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This paper presents experimental studies on a compacted expansive soil, from Nanyang, China for
investigating the at-rest lateral earth pressure sL of expansive soils. The key studies include (i) re-
lationships between the sL and the vertical stress sV during soaking and consolidation, (ii) the influences
of initial dry density rd0 and moisture content w0 on the vertical and lateral swelling pressures at no
swelling strain (i.e. sV0 and sL0), and (iii) evolution of the sL during five long-term wetting-drying cycles.
Experimental results demonstrated that the post-soaking sL-sV relationships are piecewise linear and
their slopes in the passive state (sL > sV) and active state (sL < sV) are similar to that of the consolidation
sL-sV relationships in the normal- and over-consolidated states, respectively. The soaking sL-sV re-
lationships converge to the consolidation sL-sV relationships at a threshold sV where the interparticle
swelling is restrained. The sL0 and sV0 increase monotonically with rd0; however, they show increasing-
then-decreasing trends with the w0. The extent of compaction-induced swelling anisotropy, which is
evaluated by sL0/sV0, reduces with an increase in the compaction energy and molding water content. The
sL reduces over moisture cycles and the stress relaxation in the sL during soaking is observed. An
approach was developed to predict the at-rest soaking sL-sV relationships, which requires conventional
consolidation and shear strength properties and one measurement of the sL-sV relationships during
soaking. The proposed approach was validated using the results of three different expansive soils
available in the literature.
� 2024 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Expansive soils exhibit remarkable swelling upon wetting in
both vertical and lateral directions. When the lateral swelling is
restrained by adjacent structures (e.g. retaining walls, bridge piers,
tunnel linings), reaction stress develops and imposes extra thrust
on these structures in addition to the conventional lateral earth
pressure. Experimental investigations and field observations have
revealed that the lateral earth pressure on retaining structures in
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expansive soils could be several times the conventional lateral
earth pressure (Katti et al., 1983; Sorochan and Ryabova, 1988;
Fourie, 1989; Wang et al., 2008; Avsar et al., 2009; Mohamed et al.,
2014; Saba et al., 2014; Sun et al., 2014; Yuan et al., 2016; Al-Juari
et al., 2021), which leads to the distress and failure (Pufahl et al.,
1983; Chen, 1988; Zheng et al., 2009; Nelson et al., 2015; Liu and
Vanapalli, 2017; Yao et al., 2020; Zhang et al., 2020a). Therefore,
the reliable determination and estimation of the lateral earth
pressure of expansive soils are essential in the rational design of
geotechnical structures in expansive soil regions.

The lateral earth pressure of expansive soils (denoted as sL)
during wetting under the at-rest condition (i.e. laterally swelling is
strictly restrained, also known as the K0 condition) is frequently
investigated as it is easy to measure and represents the worst-case
scenario for retaining structures (Kate and Katti, 1983; Abbas et al.,
2015; Wan et al., 2018; Niu et al., 2020; Zhang et al., 2020a).
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Fig. 1. XRD results of the Nanyang expansive soil.
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Oedometer-style devices are frequently used tomeasure the at-rest
sL of small-scale expansive soil specimens. Equipment such as
stress sensors (Pincus et al., 1993; Ikizler et al., 2008; Saba et al.,
2013, 2014; Rawat et al., 2019; Zhang et al., 2020a), sealed hy-
draulic or air chambers with pore-pressure sensors (Monroy et al.,
2015; Puppala et al., 2016; Wan et al., 2018) and piston device with
reaction force measurements (Katti, 1979; Kate and Katti, 1983) can
be affixed to or integrated with the sidewall of the oedometer-style
devices to facilitate the direct measurement of the sL. Alternatively,
some researches measure the hoop strain of the laterally pressur-
ized thin-wall oedometer rings using strain gauges and calibrate
the strain readings towards the applied lateral stress. The strain
readings are then used to determine the at-rest sL of expansive soil
specimens during inundation (Ofer, 1981; Avsar et al., 2009; Abbas
et al., 2015; Pirjalili et al., 2020).

Conventional triaxial cells (Fourie, 1989; Boyd and Sivakumar,
2011) and three-dimensional (3D) swelling devices (Zhang, 1990;
Sun et al., 2013; Saba et al., 2014; Chi et al., 2018) have also been
used for sL measurements. The advantage of these devices is that
they can be used to track the variation of the sL during the allevi-
ation of lateral restraint (Al-Shamrani, 2004; Chi et al., 2018; Zhang
et al., 2020b). In addition, large-scale model tests (Katti et al., 1983;
Wang et al., 2008; Al-Juari et al., 2021; Fan et al., 2023) and in situ
tests and observations (Kassiff and Zeitlen, 1961; Clayton et al.,
1991; Brackley and Sanders, 1992; Mohamed et al., 2014) on the
development of sL during infiltration are reported in the literature.
Comprehensive summaries of existing techniques for measuring
the sL of expansive soils are available in Liu and Vanapalli (2019).

The sL is sensitive to various factors including (i) mineralogy and
pore-fluid chemistry (Tripathy et al., 2014; Por et al., 2017; Chen
et al., 2022), (ii) physical states such as void ratio, dry density,
moisture content, and fabric (Sun et al., 2013; Sivakumar et al.,
2015; Wang et al., 2021), and (iii) stress and strain constraints
such as internal soil suction, external stress and strain boundary
conditions (Kate and Katti, 1983; Boyd and Sivakumar, 2011; Niu
et al., 2020; Pirjalili et al., 2020; Zhang et al., 2020a; Liu et al.,
2021; Selçuk, 2022). For expansive soils with specific chemical
and physical indices, the variation of the sL with the vertical stress
sV is the key information in the design of retaining structures for
determining the lateral loads considering the surcharge and
embedment depth of expansive soils.

