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Abstract: Lightweight structures built on expansive soils are susceptible to damage caused by soil
movement. Financial losses resulting from the improper design of structures on expansive soils can be
significant. The interactions and failure mechanisms of different geotechnical structures constructed
on such soils differ depending on the structure type, site characteristics, and climatic conditions, as
the behaviour of expansive soils is influenced by moisture variations. Therefore, the performance of
different geotechnical structures (e.g., lightweight footings for residential buildings) is expected to be
adversely affected by climate change (especially rainfall and temperature change), as geotechnical
structures are often designed to have a service life of 50-100 years. Some structures may even fail
if the effect of climate change is not considered in the present design. This review aims to provide
insights into problems associated with expansive soils that trigger the failure of lightweight structures,
including current investigations and industry practices. This review recognises that although the soil
moisture conditions govern expansive soil behaviour, limited studies have incorporated the effect of
future climate changes. In addition, this review identifies the need to improve the current Australian
design practice for residential footings through the inclusion of more site-specific investigations and
expected climate changes.
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1. Introduction

Expansive soils, also referred to as reactive soils, can be found all over the world,
in arid or semi-arid zones with tropical or temperate climates [1]. Koukouzas et al. [2]
defined expansive soil as soil that undergoes a significant volume change due to changes
in water content, resulting in ground movement. They contain minerals of Kaolinite, Mont-
morillonite and Illite groups. The functionalities of geo-infrastructure, such as pavements,
pipelines, and shallow footings, located on expansive soil may be affected due to ground
movement brought in by moisture content changes. From a financial perspective, expansive
soils are considered a significant contributor to damage, with billions of dollars in losses
every year [3]. For instance, the annual cost of damage to buildings and infrastructure
due to soil shrinkage-induced subsidence is estimated to exceed USD 15 billion in the US
alone [4]. The repair cost for damages to structures associated with expansive soil has been
projected to be double the total due to the cumulative damage from natural disasters in
the US [5]. Similarly, 80% of the total annual housing insurance claims in Australia are
attributed to approximately 50,000 housing cracks caused by soil movement [6]. In the
state of Victoria alone, housing defects cost nearly AUD 1 billion per year, with the majority
being footing and slab defects [7]. The extended dry weather period between 1997 and 2010
affected much of Australia, including the greater Melbourne area. According to an estimate
by the Housing Industry Association, more than 1000 houses built in the dry seasons during
a decade-long drought in the western suburbs of Melbourne were damaged as a result of
excessive soil heave [8]. Another estimate suggested that the number of properties affected
may be as high as 4300 [9]. Larger-than-expected ground movements were observed after
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the long drought broke in 2011 and were amplified by the construction of gardens/lawns
and watering systems around buildings [10]. These damages and related consequences
were likely due to underestimation of the ground movement potential.

The climate in Australia and around the world will continue to change in the coming
decades, leading to significant socio-economic impacts [11]. Accounting for all climate
variables can be a complex exercise, and changes in rainfall and temperature have been
considered as the primary variables in most studies that investigated the soil-atmospheric
boundary interaction, especially the ones looking at the effect of climate change [12-17].
Changes in temperature and rainfall may affect the behaviour of geotechnical infrastructure.
Moreover, changes such as rises in the sea level, changes in soil suction profiles resulting
from changes in precipitation patterns, excessive desiccation due to prolonged spells of
high-temperature days, soil erosion, hydro-mechanical failure resulting from rising water
pressure inside soils [18], slope stability changes [12,17,19-30], and changes in the strength
and stiffness of pavement materials [31] can affect geotechnical infrastructure. Depending
on the geolocation, local climate, expected future changes in the climate, and structure type,
these effects can vary. Although soil-atmospheric boundary interactions have been an
active area of research over the last two decades, limited attention has been paid to reactive
soil movement and its interaction with structures [16]. This problem is likely to worsen
because of climate change.

Although the engineering properties of expansive soils can be improved by various
techniques [32—40], to ensure safer, more resilient, and sustainable designs of geotechnical
structures, it is vital to better understand the interactions among expansive soils, atmospheric
boundaries, vegetations (if present), and structures. Hence, this review aims to explore
different factors that affect the performance of lightweight structures built on expansive
soils, highlighting the extent of the problems and the state of the art in current research and
industry practice.

Some aspects of the behaviour of expansive soils are discussed in the next section,
followed by a discussion of different application areas with potential problems. Various
investigations (laboratory, field, and numerical) of soil-atmospheric interactions considering
structural performance are explored. Current industry practices for dealing with expansive
soils are discussed in Section 5, with an example of the Australian design practice for
residential footings and pavements. This review aims to familiarise readers with the basic
mechanism of existing problems facing structures on expansive soils, the current state of
understanding, and an Australian practice to facilitate the development of further research
to better address the current issues.

2. Expansive Soil Behaviour

Expansive soil expands when its degree of saturation increases, i.e., with an increase
in moisture content, and it shrinks when moisture is removed. The existence of expan-
sive soils can be identified through deeper cracks with roughly polygonal shapes on the
ground surface during the dry season [41]. In the rainy season, water enters through these
cracks, and the soil expands, which may cause the cracks to disappear. The presence of
different types of clay minerals is responsible for this behaviour. The expansiveness of soil
increases with the presence of clay minerals in the order of Kaolinite, Illite, Vermiculite,
and Montmorillonite. Montmorillonite is the most expansive mineral, with the highest
activity and Atterberg limits, whereas Kaolinite is the least expansive mineral, with the
lowest values of these parameters [42,43]. Furthermore, the bond between various building
blocks, as shown in Figure 1, plays a vital role in the behaviour of minerals. In Kaolin-
ite, strong bonds exist between the top of the silica and octahedral sheets (Figure 1a), as
the replacement of oxygen atoms and hydroxyls can occur between the top of the silica
tetrahedra and octahedral sheets, respectively [44]. However, Montmorillonite has the
weakest bond because of the very weak bonding between two bases of the silica sheets
(Figure 1c), resulting in a thickness of one to two groups of building blocks. Illite has
the same structure as Montmorillonite (Figure 1b), except for the bond created by the
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potassium cations between the bases of the sheets, which produces stronger bonds. This
bonding dictates the expansion and contraction potential of the soil. In minerals with weak
bonds, water can move in and out easily, which leads to expansion or contraction due to the
hydration or dehydration of clay minerals. However, a strong bond does (e.g., Kaolinite)
not allow much water flow and less soil movement is expected.
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Figure 1. Schematic representation of mineral structures: (a) Kaolinite; (b) Illite; (c) Montmorillonite,

adapted from Nelson et al. [44].

