectite and vermiculite minerals, swell index, liquid limit, and cation exchange capacity
(CEC). The model gave expansive soil potential ratings (ESI) for each soil series.

Seed’s model (Seed et al., 1962) and Chen’s model (Chen, 1983) are very simple. They used
plasticity index parameters. Their models are given by Equations 3.1 and 3.2, respectively.

SP � 60K (PI)2.44 (3.1)

SP � B eA(PI) (3.2)

A
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ity
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Swelling Potential = 50%
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1

0
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Swelling Potential = 5%
Swelling Potential = 1%

90 100

Figure 3.4 Classification chart for swelling potential.

Source: Seed et al., 1962.

Table 3.2 Classification of degree of expansion

Degree of expansion Swelling potential (%)

Very high �25
High 5–25
Medium 1.5–5
Low 0–1.5



where, SP is swelling potential plasticity index. Figure 3.5 shows the correlations between
swelling potential and plasticity index that given by some researchers. K � 3.6 � 105,
A � 0.0838, B � 0.2558 are constants, and PI is plasticity index.

Data analysis

Data used in this study consisted of 115 pairs and was compiled from many references (Seed
et al., 1962; Kormonik and David, 1969; Al-Rawas et al., 1998; Alawaji, 1999; Cokca, 2001;
Erguler and Ulusay, 2003; Muntohar and Hashim, 2003). Table 3.3 presents the data source
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Table 3.3 Number of data used for model

Source of data Number of data

Current research data 7
Alawaji (1999a) 10
Attom et al. (2001) 3
Çokça (2001) 1
Zeynal and Ulusay (2003) 20
Seed et al. (1962) 12
USBR (quoted by Seed 28
et al., 1962)

Total data 81

Table 3.4 Proposed empirical model for predicting swelling potential

No. Models Regression Regression
statistics ANOVA

1 Variable: plasticity index (PI) R2 � 0.58 df � 1
(a) SP � 1.035(PI)0.816 Ad. R2 � 0.57 F � 109.24

S� � 7.85 Pv � 0.0001
(b) SP � 10.106e0.056(PI) R2 � 0.444 df � 1

Ad. R2 � 0.44 F � 63.12
S� � 9.04 Pv � 0.0001

(c) SP � 2.231 � 0.453 (PI) R2 � 0.563 df � 1
Ad. R2 � 0.56 F � 102.08
S� � 9.04 Pv � 0.0001

2 Variable: clay fraction (CF) R2 � 0.226 df � 1
(a) SP � 2.919(CF)0.535 Ad. R2 � 0.22 F � 23.08

S� � 10.66 Pv � 0.0001
(b) SP � 11.418e0.0135(CF) R2 � 0.152 df � 1

Ad. R2 � 0.15 F � 14.22
S� � 11.16 Pv � 0.0001

(c) SP � 7.518 � 0.323(CF) R2 � 0.192 df � 1
Ad. R2 � 0.18 F � 18.77
S� � 10.89 Pv � 0.0001

3 Variable: liquid limit (LL) R2 � 0.546 df � 1
(a) SP � 0.109(LL)1.236 Ad. R2 � 0.54 F � 95.03

S� � 8.16 Pv � 0.0001
(b) SP � 6.871e0.0149(LL) R2 � 0.466 df � 1

Ad. R2 � 0.46 F � 69.10
S� � 8.85 Pv � 0.0001

(c) SP � 0.393(LL) � 6.298 R2 � 0.56 df � 1
Ad. R2 � 0.55 F � 100.53
S� � 8.04 Pv � 0.0001

4 Multiple linear regression: R2 � 0.613 df � 3
SP (%) � 0.171CF � 0.0012LL R2 Adj. � 0.60 F � 40.608

� 0.409PI � 1.869
S� � 7.64 Pv � 0.0001

Notes
Coefficient of confidence level (�) � 0.05; SP is swelling potential (%); S�: Standard error.



that was used in the study. Preliminary statistics test was carried out for screening the variables
used in the models. The variables, which only had good correlation with swelling potential,
were chosen as independent variables. They were plasticity index (PI), liquid limit (LL), clay
fraction (CF), dry density (�d), and water content (w). Due to the large variability of dry
density and water content data, both variables were rejected as independent variables.

Data analysis was considered in two stages (i.e. learning and validating). As much as
81 data samples were randomly used for formulating the empirical model in the learning
stage. The other data was used for validating. The two most common empirical models,
linear and nonlinear, were fitted to the data using a single independent variable. These were
developed using SigmaPlot Ver 6.1. Multiple independent variables or multiple linear
regression were also established for developing empirical models to indicate reliable assess-
ment of swelling potential of a soil. The general models are given as follows:

● Linear (single): y � b0 � b1t
● Power: y � b0tb1

● Exponential: y � b0e(b
1
t)

● Multiple linear: y � b0 � b1t1 � b2t2 � b3t3

The results of the statistical analysis are presented in Table 3.4.

Discussion

Empirical models

The evaluation of swell behavior of a soil using undisturbed samples and specialized swell
tests is a difficult and expensive process for practicing engineers and small builders.
Therefore, there is a need for simple routine tests that can be performed on disturbed
engineered samples to achieve the same purposes. The empirical models appearing in the
literature are primarily related to prediction of swelling and swelling pressure from index
properties of soils. Sometimes, the empirical models proposed cannot be applied appropriately
to all soils due to different soil conditions and testing procedures.