The at-rest sL-sV relationships of expansive soils upon infiltra-
tion are non-linear, state-dependent, and are influenced by the
anisotropy of the expansive soil (Kate and Katti, 1983; Avsar et al.,
2009; Abbas et al., 2015; Zhang et al., 2020a). There are several
empirical approaches in the literature to estimate the sL from the sV
(Hong, 2008; Wang et al., 2008; Nelson et al., 2015). The limitation
of these approaches is that their validity is limited for certain soil
types and testing conditions. Alternatively, semi-empirical and
theoretical approaches based on the constitutive relationships
were also developed for expansive soils (Liu and Vanapalli, 2017,
2019; Abdollahi and Vahedifard, 2021). Such approaches are ver-
satile and capable of accounting for various influencing factors.
However, they require a considerable amount of testing data and
careful calibration of model parameters. For this reason, they may
not be viable for small-scale projects or preliminary designs. Hence,
simple yet reliable approaches for estimating the sL are still desir-
able in engineering practice. Besides, surficial expansive soils
behind retaining structures are typically subjected to drying-
wetting cycles during the service life. The influence of long-term
moisture cycling on the sL and the time dependency of the sL are
important aspects in the design practice but are less investigated in
the literature.

This paper presents a series of experimental studies on the at-
rest lateral earth pressure of a compacted expansive soil upon
soaking. The influences of vertical stress, compaction moisture
content, and density, compaction-induced residual lateral stress,
and long-term drying-wetting cycles on the at-rest sL were studied.
Based on the experimental results, a simple approach is proposed
in this paper to estimate the correlations between the at-rest lateral
earth pressure and the vertical stress. The performance of the
proposed approach was further validated using the experimental
data of three expansive soils reported in the literature.
2. Experimental investigations

2.1. Material and equipment

The expansive soil investigated in this study was a brownish-
yellow surficial soil collected from Nanyang in Henan Province,
China (referred to as Nanyang expansive soil). Expansive soils in
Nanyang are typically alluvial deposits and diluvium formed during
the mid-Pleistocene epoch. Their parent rocks are granite, marl-
stone, and claystone. They are distributed close to the ground sur-
face and typically extend 15e40 m in thickness (Feng et al., 2005).
Nanyang expansive soils exhibit medium to high swelling potential
and have reportedly induced numerous engineering problems and
hazards to the associated geo-structures, especially the canal slopes
and retaining structures of China’s South-to-North Water Transfer
Project that passes through the Nanyang district (Zhao et al., 2015;
Zhang et al., 2016). The moisture content and dry density of the
excavated soil samples were 13%e21% and 1200e1800 kg/m3,
respectively.

The collected soil samples were air-dried, pulverized, and
passed through a sieve with 2 mm openings for subsequent
experimental investigations. X-ray diffraction (XRD) tests were
performed to determine the mineralogy of the Nanyang expansive
soil (see Fig. 1). The matrix flushing approach was adopted to
determine the contents of the major minerals, which are 25% (by
mass) for the montmorillonite, 5% for the illite, 5% for the kaolinite,
44% for the quartz, 17% for the albite, and 2% for the calcite.

Table 1 summarizes the material properties of the Nanyang
expansive soil. This soil exhibits (i) medium swelling potential
based on its free swell ratio def ¼ 70%, as per the Chinese National
Technical Code for Buildings in Expansive Soil Regions (GB50112-
2013, 2013) (low: 40 � def < 65, medium: 65 � def < 90, high:
def � 90) or (ii) very high swelling potential based on its plasticity
index, IP and clay fraction, according to Van der Merwe (1964). The



Table 1
Material properties of expansive soils investigated in this study.

Property Value

Nanyang
expansive soil

Al-Qatif
clay

Baise
expansive
soil

Black cotton
soil

Specific gravity, Gs 2.71 2.74 2.75 2.78
Sand-size particles (%) 10 0 12
Silt-size particles (%) 54 52 32
Clay-size particles (%) 36 w42 48 56
Plastic limit, wP (%) 23 60 21 43
Liquid limit, wL (%) 66 140 56 82
Plasticity index, IP 43 80 35 39
USCS classificationa CH CH CH CH-MH
Free-swell ratio, def (%) 70 82 w100
Swelling potential per

def
b

Medium Medium High

Swelling potential per IP
and clay fractionc

Very high Very high High Very high

Source This study Abbas et al.
(2015)

Zhang et al.
(2020a)

Kate and
Katti (1983)

a ASTM D2487-11 (2011).
b GB50112-2013 (2013).
c Van der Merwe (1964).
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optimummoisture contentwopt and maximum dry density rdmax of
the Nanyang expansive soil, which were determined from standard
Proctor tests per the ASTM D698 standard (ASTM D698-12, 2012),
are 16.7% and 1820 kg/m3, respectively.