In general, near-surface soil undergoes seasonal moisture changes that contribute
to ground movement. Beyond a certain depth, the changes in water content and related
changes in matric suction become very small and thus do not contribute to movement [45].
The zone subject to seasonal moisture changes can be expected to extend from depths of 0.9
to 12 m [41]. Any structures constructed on or within the depth where seasonal moisture
changes occur are likely to be subjected to additional stresses due to ground movement.

3. Problems with Expansive Soils

Lightweight buildings, pipelines, pavements, and other shallow services such as
sewer manholes and pylons can be considered lightweight structures, and these structures
are found to be most affected by expansive soils [46]. Soil can produce significant uplift
pressure during swelling (as much as 250 kPa) [41]. For heavier structures such as high-rise
buildings, their dead weight is often sufficiently large to counteract and suppress any
effect of this swelling pressure. Table 1 summarises the common problems associated with
expansive soil movement.

Table 1. Common problems related to expansive soil movement.

Phenomenon Soil Reaction Result

Heaving/ Ground movement

Shrink—-swell

Building failure
Buried pipe failure
Road failure

Contamination of underlying groundwater

. 1 0 .
Cracking nereased permeability through the easy movement of contaminants
Distortion of structures founded on slopes,
Slope instability Slope movement e.g., road disconnection or interruption of

water supply distribution networks
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Cyclic shrink-swell movement due to seasonal changes in moisture content can lead
to various damage to infrastructure. Owing to changes in moisture dynamics due to the
construction of the structure and natural heterogeneity of the soil, movement does not
occur uniformly. For example, in the dry part of the year, the edges of a building footing
may have significantly lower moisture content than the centre of the footing, leading to
centre heave, which can lead to substantial damage to the superstructure, as shown in
Figure 2b. The opposite can occur in the wet season, when the edges of the footing have
higher water content than the centre and differential stresses are applied to the footing and
superstructure (see Figure 2a).

z"_ =

(b)

Figure 2. Damage to a building (a) due to edge heave; (b) due to centre heave.

Figure 3 shows the road failure mechanism in soils susceptible to the shrink-swell
phenomenon. Evapotranspiration can occur from the uncovered road edges, whereas it
cannot occur from the covered road surface. This results in dry conditions at the edges of
the road and wetter conditions toward the centre line of the road. The opposite trend can
occur during the wet period of the year. This leads to settlement/heaving at the road edges,
resulting in the formation of longitudinal cracks. In addition, road surface undulating also
results from soil’s shrink-swell movement.

Evapotranspiration prevented
from the road surface

!

Wet soil

Longitudinal crack Evapotranspiration

\ Soil cracks

) ) ] / Dry soil during dry season-soil moves
Different moisture profile downward and road settles

Figure 3. Soil-atmosphere interactions on a road resulting in longitudinal crack formation.

The pipe-soil interaction due to moisture variation near a driveway is shown in
Figure 4. In the dry season, owing to soil shrinkage, pipes may bend downward (Figure 4a),
creating tensile strain on the soil mass above the pipe owing to the interaction between the
pipe and soil. In contrast, in the wet season, the soil below the pipe expands, resulting in
upward bending of the pipe (Figure 4b), thereby developing a compressive strain on the
soil mass above the pipe. From field monitoring of buried flexible pipes, Clayton et al. [47]
observed considerable ground movement (3-6 mm/m pipe length) due to the effect of
underlying soil desiccation. Their simulation of the effect of this ground movement on cast
iron pipe behaviour showed a significant increase in tensile stress, which could contribute
to the failure of the pipe. Hence, a reduction in pipe strength and ultimate pipe failure can
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occur owing to this cyclic bending phenomenon (upward and downward movement) of
the pipe associated with repeated cycles of dry and wet conditions in the soil.

% Natural open surface 576 .
Impervious surface — W W W Impervious surface
L| ,,,,, | —— ] '_'Ii ,,,,,, ﬂ ,,,,,, )JGL
@) Soil settlement-soil moving downward
% Natural open surface % .
Impervious surface y% W W W Impervious surface
[ | S A  —
(b) Soil expansion—soil moving upward

Figure 4. Pipe movement in the vertical direction is attributed to seasonal moisture changes in
expansive soils: (a) dry season; (b) wet season.

Individual wooden poles used for overhead electrical and telecommunication distribu-
tion networks can also be vulnerable to soil movement as a result of improper foundation
design and insufficient site investigations before installation [48]. Likewise, differential
movement between a manhole cover and surrounding expansive soils can be seen in
Figure 5, and the performance of an underground structure can also be affected by crack
propagation and the associated stress.

=

Figure 5. Surface cracks on the ground surface and settlement due to soil shrinkage around a manhole
cover during dry season.

The presence of shrinkage cracks also has a significant role in slope instability, where
repeated shrink-swell cycling can lead to progressive failure and create an easier path
for rainfall to reach the shear surface, as shown in Figure 6. Therefore, the shear surface
experiences increased pore water pressure during rainfall events, which can lead to slope
failure [49]. This was also reported by Chao et al. [50], who noted that the reduction in soil
strength due to the decrease in matric suction resulting from the shrinkage crack-induced
infiltration triggered the instability of a reactive soil embankment. Furthermore, cut slopes
can deteriorate through the dissipation of pore water pressure (PWP) induced by excavation
or the seasonal cycling of PWP [51]. An accelerated progressive failure of the slope owing
to the reduction in strength can be expected to occur with dry and wet cycles having greater
magnitudes and frequencies [12].
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Figure 6. Triggering of slope instability in clay soil prone to shrinkage.

4. Investigations of Expansive Soil Behaviour

Several laboratory, field, and numerical studies have investigated different aspects
of the soil-atmospheric boundary interaction for expansive soils. A summary of the
observations of these studies is presented in this section.

