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ABSTRACT
Lateral swelling pressure (LSP) develops in silty or clayey soil when the volume expansion of soil
is constrained in the horizontal direction. Determination of LSP is important in designing
geotechnical structures in expansive soils. Existing methods for derivation of LSP requires several
empirical parameters, which are hard to obtain. Furthermore, the majority of the existing models
determine LSP assuming the soil is fully saturated which may lead to an over conservative design.
Considering the aforementioned limitations, this paper presents an analytical solution for
determination of LSP in unsaturated soils. The proposed method attributes the soil expansion to
changes in suction stress during infiltration and uses the effective stress-strain relationship to
quantify LSP. The proposed model only needs a limited number of soil properties such as the soil
water retention curve (SWRC) and Poisson’s ratio along with initial and final soil water contents.
The method is compared against an alternative solution and is then used in a set of parametric
study to evaluate LSP for four soils. Results suggest that the proposed model can reasonably
predict LSP in expansive soils.
INTRODUCTION
Expansive soils can deform in both lateral and vertical directions due to changes in water content.
This class of fine-grained soil is frequently found in arid and semi-arid regions of the world
(Nelson and Miller, 1992) where the environment is suitable for formation of clayey soils. Under
low water contents, expansive soils would expand when the applied pressure reduces and/or the
moisture content increases. On the other hand, expansive soils with high water content would
shrink when their water content decreases. During infiltration, if the soil is constrained in the
horizontal direction (e.g., by a retaining wall), the lateral swelling pressure (LSP) will develop in
the soil and impose an extra stress on the structure or infrastructure in addition to the lateral earth
pressure (LEP) caused by soil unit weight and/or surcharge. The excess earth pressure can lead to
various problems in geo-structures built within or in adjacent to expansive soils (Chen, 1988).
Previous studies have shown that LSP have caused damages to piles and other structures buried in
expansive soils (Kassiff and Zeitlen, 1962). For instance, Kurzeme and Richards (1974) monitored
soil suction and earth pressure behind a 7.5 m deep basement wall over a long time period in a
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clayey soil and reported LEP increases at the bottom of the wall equal to 1.3-4 times the
overburden. They attributed this observation to the accumulation of water in the initial gap between
the wall and the clay, followed by the local swelling of the clay. An increase in LEP affects the
stability and safety of geotechnical structures and may finally cause them to fail (Kassiff and
Zeitlen, 1962; Ng et al., 2003; Liu and Vanapalli, 2017). The Annual cost of damages associated
with expansive soils in the United States has been reported as much as $13 billion (Puppala and
Cerato, 2009). Thus, the influence of LSP must be considered in the design of geotechnical
structures in expansive soils.
Vertical swelling pressure arises when a structure (e.g., foundation) restricts the ground
heave and LSP develops when the lateral volume expansion of expansive soil is restricted by a
geo-structure such as basement walls. Fig. 1 schematically demonstrates the development of LSP
behind a retaining structure. The unsaturated backfill soil can be divided into active and steady
zones (Lu and Likos, 2004). In the steady zone, which is located in high depths of the unsaturated
layer, the suction profile is independent of time. In contrast, in the active zone, which includes
shallow and near-surface soils, the suction profile is affected by seasonal environmental changes
such as infiltration and thus, varies with time. When there is a prolonged precipitation, pore-water
pressure in the active zone may experience significant reductions (e.g., Leshchinsky et al., 2015),
which can mobilize LSP in expansive soils.