A modified oedometer (Fig. 2) was used to measure the sL. This
oedometer incorporates awater chamber that is in contact with the
specimen’s shaft through a rubber ring. The rubber ring is made of
elastic rubber which is highly flexible. The water chamber is filled
with de-aired water and sealed by valves. After the installation of
specimens, small water pressure (about 2e3 kPa) is applied such
that the rubber slightly expands and becomes in close contact with
the specimens. Since the sealed de-aired water is incompressible,
this system guarantees the at-rest condition of the specimen during
swelling or consolidation and measures its sL through the pore-
pressure sensor (capacity ¼ 1 MPa, accuracy ¼ 0.2 kPa). The axial
load is applied by the loading cap and the vertical displacement can
be registered using digital dialgage to determine the variation in
the specimen’s void ratio e, and axial strain εa. Details of this oed-
ometer including verification of its at-rest condition and accuracy
of measurements are available in Wan et al. (2018).
Fig. 2. Modified oedometer for meas
2.2. Specimens preparation and testing procedures

Three different types of tests were performed: (i) soaking-
consolidation tests under designated vertical stress to investigate
the sL-sV relationships after soaking and during the subsequent
consolidation; (ii) constant volume soaking tests to study the in-
fluences of compaction dry density (rd0) and compaction moisture
content (w0) on the sL, and (iii) long-term wetting-drying tests to
reveal the variation of sL during long-term cyclic moisture varia-
tion. The specimens used for all the tests were 61.8 mm in diameter
and 20 mm in height. Dry soil was thoroughly mixed with water to
achieve designated w0 values. The moist soil was statically com-
pacted in oedometer rings or the modified oedometer (inner
diameter ¼ 61.8 mm, inner height ¼ 20 mm) to the designed rd0 to
form the specimens. The rd0 was achieved by controlling the mass
and volume of the compacted soil.

2.2.1. Soaking-consolidation tests
Specimens were compacted at a w0 of 17% and a rd0 of 1500 kg/

m3, which corresponds to the average in situ moisture-density
condition of the excavated soil samples. Their initial void ratio e0
was 0.806. A total of 12 parallel specimens were compacted. They
were divided into six pairs. In each pair, one specimen was directly
compacted in the modified oedometer (the inner dimension of the
specimen chamber is 61.8 mm in diameter and 20 mm in height).
Valves of the de-aired water chamber were closed during the
compaction to preserve the compaction-induced residual lateral
stress, sres. The other specimen was compacted in an oedometer
ring with the same inner dimension as the modified oedometer. It
was retrieved from the ring after compaction and installed into the
oedometer, during which the valves of the water chamber
remained open. After installation of the specimen, the de-aired
water in the water chamber was slightly pressurized to 5 kPa to
ensure good contact between the rubber ring and the specimens.
The valves were closed thereafter. This procedure eliminates the
sres (Tripathy et al., 2014). Consequently, the comparison between
the results of the paired specimens reveals the influence of sres on
the development of sL of expansive soils.

After the compaction or installation of specimens in the modi-
fied oedometer, six levels of vertical stress (sV ¼ 1, 12.5, 25, 50, 100,
and 200 kPa) were applied to the six pairs of specimens, respec-
tively (i.e. specimens in each pair were subjected to the same sV). It
took about 1 d for the vertical deformation (i.e. swelling or
compression) of specimens to stabilize (i.e. vertical deformation
<0.04 mm, swelling or compression strain <0.2% per day). There-
after, the sV was maintained while soaking started. Water was
introduced to saturate the specimen through the top and bottom
uring the lateral earth pressure.



Fig. 3. Influence of sres on the development of sL.

Fig. 4. Comparisons between sL of specimens with and without sres after soaking.
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porous stones (see Fig. 2). Saturated status in the specimen was
deemed achieved once the variation in the vertical deformation
and sL had stabilized (i.e. vertical deformation <0.04 mm, swelling
or compression strain <0.2%, and DsL < 1 kPa per day). It generally
took about 2e3 d for the soaking process to complete. After soak-
ing, consolidation tests followed, during which the sV was
increased in steps to about 250 kPa. The variation of the sL and
vertical strain of the specimens with time and sV was measured
during the entire testing procedure.

2.2.2. Constant volume soaking tests
Two groups of specimens were tested. In the first group, all

specimens were compacted at a constant w0 of 17% but five
different rd0 values (i.e. 1300, 1400, 1500, 1600, and 1700 kg/m3).
Specimens in the second groupwere compacted at a constant rd0 of
1500 kg/m3 but five different w0 values (i.e. 12%, 17%, 22%, 27%,
30%). These varying rd0 and w0 values were chosen referencing the
range of the moisture-density conditions of the excavated soil
samples. Specimens were compacted in oedometer rings and
thereafter retrieved from the rings and transferred to the modified
oedometer.

During the constant volume soaking tests, a low initial sV was
first applied to the specimens before soaking. After water is intro-
duced, the specimen starts to swell and the sV was increased to
suppress the development of swelling strain. The sV was continu-
ously adjusted in this manner until the specimens ceased to swell
(Zhang et al., 2020; Zhang and Cui, 2022). The final stabilized ver-
tical stress, sV0, and lateral earth pressure, sL0 (conventionally
referred to as vertical swelling pressure and lateral swelling pres-
sure, respectively) were recorded.

2.2.3. Long-term wetting-drying tests
The specimen was compacted at a w0 of 17% and a rd0 of

1500 kg/m3 (e0 ¼ 0.806) in an oedometer ring before being trans-
ferred into the modified oedometer. It was subjected to five
consecutively conducted wetting (i.e. soaking) and drying pro-
cesses under a constant sV of 50 kPa. In each cycle, the soaking
process lasted about 20 d, which is much longer than the soaking
duration in the soaking-consolidation and constant volume soaking
and tests. The prolonged soaking period is adopted to observe the
evolution of the sL with time for saturated specimens.

During drying, the specimenwas left in the oedometer to slowly
evaporate at room temperature. The drying process ended when
the height of specimens ceased to decrease. The first drying process
took about 30 d while the following drying processes took about
20 d. The variation of the sL and εa with time t during the five
wetting-drying cycles, which tookmore than 200 d, were recorded.