4.1. Laboratory Investigations

In unsaturated soils, the soil desiccation state can be better understood based on the
soil suction, which represents the affinity of soil toward the water. Soil movement is directly
related to soil suction; the higher the suction, the higher the potential for soil movement
will be. Various techniques can be applied to measure the suction, such as filter paper (in
contact and non-contact), pressure plates, and relative humidity methods, including the
electrical conductivity (EC) method. For example, Agus et al. [52] performed measurements
on filter paper discs (Whatman No. 42) and developed Equations (1) and (2) to describe
the relationship between the suction (metric suction, u,,, and total suction, u;) and the
water content of the filter paper (wg,) based on best-fit regressions. To determine the solute
suction (us) using the EC method, Equation (3) can be used. Equation (3) incorporates the
actual moisture content (amc) to represent field conditions in which soil and water at a ratio
of 1:5 are used to estimate the salinity of the soil-water suspension in the laboratory.

5.235

299.93 0148
Uy = 93.82 | exp - —exp(1) (1)
Wrp
73557 12 3.822
u = |exp < - > —exp(1) )
Wty
uS:36><EC><@ 3)
amc

Changing climatic conditions alter the moisture content of soils. This will affect not
only the suction but also the permeability of the soil. The relationships between the soil
suction, moisture content, and permeability can be expressed as the soil-water characteristics
curve (SWCC) and the hydraulic conductivity function [53], which are important parameters
for understanding expansive soil behaviour. The SWCC can be generated using various
methods. One of these is to utilise the water content and suction values measured in the field



Sustainability 2022, 14, 15662

7 of 27

or laboratory. These data can then be used to fit the functions available in the literature [54,55].
For instance, Equation (4), proposed by Van Genuchten [54], can be used to deduce the SWCC.

0s — 0,
[1+®)""

where 6 is the volumetric moisture content; 6, is the residual volumetric moisture content;
05 is the saturated volumetric moisture content; ¢ is the soil suction; and a, n, and m are
empirical fitting parameters related to the SWCC, withm =1 — %

Another method for estimating the SWCC is to use empirical correlations based on
basic soil parameters (grain size distribution, liquid limit, void ratio, etc.) [12,56]. Several
methods are available [57-61] for predicting the SWCC based on the directly measured
geotechnical parameters of a specific soil. Depending on the availability of site-specific
soil data, an appropriate function can be used. For instance, based on the saturated
moisture content (ws), plasticity index (PI), and fine content, Witczak et al. [61] proposed
Equations (5)—(10) to estimate the SWCC relating 6 and the soil suction (in kPa).

0=0+ (4)

6 = C(h) = TG (5)
s
[In{exp(l) + (@) H
In(1+ L

C(h) = {1 - W (6)

mn(1+ 1)
ay = 32.835[In(wPI)] + 32.438 @)
by = 1.421(wPI) 1% 8)
¢ = —0.2154[In(wPI)] + 0.7145 ©)
¥, = 500 (10)

Here, the weighted plasticity (wPI) is obtained by multiplying PI and the percentage
of clay in the soil. Witczak et al. [61] further described the constraints applied in the above
equations as follows:

ap="5 for ag <5 and ¢ = 0.03 for ¢f < 0.01 (11)
ws can be estimated using Equation (12) [62].
_ 0.75
ws = 0.0143(wPI)™"> 4 0.36 (12)

Karim et al. [12] compared the SWCCs developed using the above methods, including
SWCCs predicted for similar soils, as shown in Figure 7, to observe the PWP changes in
an infrastructure slope induced by meteorological changes. However, these methods may
not be very accurate unless they are supported by extensive field investigations. A better
agreement among the results was obtained from the analysis using an SWCC acquired
from field data than that using an SWCC obtained from a weighted PI and a similar soil
(London clay) for the measured values of the positive PWP, 6, and soil suction variation
with the depth.
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Figure 7. SWCCs used for analysis of a cutting in weathered London clay in Newbury, England.
Field data and interpreted London clay data taken from Karim et al. [12], 30% and 60% fines data are
generated by fitting Witczak et al. [61] equations.

Aubertin et al. [57] developed a modified Kovacs [63] (MK) model for the prediction of
SWCCs for various soil types (tailing materials, cohesive and cohesionless soils) assuming
two mechanisms of soil moisture, namely capillary saturation (S.)-capillary force-associated
saturation and adhesive saturation (S;)-adhesive force-associated saturation, as shown
in Equation (13) (mathematically rearranged by Fredlund et al. [64], Bussiere [65]). The
proposed MK model comprises Equations (13)—(23) to estimate the SWCC relating S, and
S¢. This model requires basic soil properties, i.e., grain size distribution and liquid limit.

0

S=-—=1-(1-S)(1-5) (13)

where S is the degree of saturation, 6 is the volumetric moisture content, n is the soil
porosity, and (.) are Macauley brackets ((y) = 0.5(y + |y|)). Here, y is an open variable.
The empirical relationship between S; and suction is represented by Equation (14).

N2 " B\ 2
Se=1— (CO) +| exp —m(w) (14)
‘ [ Y ¥
where /i, is the equivalent capillary rise (cm), ¢ is the soil suction (cm), and m is a unitless

pore size distribution parameter.
The empirical relationship between S, and the suction is represented by Equation (15).

m(i+4)] (%)

in(1+42) 61/3(%)”6

Sa = dc 1 - (15)

where 4. is the dimensionless adhesion coefficient, ¢ is the void ratio, 1y is the suction of
the soil under completely dry conditions (cm) (9 = 107 cm of water, which approximately
corresponds to S = 0), ¢, is a normalisation parameter for maintaining unit consistencies
(equal to 1 cm if the i values are in cm), and 1, is the residual suction (cm).

For the computation of the MK model, the required parameters are ., m, i, and a.
For granular soil, these parameters are expressed as follows:

0.75
[1.17 log(Cy) + 1]eD1p

hco - (16)

¢, = 0.86h.:2 (17)
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ac = 0.01 (19)

where Dy is the particle size corresponding to the tenth percentile of the particle size distribu-

tion curve, and C,, is the uniformity coefficient, which is equal to Do/ D19. Here, Dy is the

particle size corresponding to the sixtieth percentile of the particle size distribution curve.
For plastic—cohesive soil, these four parameters are expressed as follows:

0.15
heo = == w}4° (20)
Py = 0.86h%2 (21)
m=3x10"° (22)
a.=7x10"% (23)

where ps is the density of solid particles (kg/ m?), and wy is the liquid limit (%).