Figure 1. Distribution of lateral earth pressure behind a retaining wall.
Several studies have been devoted to problems conjugated to LSP of expansive soils over
the past few decades (e.g., Kassiff and Zeitlen, 1962; Komornik and Zeitlen, 1965; Chen, 1988;
Puppala and Cerato, 2009; Nelson et al., 2015). These studies include laboratory and in-situ
experimental testing, numerical methods, and analytical solutions. Several investigators have
introduced modifications to the traditional odometer and hydraulic triaxial apparatus in order to
measure the swelling pressure in both vertical and lateral directions (e.g., Komornik and Zeitlen,
1965; Fourie, 1989; Windal and Shahrour, 2002; Abbas et al., 2015; Monroy et al., 2015). Largescale tests and in-situ investigations were also used to determine LEP considering the effect of
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swelling pressure (Robertson and Wagener, 1975; Ofer, 1980; Katti et al., 1983; Mohamed et al.,
2014). However, field tests demand a long time period for data collection. Previous studies have
also proposed semi-empirical and empirical equations for predicting LSP (e.g., Skempton, 1961;
Jiang and Qin, 1991; Hong, 2008; Nelson et al., 2015). For instance, Liu and Vanapalli (2017)
proposed an analytical solution to determine LSP using vertical swelling pressure, which they
referred to as the minimum vertical stress required to prevent the vertical swelling during soaking.
Liu and Vanapalli (2019a) extended the latter work to account for partially saturated conditions.
Ikizler et al. (2014) developed a model using artificial neural network and adaptive neuro-fuzzy
inference systems to predict LSP in expansive soils.
The majority of existing methods for calculating LSP are either relatively complex or
require several empirical parameters, which are not always easy to obtain. In addition, almost all
of these models can only determine LSP when the soil is fully saturated after the infiltration, which
is not always the case in real field conditions. To address the aforementioned limitations, the
current study presents a closed-from model for determination of LSP in expansive backfills. The
model is capable of predicting LSP in the unsaturated state and only needs a limited number of
soil properties such as Poisson’s ratio and the soil water retention curve (SWRC).
PROPOSED METHOD
In this study, we develop an analytical solution for the LSP by employing a suction stress-based
representation of effective stress (Lu and Likos, 2004, 2006). We conceptualize that LSP is
primarily controlled by infiltration-induced changes in suction stress of a laterally constrained
unsaturated soil. Implementing suction stress into the proposed model allows to independently
account for the effect of matric suction and effective degree of saturation, characterized using the
SWRC. Finally, effective stress-strain relationships in the unsaturated soil layer is used to develop
an analytical solution for determination of LEP accounting for the contributions of both
overburden and swelling pressure.
Effective Stress for Unsaturated Soils
In this study, the generalized effective stress (𝜎 ′ ) expression for unsaturated soils given by Bishop
(1959) is used as:
𝜎 ′ = 𝜎 − 𝑢𝑎 + 𝜒𝜓

(1)

where 𝜎 is total stress, 𝑢𝑎 is the pore-air pressure, 𝜒 is Bishop’s effective stress parameter, and 
is matric suction. The term −𝜒𝜓 in Bishop’s effective stress expression is referred to as suction
stress, 𝜎 𝑠 (e.g., Lu and Likos, 2006; Lu et al. 2010). Using this definition, Bishop’s effective stress
expression that unifies both saturated and unsaturated conditions can be rewritten as (Lu and Likos,
2006):
𝜎 ′ = 𝜎 − 𝑢𝑎 − 𝜎 𝑠

(2)

For unsaturated soils, the suction stress can be defined as (Lu et al., 2010):
𝜎 𝑠 = −𝜓 × 𝑆𝑒

(3)
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where S e is the effective degree of saturation and can be obtained using the van Genuchten (1980)
SWRC model as follow:
1

(4)

(1−𝑛)
𝑆 − 𝑆𝑟
𝜃 − 𝜃𝑟
1
𝑆𝑒 =
=
=(
)
1 − 𝑆𝑟 𝜃𝑠 − 𝜃𝑟
1 + (𝛼𝜓)𝑛

where S is the degree of saturation, S r is the residual saturation,  is volumetric water content,  s
is saturated water content,  r is residual water content,  is a fitting parameter inversely related
to the air-entry suction (1/kPa), and n is the pore-size distribution fitting parameter.
At-Rest Earth Pressure in Unsaturated Soils
Hooke’s law is a linear stress-strain constitutive equation, which is commonly used to establish a
relationship between vertical and horizontal stress components. Hooke’s law can be extended to
unsaturated soils by incorporating the suction stress-based effective stress representation as
follows (Lu and Likos, 2004; Shahrokhabadi et al., 2019):
𝜀𝑥 =
𝜀𝑦 =
𝜀𝑧 =
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𝜎𝑠
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𝜎𝑠

(5b)

𝜎𝑠
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where 𝜀𝑥 , 𝜀𝑦 , and 𝜀𝑧 are elastic strains in the x, y, and z directions, respectively; 𝜎𝑥 , 𝜎𝑦 , and 𝜎𝑧 are
elastic total stresses in the horizontal and vertical directions (Fig. 2); and 𝐸 and 𝜇 represent
Young’s modulus and Poisson’s ratio.