3. Interpretation of experimental results

3.1. Influence of compaction-induced residual lateral stress on
lateral earth pressure

The development of the sL with t during the application of sV (at
t ¼ 0) and the subsequent soaking process in the soaking-
consolidation tests is shown in Fig. 3 for specimens with and
without sres under three sV levels. For specimens without sres, the
measured sL upon the application of sV before soaking is the lateral
earth pressure of the unsaturated specimens due to surcharge. The
sL is minimal under low sV and only approaches 10 kPa when sV
rises to 200 kPa. The initial sL of specimens with sres is in the range
of 60e80 kPa and consists of the sres and the lateral earth pressure
due to surcharge. Evident stress relaxation can be observed before
soaking.
The sL changes drastically upon soaking and stabilizes after
about 1 d. Upon soaking, the sL of specimens without sres increases
under all sV levels while the sL of specimens with sres adjusts
accordingly to be consistent with the stabilized sL of specimens
without sres. In other words, the influence of the sres on the sL is
eliminated during soaking. Similar to the results of the sL, the
development of vertical strain with time for specimens with and
without sres is consistent under different sV levels. In other words,
specimens after soaking have similar void ratios regardless of the
sres. This indicates that the sres has no influence on the volumetric
behavior of the tested expansive soil under K0 condition.

For the variation of sL during soaking under high sV of 200 kPa
particularly, an evident increase-decrease trend can be observed
from specimens with and without sres. Similar observations were
also reported in the literature (Windal and Shahrour, 2002; Boyd
and Sivakumar, 2011; Abbas et al., 2015) and attributed to the
“wetting collapse” of unsaturated soils (i.e. soil yields under con-
stant sV during wetting) (Boyd and Sivakumar, 2011; Han et al.,
2019) and the yielding due to the reverse of major principal
stresses when sL exceeds sV (Brown and Sivakumar, 2008).



Z. Han et al. / Journal of Rock Mechanics and Geotechnical Engineering 16 (2024) 1425e1435 1429
To better capture and understand such behaviors, the develop-
ment of lateral stress with suction and moisture content, as well as
the soil water characteristics of unsaturated expansive soil speci-
mens during wetting, is required (Monroy et al., 2015; Pasha et al.,
2016). Due to the limitation of the testing equipment in this study
for controlling or measuring the soil suction and moisture content,
such behaviors of unsaturated specimens during wetting are not
discussed in this paper.

Fig. 4 shows comparisons between the measured sL from
specimens with and without sres under all sV levels. No noticeable
differences can be observed and the coefficient of determination
(R2) for the two groups of measurements is 0.98. Results shown in
Figs. 3 and 4 indicate that the sres does not impact the at-rest sL of
soaked specimens. This is consistent with results reported by
Tripathy et al. (2014) for a compacted bentonite that the sL after
soaking is not sensitive to the sres when sL< 3000 kPa. Due to these
reasons and for simplicity, specimens without sres were used for
further tests and analyses.
3.2. Void ratio-vertical stress-lateral earth pressure relationships
after soaking and during consolidation

The variations in e and sL of the specimens with sV during
soaking and the subsequent consolidation processes are shown in
Fig. 5. After soaking, specimens swell remarkably under a nominal
Fig. 5. (a) e-sV and (b) sL-sV relationships after soaking and during consolidation.
sV of 1 kPa (marked point O). With increasing sV, the global volu-
metric swelling gradually reduces and finally transfers to collapse.
The e decreases from 0.806 to 0.72 at sV ¼ 200 kPa (marked point
B). The boundary delimitating the swelling and collapse behaviors
is close to sV ¼ 100 kPa where e remains approximately constant
after soaking (see Fig. 5a). This is corroborated by the results of
constant volume soaking tests performed on identical specimens
which give sV0 ¼ 89 kPa and sL0 ¼ 58 kPa at a constant e of 0.806
(this point is also shown in Fig. 5 and marked as point D).

The e-sV relationships of the saturated specimens after soaking
(referred to as soaking e-sV relationships) and during the subse-
quent consolidation (referred to as consolidation e-sV relation-
ships) show hysteretic characteristics when sV � 100 kPa. At
sV ¼ 200 kPa and beyond, these two e-sV relationships become
identical. All consolidation e-sV curves, regardless of the applied sV
during soaking, converge to a unique normal consolidation line
upon yielding (i.e. when sV exceeds the pre-consolidation stress,
sp). All yielding points for the e-sV and sL-sV relationships during
consolidation are circled in Fig. 5.

The normal consolidation line is indicated by line AB where
point A is the yielding point of the specimen soaked under
sV ¼ 1 kPa (sp ¼ 50 kPa). Line AB registers a sV ¼ 125 kPa at
e ¼ e0 ¼ 0.806 (the corresponding sL ¼ 70 kPa). The sV and sL
obtained from such swelling-consolidation-to-e0 procedure are
40% and 21% higher than the sV0 and sL0 obtained from constant
volume soaking tests, respectively. This confirms that the swelling-
then-consolidation-to-e0 procedure overestimates the vertical as
well as the lateral swelling pressures (Yang et al., 2014; Liu and
Vanapalli, 2017).

The sL-sV relationships after soaking (referred to as soaking sL-
sV relationships) and during consolidation (referred to as consoli-
dation sL-sV relationships) are hysteretic and piece-wise linear (see
Fig. 5b). All consolidation sL-sV relationships (e.g. broken line OAEB
for the specimen consolidated under sV ¼ 1 kPa) turn at their sp
(highlighted with circles in Fig. 5b). In the over-consolidated state
where sV < sp, the consolidation sL-sV relationships are parallel
and have a uniform slope of 0.3 (denoted the earth pressure coef-
ficient for over-consolidated soils, Koc). The consolidation sL-sV
relationships in the normal-consolidated state where sV > sp
converge to line ABwith a slope of 0.47 (denoted the earth pressure
coefficient for normal-consolidated soils, Knc). These observations
are consistent with behaviors of non-swelling saturated soils
(Mesri and Hayat, 1993) and indicate that the Koc and Knc are
insensitive to the sV applied during soaking.