The hydraulic conductivity (K) of soil describes the rate of moisture movement through
the soil. The value of K for saturated soil (Ks;) can be determined through various perme-
ability tests, such as falling head or constant head tests. However, the measurement of K for
unsaturated conditions (Kiusqa) is difficult in laboratory or field tests as K;;sqt is dependent
on the soil suction. The hydraulic conductivity function can be estimated using correlations
proposed in various studies [54,66,67], which generally take the soil suction and K as
input parameters, as shown in Equation (24), proposed by Van Genuchten [54]. Using this
equation, Kjs¢ can be estimated through a back-analysis of the field data as a function of
Ksqt, as demonstrated by Karim et al. [15].

2

[1—(a'p)" {1+ <a';p>”}"“1
[1+ (a'p)"] 2

Kynsat = Ksat (24)

where 1 is the soil suction, and @', n, and m are empirical fitting parameters.

The behaviour of expansive soil is strongly influenced by the drying environment and
the number of wetting and drying cycles. Kong et al. [68] conducted a series of shrinkage
tests under different drying temperatures and relative humidities, as well as triaxial tests
on undisturbed samples prepared under different drying conditions. They observed that
a reduction in temperature and an increase in relative humidity reduced the drying rate.
Moreover, the drying rate could be used to characterise the soil. Furthermore, they reported
that the drying rate was inversely correlated with linear shrinkage and soil strength.

Zhan et al. [69] investigated the softening characteristics resulting from the wetting
state of soil using suction control triaxial tests on recompacted and undisturbed samples.
A considerable part of the plastic strain arose from the wetting-induced swelling of the soil,
and this strain decreased with an increase in confining pressure.

Linear shrinkage tests are commonly performed on expansive soils. Puppala et al. [70]
noted that these tests have various limitations, including a smaller sample size, lateral
restriction of the soil due to the rigidity of the moulds, and manual errors in measurement.
To overcome these limitations, a new methodology for conducting volumetric shrinkage
strain experiments on cylindrical soil samples was proposed, including a digital imaging
procedure through which volumetric shrinkage strains could be determined.

The swelling behaviour of expansive soils can be observed through volumetric free
swell tests, in which swelling movements in the radial and vertical directions are measured
by a dial gauge and Pi tape, respectively, at several periods. Puppala et al. [71] developed
correlations between the shrink—swell displacements, the plasticity of soil, and several
compaction properties related to seasonal moisture alterations in an underlying soil. The
proposed correlations could be used for the prediction of vertical soil movements.
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4.2. Field Investigations

Although field investigations can reflect actual soil behaviour, such as crack formation
and propagation, soil movement, and moisture migration within the soil, these studies are
limited by their high time and cost requirements [72]. One well-instrumented site study
was performed by Fityus et al. [73], who conducted a long-term field study near Newcastle,
Australia. Their study obtained high-quality data focusing on variations in the soil moisture
content and suction, including ground movements at depths of up to 3 m. In addition, covered
and uncovered hydraulic boundary conditions were established by providing two ground
covers (flexible and reinforced concrete) and maintaining open space, respectively; the effect
of trees was also investigated. The results revealed that the soil tended to present a heaved
condition. This could be expected, as the estimated Thornthwaite moisture index (TMI) was
+25 [74], suggesting a surplus condition of long-term moisture. Furthermore, the active soil
depth and soil suction change were estimated to be 1.6-1.7 m and 2 pF, respectively, suggesting
that the depth of suction change and surface suction change given in AS2870 [75] require
some improvements to capture the particular site condition. In addition, their observations
indicated that the presence of trees could increase the active depth. Moreover, the outcomes
with the flexible cover indicated that the centre-heave mound may be critical during dry
periods in a long-term scenario. The centre-heave mound resulting from a surface covered in
reinforced concrete presented an unusual compound mound shape having dish features inside
the edge beams, suggesting a significant influence of these beams for preventing horizontal
moisture movement from the boundaries of the cover.

Li and Guo [76] conducted a site study on a residential building in Melbourne, Aus-
tralia affected by reactive soil movement attributed to tree root drying; the building was
constructed on highly reactive soil. Some defects were observed, such as tilting of the
building floor, differential displacement (maximum of 125 mm) between two corners, and
cracks on the walls. Their investigation of the soil suction revealed that the moisture content
up to a depth of nearly 3.5 m was influenced by the presence of large trees (eucalyptus). This
indicates the significance of proper site management for lightweight buildings on reactive
soils, as trees growing close to a house can result in more damage than the anticipated
moisture variations, owing to the seasonal changes and redistribution of moisture patterns
from the presence of infrastructure.

Cheng et al. [77] performed a field test in Kenya over a period of 14 months using
square footings (2 m X 2 m) instrumented with probes to measure the moisture content.
In addition, a digital level was used to record the monthly vertical movement of the
foundation, and buried water content probes were deployed to monitor the moisture
movement within the soil. They found significant variations in the moisture content with
the depth and season as shown in Figure 8 (estimated volumetric water content data from
an uncovered site in South Australia is also added to the figure); a greater variation in the
moisture content was observed near the surface which reduced with depth. In addition,
an increase in the settlement and heave of the foundation was recorded in dry and rainy
seasons, with 45 and 28 mm of settlement and heave, respectively, as maximum values
at the top surface of one foundation; similar values of 47 and 26 mm, respectively, were
observed for another foundation.

Karunarathne [56] conducted a field study to monitor the soil profile at a study site in
Melbourne. Based on their findings, significant ground movement was not expected below
a depth of 1.25 m as no considerable soil moisture changes were observed below this depth.
Furthermore, it was found that the monthly rainfall correlated well with the soil movement
(Figure 9) in the upper layers, with a specific time lag related to the soil permeability. The
swelling and shrinking of soil in winter and summer, respectively, followed the rainfall
trends, and the sensitivity of the soil movement to precipitation decreased with increasing
depth (Figure 9).
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Figure 8. Average measured soil moisture content variation with depth below the foundation in
Nairobi—selected datapoints from Cheng et al. [77] with the permission of Taylor and Francis
Ltd., and below an open field in Adelaide—estimated water content from suction measurement by
Mitchell [78].
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Figure 9. Soil movement associated with monthly rainfall. Data from Karunarathne [56].

Fernandes et al. [79] used several sensors for the continuous measurement of the
movement of a clay layer along with variations in the temperature and moisture content of
the soil. Correlations between these parameters and the annual climatic changes observed
at site-specific meteorological stations were then developed. They found significant changes
in the temperature and moisture content up to a depth of 3 m. Their study improved the
understanding of the medium-term shrink-swell behaviour of clay soils, as the study
encompassed five drought-rewetting cycles.