The data used, here, was compiled from different determinations of swelling and index
properties. It was hoped that the models would be acceptable and generalized. Figure 3.6
shows the correlation between predicted-swelling and actual (measured) swelling. The fig-
ure plotted all the data used (i.e. 115 data samples were used in learning and validating). The
dashed line shows the correlation between measured and predicted swell. It was expected
that correlation should have lain on the 45	 line (1 : 1 line), which refers to the colinearity
of model. The figure illustrates that proposed empirical models, given in Table 3.3, give
good correlations. The dash lines in Figures 3.6a, 3.6b, and 3.6c were laid down in the col-
inearity range of 0.5–0.8. The empirical model, proposed by Seed et al. (1962), as shown in
Figure 3.6d, showed a very weak correlation in which the correlation was below line 0.5.
It indicated that the proposed equation by Seed et al. (1962) is only appropriate for a
measured-swelling of less than 30%. In our study, the multiple linear regression method
(Equation 3.4, in Table 3.4) indicated a best-fit correlation. In general, the model can be
used for all soil conditions.

In the current study, multiple regression analysis was considered to derive an equation
that can be used to predict swelling potential from several index and physical properties. The
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Figure 3.6 Correlation of proposed empirical model and actual swelling.



use of multiple regression statistics is very important in reducing the number of variables
that are considered to be an independent source of information. These variables are reduced
to only 3 or 4 which adequately explains the variation in swelling properties of the soils.

Many trials were carried out to correlate the swelling parameters to a combination of
variables. The test of hypothesis of a linear model involved testing for significance of regres-
sion and testing on individual regression coefficients (Montgomery, 2001). For the proposed
model, since P-value (Pv) is considerably smaller than the confidence level (� � 0.05), the
null hypothesis (H0: �1 � �2) was rejected, indicating a strong correlation between each
variable. For all statistical models, single or multiple linear regressions, satisfactorily
fulfilled the F-test.

The coefficient of determination (R2) has been used as a global statistic to assess the fit
of the model. However, this value will increase when a regressor is added. In this model, the
R2 for a single variable is 0.192 (Equation 2c in Table 3.4). When added with two other vari-
ables it increases to 0.60. It showed significance. It can be concluded that swelling potential
is linearly related to CF, LL, or PI. Testing of individual regression coefficient requires that
at least one of the variables contributes significantly to the model. It has been observed that
the CF and PI imply a significant contribution, since the standard error was 0.0661and 0.141
respectively, and the P-value was less than � � 0.05 (Table 3.5). The coefficients of vari-
ables lie in the range of 95% confidence level. The overall test indicated that the variables
fulfilled the requirements of the t-test and F-test.

Classification degree of swell

The empirical models have indicated that the multiple linear regression model gives the
best-fit correlation for prediction of swelling potential of expansive soil. Furthermore, qual-
itative measurement is also needed to classify the degree of swelling. The measurement was
determined based on the normal probability plot as shown in Figure 3.7. The measurement
was simply divided into four regions based on the 25% percentile (Quartile), 50% percentile
(Mean), and 75% percentile data. The classification of degree of expansiveness (swelling)
is presented in Table 3.6. The determination is quite high compared to the category that was
given by USBR in Table 3.2.
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It can be noted that the models and classification devised in this study are a simple
predictive tool for assessing swell potential of a given soil, both undisturbed and remoulded
specimens. Using the proposed model (Table 3.5), the swelling potential of the soil used in
this study can be predicted and then classified as presented in Table 3.7.

Conclusions

Index and physical properties of soil are useful indicators to estimate engineering and
swelling properties. There are three properties, which are most strongly correlated to swelling
potential, PI, LL, and CF. The proposed models in the current study, showed good correlation
compared with previous models cited in the literature. The multiple linear regression model
gave the best-fit for all soil conditions. The classification of degree of expansiveness
(i.e. swelling) has been well devised based on the statistical analysis. The degree of swelling
can be classified into four distinct levels, low, medium, high, and very high.
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Table 3.5 Analysis of variance (ANOVA) multiple linear regression

Variables Coefficients Standard error t-stat P-value Lower 95% Upper 95%

Intercept �1.8695 3.1612 �0.5913 0.5559 �8.1644 4.4253
CF 0.1707 0.0661 2.5804 0.0117 0.0389 0.3023
LL 0.00124 0.1320 0.00947 0.9925 �0.2616 0.2640
PI 0.4092 0.1406 2.9105 0.0047 0.1292 0.6890

Table 3.6 Category for swelling potential classification

Proposed model USBR* Expansiveness remarks

SP � 8.68 SP � 1.5 Low
8.68 
 SP 15.1 1.5 
 SP � 5 Medium
15.1 
 SP 
 28.8 5 
 SP 
 15 High
SP � 28.8 SP � 25 Very high

Notes
SP: swell potential (%); * Seed, et al. (1962).

Table 3.7 Predicted swelling potential and classification of soil used in the study

Soil code Clay fraction Liquid limit (LL) Plasticity index (PI) Predicted swelling Remarks
(CF)% % % potential (SP)%

KB1 26.9 76.9 37.5 18.2 High
KB2 30.0 89.7 47.5 22.8 High
KB3 32.5 106.8 62.4 29.3 Very
KB4 39.0 121.5 78.4 37.0 Very
SB1 4.0 42.9 21.8 7.8 Low
SB2 21.7 85.1 57.9 25.6 High
SB3 47.0 138.3 95.1 45.2 Very
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