The soaking sL-sV relationships (i.e. broken line OCEB in Fig. 5b)
can be divided into three sections: OC, CE, and EB. In section OC,
specimens stay in a passive stress state where sL > sV. The slope of
line OC, denoted KP, is 0.6. Point C (sV ¼ 50 kPa z sL ¼ 46 kPa)
indicates the reversal of the principal stresses, beyond which
specimens are in an active stress state (sL < sV) and their sL-sV
relationships stay on line CE. Point D (sV0, sL0) also stays on line CE.
The slope of line CE, denoted KA, is 0.3. Line CE intersects the
normal-consolidation sL-sV relationships (line AB) at point E
(sV ¼ 154 kPa, sL ¼ 78 kPa), beyond which the soaking sL-sV re-
lationships (line EB) converge to the normal-consolidation sL-sV
relationships (line AB). Point E on the e-sV plot (see Fig. 5a) also
marks themerge of the soaking e-sV curve to the consolidation e-sV
curve.

The experimental results shown in Fig. 5 deserve discussion
from following two aspects.

(i) Variation of swelling pressure and swelling potential with
external stress



Fig. 6. q-p relationships after soaking and during consolidation.

Fig. 7. Variation of sV0 and sL0 and their ratio with the rd0.
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The hysteresis in the soaking and consolidation sL-sV relation-
ships (between point O and point E in Fig. 5b) indicates the exis-
tence of the lateral pressure induced purely due to swelling, sS. The
measured sL after soaking comprises of the sS and the conventional
lateral earth pressure, sE (i.e. sL ¼ sS þ sE) (Liu and Vanapalli, 2017;
Zhang et al., 2020a). Under the same sV, the gap between the
soaking and consolidation sL-sV relationships is a measurement of
the sS.With an increase in the sV, the two sL-sV lines become closer,
meaning that the sS reduces with an increase in the external stress.
If sS is used to scale the swelling potential of expansive soils, the
complete restraint of the lateral swelling potential takes place at
point E where sS ¼ 0. This is reflected in the sL-sV and e-sV re-
lationships that beyond point E, the hysteresis ceases and the
soaking sL-sV relationships completely converge to the consolida-
tion sL-sV relationships.

The sV and sL at point E are significantly larger than the sV0 and
sL0 at point D where hysteresis and sS still exist (see Fig. 5b). This
means that simply arresting the swelling strain is not enough to
eliminate the swelling pressure and restrain the swelling potential.
Upon soaking under a certain sV, the global volumetric behavior of
expansive soils results from the competition between (i) the
swelling of the clay matrix caused by the thickening of the double-
layer and (ii) the compression of the soil skeleton under external
stress. Nil global volumetric strain indicates that the swelling is
entirely offset by the compression. This, however, does not guar-
antee the cease of the inter-particle swelling since the sS still exists.
With further increase in the sV, although global compression is
demonstrated, the clay matrix may still swell and occupy the
macro-pore space in the soil skeleton until a threshold sV at point E
is achieved.

(ii) Similarities between the soaking and consolidation sL-sV
relationships

In the active zone, the soaking sL-sV relationships CE is parallel
to or overlappedwith the over-consolidation sL-sV relationships OA
(KA ¼ Koc ¼ 0.3). The soaking sL-sV relationships OC in the passive
zone is seemingly different from that in the active zone but
approximately parallel to the normal-consolidation sL-sV re-
lationships AB (KP z Knc). A phenomenological deduction is thus
established that the expansive soil after soaking stays in an elastic
state in the active zone just like the over-consolidated soil and
elastoplastic state in the passive zone similar to the soil during the
normal consolidation.

Zhang et al. (2018) reported that the at-rest sL-sV relationships
obtained from a single specimen soaked under a high sV and sub-
sequently unloaded are similar to the soaking sL-sV relationships
formed by results of individual specimens soaked under different
values of sV. If soaking sL-sV relationships are comparable to the
unloading sL-sV relationships, the initial unloading from high sV in
the active zone would be elastic, and further unloading in the
passive zone would be elastoplastic due to the reversal of principal
stresses, and the associated passive shearing. This illustration
matches the phenomenological deduction for the soaking sL-sV
relationships.

Based on these observations, it appears that the slope of the sL-
sV relationships for the tested expansive soil in the elastic state is
unique regardless of the stress and hydration histories (i.e. KA ¼
Koc). However, the slopes of the soaking and consolidation sL-sV
relationships in the elastoplastic state, although close (i.e.
KP z Knc), are different due to the differences in the direction of
principal stresses and direction of shearing, and the influence of
anisotropy.

The stress state after soaking and during consolidation are
shown on the q-p plot in Fig. 6 where deviator stress q¼ sV� sL and
mean stress p ¼ (sV þ 2sL)/3. Soil behavior is elastic in zone OAEC
which is bounded by two extremes of elastic behavior (i.e. OA and
CE, which correspond to the elastic sL-sV relationships) and two
yielding planes (i.e. AB and OC, which correspond to the elasto-
plastic sL-sV relationships).
3.3. Influences of compaction density and moisture content on the
lateral and vertical swelling pressures

The variations of the sV0 and sL0 that were obtained from con-
stant volume soaking tests and their ratio (sL0/sV0) with the
compaction dry density rd0 are shown in Fig. 7. It should be noted
that although the sL0 is conventionally termed as the lateral
swelling pressure, it consists not only the lateral pressure merely
induced by swelling sS but also the conventional lateral earth
pressure sE associated with the vertical stress sV0.