These field studies indicate that climate variations (seasonal, medium-term, and
long-term) can have a significant impact on infrastructure through the moisture-induced
shrink-swell behaviour of soils. For cases where field data are not available, results from
field observations at other sites can be extrapolated to obtain a preliminary estimation of
the soil behaviour based on the suitability of the climate. In addition, numerical analyses
can be performed using the data from field case studies for model validation, which can
improve confidence in the performance of the numerical model and the ability of the model
to produce realistic predictions.
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4.3. Numerical Investigations

Many studies have been conducted to understand the effects of weather parameters
such as rainfall and temperature on soil moisture changes; the effects of these parameters
on the suction change and shear strength of the soil have also been explored using various
analytical tools in different climatic conditions [12,17,28,80-83]. For instance, Toll et al. [84]
developed an unsaturated flow model in Seep/W using permeability and water retention
data to observe the field-level pore water pressure variation resulting from rainfall events.
Then, a hydromechanical model was developed using Plaxis software to evaluate the
mobilised shear strength of the slope based on the change in the pore water pressure and
the factor of safety over time resulting from actual rainfall. It was found that the decrease
in shear strength was more rapid during a rainfall event than its recovery during drying,
which indicated a rapid reduction in shear strength during recurring rainfall events with
shorter drying periods. Here, an anisotropic condition of the permeability was expected
owing to cracks, and the model outcome could be improved by including this parameter.

The movement of expansive soils results in another cluster of problems related to the
serviceability of infrastructure. To obtain a better understanding of the interaction between
expansive soils and structures in response to moisture variations, limited studies have been
conducted on the footing design [85-87], canals [88], pipelines [47,89-91], slopes [50], pave-
ments [92], etc. In most of these studies, atmospheric conditions were obtained from field
investigations in which changing climatic conditions were overlooked. Thus, although cli-
mate change is likely a driver of the worsening of infrastructure problems, limited attention
has been paid to soil moisture—structure interactions focusing on lightweight infrastructure.
In this context, Karunarathne et al. [93] aimed to incorporate long-term climatic scenarios
in the analysis of ground movement. Similarly, Teodosio et al. [85] conducted a recent
study on soil-structure interactions combining most of the possible mechanisms involved
in expansive soils. Hence, it is worthwhile to discuss these two studies to understand
expansive soil behaviour in the Australian climate.

Karunarathne et al. [93] developed a Vadose/w model to observe the water content
variation of an expansive soil based on seasonal climatic variations; the model was validated
through regular field monitoring. For the Vadose model, hydraulic properties including
the SWCC were obtained from soil investigations (laboratory and field), whereas, for the
thermal properties, data from nearby sites were used. The other input parameters are
presented in Appendix A, Table Al. Figure 10 compares the measured and predicted
moisture content; the results demonstrate that the model can reliably predict moisture
changes in all seasons. A slight deviation is observed near the surface. This is expected
because of the local influences on the surface owing to the existence of slope variations,
potholes, shrinkage cracks, and differences in vegetation.

® Measured at 0.35 m —©— Model prediction at 0.35 m

A Measured at 0.6 m —=4— Model prediction at 0.6 m
) *  Measured at 0.85 m —%— Model prediction at 0.85 m

¢ Measured at 1.6 m —B— Model prediction at 1.6 m

Volumetric moisture content

1 °
°
0.2 ' | ' | ' | ' |
10/04/2013 10/10/2013 10/04/2014 10/10/2014 10/04/2015
Date

Figure 10. Measured and predicted soil moisture at various depths. Data from Karunarathne [56].
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The probable ground movements were then estimated using FLAC3D based on the
outcomes of the Vadose/w model, assuming isotropic free swelling of the soil, and the
results were validated based on site measurements of the ground movement. The input
parameters and equations used in the simulation are listed in Appendix A Tables A2 and A3,
respectively. This model can be used to predict ground movement under long-term climatic
conditions. However, further studies can improve the functionality of the model based
on spatial variations to capture local conditions. For instance, if the model was generated
by considering different regions of Australia for different representative concentration
pathways, it could provide better predictions than the model generated by averaging the
projected rainfall and temperatures of different cities.

Teodosio et al. [85] developed a hydromechanical model using Abaqus software to
evaluate the combined interaction of the soil moisture variation in expansive soil and changes
in loading conditions on structures. To model the soil moisture variation, SWCC data reported
by Li et al. [94] for the same site were used. To describe the mechanical behaviour of the
soil, the Bishop [95] function was simplified as shown in Equation (25); to describe the soil-
structure interaction, contact element analysis [96] was used. Appendix A Tables A1-A3 list
the input parameters and equations used in these studies.

oc=0 — Sy (25)

where ¢ is the total stress resulting from the mechanical load, ¢ is the effective stress, i,
is the soil suction, and S, is the degree of saturation. The incremental stress (do’) can be
expressed as shown in Equation (26) [97].

e (Y L (g 95
do’ = E |:1+€0d{ln<0'gq>}+3(d€msd¢wd¢w (26)

where E is the elastic constant tensor of the soil, « is the logarithmic bulk modulus of the
soil, ¢, is the initial void ratio, ¢,;s" is the volumetric strain obtained through laboratory
shrinkage experiments, and o, and 07 are the initial and final equivalent stress components,
respectively, of the orthogonal stresses.

The simulated outcomes are compared to field observations (average of upper and
lower bound observations) in Figure 11. The field data (gravimetric soil moisture, soil
suction, and reactive soil movement) was collected by Fityus et al. [73] over a five-year
period. It can be seen that for both edge and centre heave, reasonable prediction of ground
movement is achievable even though there are significant scope for improvement of accuracy.
There is a need for further studies to better understand the interaction between structures
and underlying reactive soils. It is expected that simulations can overcome most of the
shortcomings associated with uncoupled traditional methods, preventing oversimplification
by considering the 3D moisture flow and associated mechanical behaviour to represent
a more realistic soil movement profile. Incorporation of effect of vegetation and effect of
climate change in such analyses can be of interest to the general engineering community.