Figure 2. Vertical and horizontal stresses and strains in unsaturated soil element.
For a homogenous unsaturated soil layer in a half-space domain, the following two
assumptions can be used (Lu and Likos, 2004):
1. The horizontal stresses are equal (𝜎𝑥 = 𝜎𝑦 = 𝜎ℎ ).
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2. The horizontal strains are negligible (𝜀𝑥 = 𝜀𝑦 = 𝜀ℎ = 0).
Imposing these assumptions reduces Eq. (5) to:
𝜎𝑣 − 𝑢𝑎 2𝜇
1 − 2𝜇 𝑠
𝜀𝑣 =
−
(𝜎ℎ − 𝑢𝑎 ) −
𝜎
𝐸
𝐸
𝐸
𝜎ℎ − 𝑢𝑎 𝜇
1 − 2𝜇 𝑠
𝜀ℎ =
− (𝜎𝑣 + 𝜎ℎ − 2𝑢𝑎 ) −
𝜎
𝐸
𝐸
𝐸

(6a)
(6b)

where 𝜀𝑣 and 𝜎𝑣 are the strain and stress in the vertical direction, and 𝜀ℎ and 𝜎ℎ are the strain and
stress in horizontal direction.
Stress State Change in Analytical Elements upon Swelling
In order to determine LSP, a representative soil element behind the retaining wall is considered
(Fig. 3). As it can be seen, two different horizontal pressure components are applied to the element:
1. 𝐿𝑆𝑃: horizontal pressure due to the infiltration-induced change in suction stress (i.e., 𝜎 𝑠 =
𝜎𝑠𝑓𝑖𝑛𝑎𝑙 − 𝜎𝑠𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ).
2. 𝜎𝑙 : horizontal pressure due to the overburden pressure (𝜎𝑣 ).

Figure 3. Analytical element of expansive soil behind a retaining structure.
The above two conditions imply that 𝐿𝐸𝑃 = 𝐿𝑆𝑃 + 𝜎𝑙 . It is also assumed the soil can move
vertically, meaning that the vertical stress is only due to overburden and no vertical stress is added
by swelling. Assuming the pore-air pressure is equal to atmospheric pressure with a relative value
of zero and using Eqs. 6(a) and 6(b), the horizontal effective stress-strain relation in the soil
element can be described as follows:
 For the soil element subjected to the swelling pressure only:
𝜀ℎ = 0 =


𝐿𝑆𝑃 𝜇
1 − 2𝜇 𝑠
𝑠
− 𝐿𝑆𝑃 −
(𝜎𝑓𝑖𝑛𝑎𝑙 − 𝜎𝑖𝑛𝑖𝑡𝑖𝑎𝑙
)
𝐸
𝐸
𝐸

For the soil element subjected to the overburden pressure only:
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(7)

𝜀ℎ = 0 =

−𝜎𝑙 𝜇
+ (𝜎𝑣 + 𝜎𝑙 )
𝐸
𝐸

(8)

Solving Eqs. (7) and (8), the LEP components due to the overburden and swelling can be
obtained as follows:
1 − 2𝜇
𝑠
𝑠
− 𝜎𝑖𝑛𝑖𝑡𝑖𝑎𝑙
)
) (𝜎𝑓𝑖𝑛𝑎𝑙
1−𝜇
𝜇
𝜎𝑙 = (
)𝜎
1−𝜇 𝑣

(9a)

𝐿𝑆𝑃 = (

(9b)

By applying the superposition method, a general LEP estimation model can be proposed
that includes both the effect of swelling and surcharge as:
𝐿𝐸𝑃 = 𝐿𝑆𝑃 + 𝜎𝑙 = (

1 − 2𝜇
𝜇
𝑆
𝑠
− 𝜎𝑖𝑛𝑖𝑡𝑖𝑎𝑙
)+
𝜎
) (𝜎𝑓𝑖𝑛𝑎𝑙
1−𝜇
1−𝜇 𝑣

(10)