The sL0 and sV0 increase with rd0 and the log10sL0-rd0 and
log10sV0-rd0 relationships are linear and can be fitted by simple
linear equations (see Fig. 7). These observations are expected and
consistent with results of similar experimental studies in the
literature (Qin et al., 2009; Sun et al., 2013; Chi et al., 2018; Zou
et al., 2020). Greater density means more hydrophilic clay parti-
cles and larger specific area within a unit volume of expansive soil,



Fig. 9. Evolution of (a) sL and (b) εa during long-term moisture cycles.
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which results in greater swelling potential and swelling pressure
upon soaking.

The ratio of sL0/sV0 slightly increases as the rd0 increases, which
is consistent with the results of similar experimental studies (e.g.
Chi et al., 2018). The sL0/sV0 versus rd0 relationship can be described
using a power function derived from the linear log10sL0-rd0 and
log10sV0-rd0 relationships, as shown in Fig. 7. The density-
dependency of the sL0/sV0 can be attributed to the amount of
lateral and vertical voids inside the soil. During the one-
dimensional compaction, lateral voids, the orientation of which is
perpendicular to the direction of compaction, are first compressed
under low compaction energy. The vertical voids, whose orienta-
tion is parallel to the direction of compaction, are generally com-
pressed after lateral voids under higher compaction energy. There
are more vertical voids in specimens with low rd0 than in speci-
mens with high rd0 since denser specimens require higher
compaction energy to compress vertical voids. Upon swelling,
vertical voids can accommodate the swelling of clay minerals and
contribute to alleviating the development of lateral swelling pres-
sure. Consequently, the development of lateral swelling pressure of
looser specimens with more vertical voids is less significant
compared with that of denser specimens with fewer vertical voids,
which results in the behavior that the sL0/sV0 increases with the
rd0.

Fig. 8 summarizes the variation of the sL0, sV0, and their ratio
sL0/sV0 with the compaction water content w0. The sL0 and sV0
initially increase with the w0, peak at w0 ¼ 22%, and reduce with
further increase in thew0. Such behaviors are possibly the results of
the interplay of the following two factors.

Clayey soils typically demonstrate aggregated structure with
distinct aggregate-clay matrix dual structure characteristics when
compacted at low w0. The degree of aggregation of clay particles
increases with the w0. As the w0 further increases beyond certain
thresholds (typically the optimummoisture content, which is 16.7%
for the tested soil), the soil structure gradually transfers to a
dispersed fashion within which the clay aggregates become less
notable and the soil texture becomes homogenous (Vanapalli et al.,
1999; Leroueil and Hight, 2013; Han and Vanapalli, 2016; Han et al.,
2022; Pei et al., 2024). The aggregated structure is more stable upon
loading and exhibits higher stiffness and strength properties
compared to the dispersed structure. Due to this reason, its reaction
stress during confined soaking (i.e. sL0, sV0) will be higher.

At a constant rd0, the increase in the w0 leads to an increase in
the degree of particle hydration and a reduction in the volume of
Fig. 8. Variation of sV0 and sL0 with w0.
air-filled voids of the compacted specimens. Consequently, the
amount of water absorbed during the confined soaking reduces,
which further results in the reduction in the swelling potential and
sL0 and sV0.

Regardless of the parabolic swelling pressure-w0 relationships,
the sL0/sV0 increases monotonically from 0.65 at w0 ¼ 12% to 1.1 at
w0 ¼ 30%, which indicates that the degree of compaction-induced
swelling anisotropy reduces with increasing w0 under the con-
stant volume soaking condition. At w0 ¼ 30%, specimens after
compaction were approximately saturated. Still, sL0 and sV0 of
about 20 kPa were measured upon soaking. This confirms that
apparent saturated expansive soils continue to absorb water and
develop swelling pressure upon soaking (Tu and Vanapalli, 2016).
3.4. Evolution of lateral earth pressure during long-term moisture
cycles

The evolutions of the sL and εa during five long-term drying and
wetting cycles under a sV of 50 kPa are shown in Fig. 9. The
following can be observed:

(1) The sL upon soaking reduces during moisture cycles and the
reduction is most significant during the first cycle. The peak
sL right after soaking reduces from the initial value of
52 kPae41 kPa after one cycle (reduction of 21%) and 35 kPa
after four cycles (reduction of 33%).
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(2) Stress relaxation takes place during the soaking process that
lasts about 20 d in almost every moisture cycle. The reduc-
tion in the sL due to stress relaxation is about 10e12 kPa. The
extent of stress relaxation increases withmoisture cycles. For
example, during the first soaking process, the sL reduces
from 52 kPa immediately after soaking to 42 kPa at the end of
soaking (marked by arrows), constituting a relaxation ratio of
19%. In the fifth cycle, sL reduces from 35 kPa to 23 kPa and
the relaxation ratio is 34%.

(3) The εa upon soaking also reduces during moisture cycles and
the reduction is most significant after the first cycle. This is
consistent with similar experimental results reported in the
literature (Alonso et al., 2005; Tripathy and Subba Rao, 2009;
Estabragh et al., 2015). On the other hand, the εa after drying
is not affected by moisture cycling and stays at about �0.5%
during the cycles.

(4) The sL drops quickly when drying starts, which is associated
with the lateral shrinkage of the specimens during drying.
The sL drops to 0 during every drying process, indicating that
specimens detach from the rubber membrane. In the sub-
sequent drying process, the specimens continue to shrink in
all directions, as can be judged from the continuous devel-
opment in the axial strain (see Fig. 9). It should be noted that
such shrinkage is no longer under the K0 condition but the
3D condition.