The ground movement associated with climate change can increase the susceptibility
of growing urban areas to damage; however, recent urban development planning strategies
have not considered the impact of climate change on housing foundations in Australia [98].
In this scenario, it is vital to investigate the behaviour of expansive soils for infrastructure
resistance to climate change, and two studies [85,93] conducted in Melbourne can provide
a better understanding of soil-atmosphere—structure interactions. As the climates of other
states in Australia are different, it is essential to conduct such studies in other regions as
well. If these studies are compared, the former can incorporate long-term climate conditions
to estimate ground movement in response to future climate, whereas, in the second study;
the inclusion of future climatic conditions has not been considered. Hence, an improved
model can be developed using the concept of volumetric strain and incorporating future
climate conditions.
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Figure 11. Comparison of simulation results against field measurements; simulation data from Teo-
dosio et al. [85] and field measurement data from Fityus et al. [73] for the (a) edge heave; (b)centre heave.

5. Australian Design Practice for Residential Footings on Expansive Soils

More than 30% of Australian surface soils, distributed as shown in Figure 12, can
be classified as expansive [16]; they can also be found in all inhabited continents of the
world [44]. The Australian standard for footing design for residential buildings, AS2870 [75],
classifies sites according to the characteristic surface movement (ys). Here, ys is defined as
the movement of the ground in the vertical direction owing to long-term suction changes in
the soil. The site classes ranges from mostly sandy and rocky non-reactive sites (ys = 0 mm)
to extremely reactive sites (s > 75 mm). y; is also used in the design of other structures on
expansive soils, such as road pavements [99,100].

L
@ Expansive soils @

Figure 12. Distribution of expansive soils in Australia. Source: [101].
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5.1. Characteristic Surface Movement Prediction

The characteristic surface movement, ys, can be calculated as the cumulative movement
of the individual sublayers of soil within the design suction change depth (Hs), as shown in
Equation (27) [75].

N
ys =10 ) (IptAuh), (27)
n=1
where I is the instability index (%/pF), Au is the average soil suction change of a particular
layer (pF), h is the thickness of a particular layer (m), and N is the number of soil layers within H;.

5.1.1. Instability Index
AS2870 [75] defines the instability index (I) as shown in Equation (28).

3

=+ (28)

where ¢ is the vertical strain, and Au is the suction change. I can be deduced from a core
shrinkage test [102], loaded shrinkage test [103], and a combination of shrinkage and
swelling tests [104]. I can also be estimated from a visual-tactile investigation, and some
correlations between I and other index tests for clay exist, e.g., the linear shrinkage test.
I obtained from the shrink—swell test is referred to as the shrink—-swell index (I3s) and can
be estimated using Equation (29) [104].

€
5 tesn

s = =73

(29)
where egyy is the swelling strain (%), which is zero for ey < 0, and gy is the shrinkage
strain corresponding to the oven-drying condition (%).

I obtained from the loaded shrinkage test is defined as the loaded shrinkage index (Ij5)
and can be estimated using Equation (30) [103].

Iis = |CS| (30)

where c is the soil moisture characteristics defined as in Equation (31), and S is the slope of
the strain versus moisture content plot defined as in Equation (32).
Wy —w f

where w, is the water content of the sample trimmings, wy is the final water content of
soil (%), u, is the mean soil suction of the sample trimmings, and ug is the mean soil

suction determined from the sub-samples acquired after the sample’s removal from the
apparatus (pF).
A
5=
Awt
where Ag; is the change in sample strain (%), Aw; is the change in the water content (%).

The index obtained from the core shrinkage test is defined as the core shrinkage index
(Ics) and can be estimated using Equation (33) [102,105].

(32)

(33)

where Ae is the shrinkage strain (%), Ay is the variation in the moisture content (%), and ¢
is the soil moisture characteristics, defined as below:

_ We — W

= 4
55—u, (34)

c
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where w, is the water content of a soil disc (%) at the mass equilibrium point when the
specimen is kept in a chamber with supersaturated ammonium chloride solution, w, is the
initial water content of the sample trimmings, and u, is the initial total suction (pF).

In core shrinkage tests, the occurrence of shrinkage cracks may lead to inaccurate
lengths, and difficulty in determining the moisture characteristics may lead to deviations
in the results. There is also the possibility of a loss of soil crumbs during handling, and,
hence, these tests may not be the preferred method for estimating soil reactivity [106]. The
calculation of I;; involves both swelling and core shrinkage tests; however, controlling the
suction can be difficult, and lateral confinement of the sample during the swelling test
allows only vertical movement to occur. In addition, neglecting the solute suction expected
from mineralised soil by using distilled water may affect the accuracy of the results. Despite
the limitations of I, it captures the shrink—swell properties, and thus it can be considered
a more reliable reactivity index than I. This observation was supported by Fityus et al. [107]
and Cameron [108]. Furthermore, the shrink—swell test method does not require tests for
suction and can be applied to any given initial moisture condition of the soil [109].

The laboratory test conditions (e.g., one-dimensional swelling in swelling test and
unrestrained shrinkage in core shrinkage test) can often vary from the field condition. In
the field, cracks are often present up to a certain depth and the confinement and overburden
pressure change with the soil depth (z). To correct for the field effect, a multiplier, the
lateral resistance factor («), is applied to the lab-deduced reactivity index (Is), as shown
in Equation (35) [75]. Please note that s is used here as a generic reactivity term, and,
depending on the method used, Is can be Ij; or I or Iss.

Ipt = leps (35)

Iyt can be defined as the field reactivity index after adjustment of the laboratory-
deduced index for field conditions. In the cracked zone, lateral confinement is not expected,
and « can assume a value of 1 [107]. To account for the lateral confinement beneath the
cracked portion, the relationship presented in Equation (36) has been used [75]. Here, « is
again assumed to be equal to 1 for depths of greater than 5 m to achieve a value of I that
is at least equal to Is.

1 Cracked zone
a = |2—% Uncracked zone (36)
1 z > 5m

Once the value of I;; is determined, soil can be classified as of low, moderate, high, and
very high expansive nature, as shown in Table 2 below. It is to be noted that other index
properties (liquid limit and plasticity index) have also been used for deducing the soil’s
classification, and this is also presented in Table 2. Others have correlated the reactivity
with linear shrinkage strain, even though the correlation can have low reliability [110].

Table 2. Guide for expansive soils classification [99,111-113].