COMPARISON WITH AN ALTERNATIVE MODEL
The results of the proposed formulation are compared against those attained from an alternative
method proposed by Liu and Vanapalli (2019b). They developed a three-step computer program
for evaluation of single pile behavior in unsaturated expansive soil under infiltration. Liu and
Vanapalli (2019b) considered the effect of LSP in LEP, which was later used to determine the
pile’s shaft friction. Their proposed model showed good agreement with the results obtained from
field and laboratory tests. Fig. 4 shows the problem geometry and matric suction profiles during
infiltration.
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Figure 4. (a) Geometry of example problem (b) Matric suction variation during
infiltration (after Liu and Vanapalli, 2019b)
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As shown in Fig. 5, there is a good agreement between the proposed method and analytical
solution developed by Liu and Vanapalli (2019b) whom used the net normal stress and matric
suction as independent stress state variables. In depth more than 2 m below the ground surface, no
significant difference exists between the initial and final suction, thus LEP in this zone is solely
because of the overburden pressure.
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Figure 5. Comparison of LEP by the proposed model and Liu and Vanapalli (2019b).
PARAMETRIC STUDY
When the water table is deep, it is reasonable to assume that suction profile is uniform in the
backfill soil. The constant suction profile with depth has also been reported in large model
experimental tests for evaluation of LSP (e.g., Komornik, 1962; Joshi and Katti, 1980). In this
section and in order to investigate LSP in different soils, the initial and final suctions are assumed
to be uniform along the depth and equal to 500 and 20 kPa, respectively. Soil properties are
summarized in Table 1.
Table 2 presents the calculated LSP for each soil using Eq. 9a. As the initial and final
suction profiles are constant with depth, LSP is uniform at each depth behind the retaining
structure. From Table 2, it is evident that there is a direct relation between suction stress and
swelling pressure, and higher suction stress difference between the initial and final conditions
results in higher values of LSP. Table 2 shows that LSP in silty soil is much lower than that in
clayey soil. This can be attributed to the value of 𝛼, which heavily controls the shape of the soil’s
suction profiles and the magnitude of suction stress profiles. Large 𝛼 values represent relatively
large pore sizes and smaller air entry head, resulting in small degrees of saturation. Physically, the
degree of saturation defines the portion of matric suction that contributes to suction stress. Clayey
soils can convert up to 100% of matric suction into suction stress (Lu and Likos, 2004).
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Table 1. Hydrological and mechanical properties of different expansive soils
Soil

𝛼(

1
)
𝑘𝑃𝑎

n

PI

Expansive soil
classification

USCS
classification

𝜇

Reference

Georgia
Kaolinite

0.004

2.20

18

-

CH

0.25

Lu et al. (2014)

Missouri
Clay

0.022

1.57

19

Expansive

CL

0.25

Lu and Dong (2017)

Bonny Silt

0.091

1.53

4

Low-Expansive

ML

0.25

Lu and Dong (2017)

Regina Clay

0.002

1.30

44

Expansive

-

0.4

Vu and Fredlund (2004)

Table 2 also shows clayey soils with higher plasticity index values tend to develop larger
LSP under infiltration. Finally, the effect of Poisson’s ratio on the magnitude of LSP should be
noted. Unlike LEP due to overburden, higher values of Poisson’s ratio may lead to lower
contribution of suction stress in LSP. As an example, despite the significant difference in the initial
and final suction stressws in Regina clay (406 kPa), the soil develops LSP almost equal to Georgia
clay, which has a difference of 175 kPa between its initial and final suction stresses.
Table 2. Lateral swelling pressure for different expansive soils
Parameter

Georgia
Kaolinite

Missouri Clay

Bonny Silt

Regina Clay

Suction Stress difference (kPa)

175.54

108.10

53.04

406.07

Swelling Pressure (kPa)

117.03

72.06

35.36

135.35

CONCLUSION
Development of LSP in expansive soils (i.e., silty and clayey soils) under water infiltration can
significantly lower the factor of safety of retaining walls, basement walls, or buried geo-structures.
In this study, development of LEP considering the effect of LSP against retaining earthen
structures is evaluated. In the study, LSP is defined as a function of infiltration-induced changes
in suction stress for a laterally constrained unsaturated soil. An analytical solution for LSP is
derived by employing a suction stress-based representation of effective stress, the soil water
retention curve, and extended Hook’s law for unsaturated soils. The proposed analytical solution
is used to study the effect of soil properties on LSP. Results showed that LSP is affected by soil
water characteristic curve parameters, where soils with higher values of air entry tends to develop
greater LSP under identical suction change. It was found that the Poisson’s ratio plays an important
role in the magnitude of LSP, where higher values of Poisson’s ratio may not necessarily result in
higher values of LSP. In general, the proposed method can be used to evaluate LSP in expansive
soils under infiltration. The model only requires the basic properties of expansive soil such as the
SWRC and Poisson’s ratio in order to calculate LSP. Unlike the majority of proposed models, it
is also able to measure the swelling pressure in unsaturated conditions after infiltration.
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