The reductions in the sL and εa, and the increase in the stress
relaxation are associated with the weakening of the soil skeleton
due to the presence of wetting-drying-induced microscopic and
macroscopic fissures, especially for expansive soils (Zhao et al.,
2021; Han et al., 2022). In fact, visible cracks (i.e. macroscopic fis-
sures) were observed on the surface of the specimens after the
long-term wetting-drying tests. The swelling potential and the
resistance to lateral stress reduce when the soil skeleton is
weakened.
Fig. 11. The sL-sV relationships of the Al-Qatif clay: (a) Measurements during soaking-
loading-unloading, and (b) Measurements versus predictions.
4. Approach for estimating the lateral earth pressure

4.1. Development of the approach

An approach is developed to estimate the at-rest sL-sV re-
lationships for compacted expansive soils upon soaking based on
experimental observations obtained in this study. The estimated sL-
sV relationships are confined by two boundaries and are linear in
Fig. 10. The proposed approach for estimating the soaking sL-sV relationships.
the active zone (sL < sV) and the passive zone (sL> sV), as shown in
Fig. 10.

The upper boundary of the at-rest sL-sV relationships is the
passive earth pressure sP of the saturated expansive soils (Pufahl
et al., 1983; Liu and Vanapalli, 2017), which can be determined
following conventional passive earth pressure theories using the
effective cohesion c0 and effective friction angle f0 of the soils (line
AB in Fig. 10). Passive shear failure usually takes place close to the
ground surface where sV is low. Surficial expansive soils are typi-
cally subjected to moisture and temperature cycles that signifi-
cantly reduce the shear strength of the soils (Han et al., 2022; Zou
et al., 2022). Determination of the c0 and f0 of surficial expansive
soils considering weathering effects is thus important for the
rational determination of this upper boundary. Only expansive soils
that develop large sL under low sV may experience passive shear
failure. The soaking sL-sV relationships of expansive soils with low
ormedium swelling potentials (such as the Nanyang expansive soil)
usually fall below this passive failure envelope.

According to the experimental results from this study (see
Fig. 5), the at-rest sL-sV relationships in the passive zone (line BC in
Fig.10) and active zone (line CD in Fig.10) are linear and their slopes
(KP and KA) are comparable to the conventional earth pressure
coefficients (Knc and Koc). For simplification purposes, this study
assumes KP ¼ Knc and KA ¼ Koc. With the further increase in the sV
in the active zone, the soaking sL-sV relationships converge to the
consolidation sL-sV relationships at point D.
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To locate the piece-wise sL-sV relationships ABCDE, one mea-
surement of the sL-sV relationship either in the active zone (i.e.
point M) or passive zone (i.e. point M0) is necessary. This mea-
surement could be the sL-sV relationships frequently measured for
design practice such as the swelling pressures at no swelling strain
(sL0, sV0) or the sL under a certain sV level (usually 50 kPa in
practice). With this one measurement and conventional earth
pressure and shear strength data (i.e. Knc, Koc, c0 and f0), one can
easily establish the entire at-rest sL-sV relationships upon soaking.

In addition, empirical correlations can be used for estimating
the Knc and Koc, and thus KP and KA (Eqs. (1) and (2)) (Jaky, 1944;
Mesri and Hayat, 1993) if this information is not available (e.g.
during preliminary design or design for new soils without existing
experience). However, due to their empirical nature, Eqs. (1) and (2)
cannot guarantee accurate estimations of Knc and Koc for all soils.
Thus, they should be used with caution.

KP ¼ Knc ¼ 1� sin f0 (1)

KA ¼ Koc ¼ 0:75ð1� sin f0Þ (2)
4.2. Validation of the proposed approach

Experimental data obtained from three different expansive soils,
namely Al-Qatif clay from Turkey (Abbas et al., 2015), Baise
expansive soil from China (Zhang et al., 2020a), and black cotton
soil from India (Kate and Katti, 1983) are used to validate the pro-
posed approach. The basic soil properties of these soils are sum-
marized in Table 1.
Fig. 12. Measured and predicted sL-sV relationships of the Baise expansive soil.
4.2.1. Validation using results of Al-Qatif clay
Abbas et al. (2015) investigated the sL-sV relationships of the

compacted Al-Qatif clay using a thin-walled oedometer. Parallel
specimens (w0 ¼ 31.1%e31.9%, rd0 ¼ 1201 kg/m3) were first soaked
under sV ranging from 50 to 900 kPa, then incrementally loaded to
a sV of 1800 kPa, and finally step-wisely unloaded to a sV of 25 kPa.
The (sL0, sV0) at no swelling strain was also measured. Fig. 11a
presents the measured sL-sV relationships.

The sL-sV relationships after soaking and during the subsequent
consolidation show that: (i) the soaking sL-sV relationships are
piecewise linear and turn at sL ¼ sV (point A) and a threshold sV of
about 450 kPa (point B); (ii) all post-soaking consolidation sL-sV
relationships, along with the soaking sL-sV relationships, converge
to a unique normal-consolidation sL-sV relationship (line BC) when
sV exceeds 450 kPa. These observations are consistent with the
experimental results of the Nanyang expansive soil and validate the
key assumptions used to develop the approach for estimating the
soaking sL-sV relationships. It is noted that the sL measured at
sV ¼ 1800 kPa is scattered and ranges between 700 kPa and
950 kPa. This is possible because the thin-walled oedometer used
by Abbas et al. (2015) was only calibrated to a maximum sL of about
800 kPa. The average value of the measured sL (i.e. sL ¼ 800 kPa)
was used to locate point C, which, however, agrees well with the
trends of the measurements.