Expansiveness Liquid I;/imit (LL), Plastiig;f) Index (PI‘Ze‘i’fl:tZgSP im) Iyt (% Strain/pF)  Modified PI (%)
Very high >70 >45 >3200 4to7 for PI >55 -
High >70 >45 2200 to 3200 2 to 4 for PI < 55 >40
Moderate/ medium 50 to 70 25 to 45 1200 to 2200 1to2 >20 to <40
Low <50 <25 <1200 <1 >10 to <20
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5.1.2. Depth of the Design Soil Suction Change (Hs)

H; is the soil depth under which the soil moisture content is not affected by seasonal
climate variations; hence, no suction changes occur, and soil below this depth does not
contribute to ground movement. The location of the water table and bedrock affects Hs [75].
In such situations, adjustments to Hs; and the suction profile can be made, as shown in
Figure 13. For example, when a shallow depth water table is present, the suction triangle
should end at the top of the water table. In presence of bedrock, the triangle reaches to the
full depth of suction change but the calculation from rock layer is ignored.

Au

() (b) (c)

Figure 13. Suction profile simplifications under various scenarios (a) soil to depth > Hs; (b) effect
of bedrock; (c) effect of groundwater. Adapted from [75] by the first author with the permission of
Standards Australia Limited under licence CLF1022BD. Copyright in AS 2870-2011 vests in Standards
Australia. Users must not copy or reuse this work without the permission of Standards Australia.

5.1.3. Soil Suction Change at the Ground Surface (Au)

Suction is a function of the moisture content and soil type and it varies in response to
atmospheric boundary interactions. AS2870 [75] provides a constant Au value (1.2 pF) for
various locations in Australia. Suction can be measured through field monitoring at various
depths in different locations according to the season. AS2870 [75] assumes a triangular
variation in the suction profile as shown in Figure 13a. However, this triangular distribution
of Au is usually assumed to be conservative because the variation is not linear with depth;
rather, it declines more rapidly, as shown in Figure 14, and thus underestimation may be
expected near the surface [114].

Soil suction, pF
3 4

0 L |

- w»n

—&— Sydney Western Suburbs
—o— Melbourne Western Suburbs
—*— Adelaide NE Suburbs

3 -
Figure 14. Field observations of suction changes for extremely dry and wet conditions. Data adapted
from [114] by first author with the permission of Standards Australia Limited under licence CLF1022BD.
Copyright in HB 28-1997 vests in Standards Australia. Users must not copy or reuse this work without

the permission of Standards Australia.
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5.1.4. Mound Shape and Soil’s Stiffness

The shape of swelled or shrunk ground is referred to as the mound shape, and different
formulations have been published in the literature to capture this. For instance, AS2870 [75]
includes two recommended methods, namely the Walsh [115] and Mitchell [116] methods.
In Walsh’s method, the edge distance (¢) and differential mound movement (y,,) across
a foundation are used to define the mound shape, with flat mounds having parabolic edges,
as shown in Figure 15, where y,, can be considered as 0.5ys and 0.7y for the edge heave
and centre heave, respectively [75]. Likewise, different values of edge distances (m) are
given for edge heave and centre heave, as shown in respective Equations (37) and (38).

Cedge heave = 02L < 0.6+ % (37)

where L is the length of the slab in m and y;, is in mm.

H
€centre heave — ?S + % (38)

where 1, is in mm and H; is in m.

L L

e, - e~ MR

@ (b)

Figure 15. The idealisation of mound shapes in Walsh’s method to depict ground movement in
design: (a) centre heave; (b) edge heave.

The idealised mound shape in Mitchell’s method can be presented as shown in
Figure 16, where y,, can be considered as 0.7y, for both conditions (edge heave and centre
heave) [75]. The profile of the mound in the x and y axes can be obtained from the following
Equation (39).

y=cx" (39)

where c is calculated from the deflected boundary condition at the centre of the slab and m
is the mound exponent given by Equation (40).

1.5L

40)
H. | Un (
7 +% D

m =

where v, is in mm, H; is in metres, and D, is the embedment depth of the edge beam in metres.

< L > < L >
y . .
m ymI Iy
y X
(a) (b)

Figure 16. The idealisation of mound shapes in Mitchell’s method to depict ground movement in

design: (a) centre heave; (b) edge heave.

The design tree effect as a surface movement y; can be calculated using the equation

below [75]:
B =05
Yt = {1 - [%T] }yt—max (41)
oy —0.5
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where HT is the height of a single tree, D; is the distance of the tree from the building, D; is
the influence distance. For a single tree, D; should be taken equal to HT of a group of 4 or
more trees in a row; D; can be taken as twice the design height of the tree group. Yty is
the maximum potential surface movement induced by tree-related suction change. This
is in addition to the usual design suction profile suggested by the design code. A similar
method as of y; for a regular site can be used to calculate ytqy. The depth of cracking can
be taken equal to the maximum design drying depth.

AS2870 [75] suggests the ranges of mound stiffness for swelling and shrinking or
stable soils. For beams in interaction with swelling soil, the value of soil stiffness (k) ranges
between 400 kPa/m and 1500 kPa/m, which may be used as below [75].

k = 100q (42)

where g is the ratio of total building load to the plan area of a slab and k should be at least
1000 kPa/m. For beams in interaction with stable or shrinking soil, k should not be less
than 5000 kPa. Besides these values mentioned in the Australian Standard, some other
approximations have been made, such as bi-linear [115] and non-linear [116] relationships
between swelling and applied pressure.

5.2. Effect of Climate on Hs and Correlation with TMI

The regional climate has a specific relationship with Hs. A reliable value of H; can
be achieved based on long-term site data of ground movements and suction changes, in-
cluding moisture variations with depth. However, obtaining these data requires not only
an extensive site investigation program but also a longer period of up to decades for data
acquisition and accumulation [117]. Few investigations have been performed to predict H
for various locations in Australia. For example, Hu et al. [118] estimated H; values for three
locations in Western Australia and compared them with the available site data [119], while
Walsh et al. [117] developed H; maps for south Western Australia and South-Eastern Queens-
land, and Fityus et al. [74] generated a H; map of the Hunter Valley region of New South
Wales, with a discussion of the H; values at three locations within the Hunter Valley region.
With limited field observations, AS2870 [75] presents values of H; for specific locations, where
higher values of H correspond to hotter climate zones; this can be extrapolated to other areas
based on the suitability of the climate. Alternatively, the TMI is a widely accepted moisture
index for incorporating the effect of climatic boundary conditions in geo-infrastructure design;
hence, AS2870 [75] provides relationships between Hs and TMI values (Table 3) so that H
can be estimated based on the TMI of a particular site. One limitation of AS2870 was that it
provides the H; recommendation for ranges of TMI values which may create confusion in
certain cases. Fityus et al. [74] presented a continuous relationships between Hs and TML. It is
expected that climate change will cause changes in TMI, which will influence Hs which can be
an important problem requiring future investigation.