The unloading sL-sV relationships also show piecewise linear
trends in the active zone (line CD) and passive zone (line DE). At the
end of unloading (sV < 200 kPa), apparent passive shear failure can
be observed (line EF). The initial unloading in the active zone is
elastic and its slope KCD equals the soil’s Koc (i.e. KCD ¼ Koc ¼ 0.05)
(Mesri and Hayat, 1993). Unloading in the passive zone is elasto-
plastic and per the previous analysis in this paper, its slope KDE
should be similar to the soil’s Knc. As a matter of fact, line DE is
indeed parallel to the normal-consolidation sL-sV line BC in Fig. 11
(i.e. KDE ¼ Knc ¼ 0.5).

Following the approach proposed in this paper, the slopes of the
soaking sL-sV relationships are determined, KP ¼ Knc ¼ 0.5, KA ¼
Koc ¼ 0.05. Themeasured (sL0, sV0) of the Al-Qatif clay is used as the
required one measurement of the sL-sV relationship. Fig. 11b shows
the measured (in symbols) and predicted (in lines) soaking sL-sV
relationships. Good agreement can be observed between the
measurements and predictions.
4.2.2. Validation using results of baise expansive soil and black
cotton soil

Zhang et al. (2020a) investigated the soaking sL-sV relationships
of the Baise expansive soil using a modified oedometer that mea-
sures the sL through a pressure sensor mounted on the side of the
oedometer ring. Specimens were compacted at the same rd0 of
1602 kg/m3 but three w0 levels (i.e. 17.9%, 20.3%, and 22.5%). Kate
and Katti (1983) evaluated the soaking sL-sV relationships of the
black cotton soil using a cylindrical container with a piston device
mounted on the shaft for sL measurements. Specimens were
compacted at rd0 ¼ 1418 � 10 kg/m3 and w0 ¼ 9 � 1%.

The consolidation data Knc and Koc values of these two soils are
not available in their original studies. Zhang et al. (2020a) reported
c0 ¼ 12 kPa and f0 ¼ 32� for the Baise expansive soil, and Katti
(1979) reported c0 ¼ 25 kPa and f0 ¼ 25� for the black cotton soil
compacted in a manner similar to that adopted by Kate and Katti
(1983). The c0 and f0 values are used to establish Rankine’s pas-
sive earth pressure envelope and estimate the KP and KA using Eqs.
(1) and (2), respectively. The (sL0, sV0) of the two soils are used as
the required one measurement of the sL-sV relationship.

Figs. 12 and 13 provide comparisons between the measured
soaking sL-sV relationships (symbols) and the corresponding pre-
dictions using the proposed approach (continuous lines). Both soils
demonstrate bi-linear sL-sV relationships in the active and passive
zones, which is reasonably described by the proposed approach.
The predictions also capture the passive shear failure of the black
cotton soil, as shown in Fig. 13. There are certain deviations be-
tween the measurements and predictions for the Baise expansive
soil, as shown in Fig. 12. This is possibly related to the uncertainties
in the estimated the KA and KP from Eqs. (1) and (2). Using actual
Knc and Koc values (i.e. KA and KP values) derived from consolidation
tests might result in better predictions.



Fig. 13. Measured and predicted soaking sL-sV relationships of the black cotton soil.
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5. Conclusions

The at-rest lateral earth pressure sL of a compacted expansive
soil upon soaking was studied. The influences of several key factors,
including the vertical stress sV, residual lateral stress during
compaction sres, compaction dry density rd0, and moisture content
w0, were evaluated. The evolution of the sL during long-term
wetting-drying cycles that lasted over 200 d was also deter-
mined. Experimental results have revealed that:

(1) The sres does not impose significant influences on the sL
upon soaking. The at-rest sL-sV relationships upon soaking
are piecewise linear in the passive zone (sL > sV) and active
zone (sL < sV). Their slopes KP and KA are related to that of
the conventional consolidation sL-sV relationships Knc and
Koc (i.e. KP z Knc and KA ¼ Koc). Expansive soils after soaking
possibly stay in an elastic state in the active zone and an
elastoplastic state in the passive zone.

(2) The soaking sL-sV relationships converge to the consolida-
tion sL-sV relationships at a threshold sV beyond which the
interparticle swelling ceases. The lateral pressure induced
purely due to swelling, sS still exists when the global volu-
metric swelling strain is completely restrained or evenwhen
the soil shows collapse behavior upon soaking. The sS re-
duces to zero at the threshold sV.

(3) The swelling pressures sL0 and sV0 at no swelling strain in-
crease with rd0 and the log10sL0-rd0 and log10sV0-rd0 re-
lationships are linear. The sL0 and sV0 show increase-then-
decrease variations with the w0 which peak at w0 ¼ 22%.
The ratio sL0/sV0 increases with both rd0 and w0, indicating
that the extent of compaction-induced swelling anisotropy
reduces with increasing compaction energy and molding
water content.

(4) The sL remarkably reduces over long-term wetting-drying
cycles and the reduction is most significant after the first
cycle. Stress relaxation in the sL takes place during soaking
and its extent increases with wetting-drying cycles.

Based on the obtained experimental observations, an approach
was developed to estimate the at-rest soaking sL-sV relationships
for expansive soils. This approach is simple and only requires one
measurement of the soaking sL-sV relationships and conventional
consolidation and shear strength properties for prediction. The
approach is examined using the results of three different expansive
soils reported in the literature. It is demonstrated that the proposed
approach is capable of suitably capturing the piecewise linear and
passive shear failure characteristics of the soaking sL-sV relation-
ships of expansive soils.
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