Table 3. Relationship between TMI and H;. Adapted by first author with the permission of Standards
Australia Limited under licence CLF1022BD from [75]. Copyright in AS 2870-2011 vests in Standards
Australia. Users must not copy or reuse this work without the permission of Standards Australia.

TMI Hg (m)
>10 1.5
>-5t010 1.8
>—15to <=5 2.3
>—-25to <-15 3
>—40to <-25 4

<-40 >4
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5.3. Comparison with American Practice on Expressing Expansion Potential

In the USA, with the evaluation of various published criteria to classify the expansion
potential, Snethen et al. [120] argued that the liquid limit and plasticity index can be taken
as the best indicators for predicting soil’s potential to expand, as shown in Table 4 The
environmental conditions can be represented by this approach, as it considers the field soil
suction as well. This approach has been adopted by AASHTO for classifying the expansion
potential of soil [121], whereas characteristic surface movement is used to characterise
the site in Australian practice. Lytton et al. [122] and Zornberg et al. [123] presented the
methods for estimating vertical strain from volumetric strain exerted by expansive soil
along with the soil suction profile prediction for the transient states. Their studies have
concentrated mostly on pavement design on expansive soil. For the residential footing
design, among various methods, the Post Tension Institute (PTI) method is well employed
in the USA, which has some similarity with AS2870 [75], such as the consideration of
edge heave (lift and drop) depending on the distance of the edge, moisture change, and
the expected differential movement from the shrink-swell phenomenon as per climate
conditions [124].

Table 4. Expansion potential of soil. Adapted from Snethen et al. [120].

Liquid Plasticity Soil Suction at Natural Water Swell Potential Soil
Limit, % Index, % Content ( that), kPa Potential, % Type
>60 >35 >429 >1.5 High
50 to 60 25 to 35 161 to 429 0.5to0 1.5 Marginal
<50 <25 <161 <0.5 Low
5.4. Summary

AS2870 [75] provides a simplified method for estimating the characteristic surface
movement () and classifies sites according to their characteristic ground movement, e.g.,
sandy and rocky sites (class A) to extremely reactive clay sites (class E). A subscript D is
added to the classification if the depth of suction change is >3 m. The current standard
provides the basic requirements for the design of slabs and footing for residential buildings,
emphasising expansive soil issues. It also provides guidelines on the estimation of the
depth of suction change based on TMI. However, the available TMI maps may not reflect
the current climate [98]. Furthermore, the suction depth to TMI relationship has been
developed based on limited field investigations [76]. It is also believed that the change in
suction assumed at the ground surface (used in ground movement calculation) is a function
of soil type and climate conditions. AS2870 [75] provides very limited guidance on its value.

With an example of a specific site in Melbourne, Mitchell [125] mentioned the con-
tinuing revision requirement for the design standards to incorporate the climate change
effects. These indicate the importance of incorporating the effect of the changing climate
to ensure safer, more economic, and climate-resilient designs. Karim et al. [16] showed
that the changes in TMI and thus suction depth may not be uniform across all sites, with
dryer areas being less affected compared to wetter areas within the state of South Australia.
This indicates a necessity of taking site-specific TMI calculations to capture future changes.
The effect of the climate inputs can also be accounted for in more sophisticated numerical
simulations. However, this can be a complex process and research is underway to better
understand the interaction between the expansive soils and the atmospheric boundary.
Hence, by varying these climatic inputs, various numerical simulations can be performed
to represent various locations to either better understand the process or to design for the
specific site boundary condition and soil type.
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6. Conclusions

Expansive soils are problematic soils. They change volume and can exert additional
stresses founded on or within shallow depths. Relevant literature has been reviewed in
this paper and the important outcomes are summarised here.

e  The behaviour of expansive soil can be complex. The expansive soil movement can be
influenced by several factors, including its mineralogy and hydraulic and atmospheric
boundary condition.

e  Many different types of structures can be affected. Some of the specific examples found
in the literature are lightweight residential buildings, road pavements, underground
pipelines, slopes, and other infrastructures.

e Itis expected that, due to climate change, the problems due to expansive soils will
worsen in many parts of the world and should be given proper consideration for
building climate-resilient structures.

e  The effect of climate change may not be uniform across a state or other jurisdiction,
and the local condition needs to be taken into account (calculation of local TMI and
other variables may be needed).

e  Laboratory tests commonly used for the quantification of reactivity are simplified and
can be time-consuming. The number of field studies is also limited due to the expenses
and effort involved.

e  Current practice is based on a simplification of a complex process and caution should
be exercised when estimating the soil reactivity as a function of conventional soil
parameters such as the liquid limit or plasticity index.

e  Numerical tools have been used to capture the behaviour of expansive soil and its
interactions with different types of structures and can be a useful tool for a better
understanding of the process or site-specific designs. They can be categorised into
three groups, i.e., (1) modelling of the seepage due to interaction with the atmo-
spheric boundary; (2) modelling of volume change and related ground movement,
and (3) modelling of the interaction between the soil and structure constructed on or
within the shallow depth of it.

e Advanced numerical methods for unsaturated seepage will require inputs of the
SWCC and unsaturated hydraulic conductivity function and can be a complex process.

e  Several past studies have attempted modelling of the interaction between soil-atmospheric
boundaries and structures. However, several assumptions have been made, including
some on the calculation of effective stress, which can have important consequences for
the outputs of the numerical model.

e  This review recommends further studies to incorporate the effects of the future climate,
as geo-structures are designed to achieve a 50- to 100-year service life.
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Appendix A
Tables A1-A3 list the parameters and equations used in the numerical simulations.
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Table Al. Parameters used to model the soil moisture variation.

Hydraulic
SWCC Conductivity Thermal Properties Climate Data Boundary Condition = Reference
Function
Developed . The measured thermal Applied in
through the The equation S a surface layer.
. conductivity, Weather data
measured soil proposed by . . . . . Assumed
. . including the specific collected from the Considered in
suction with Fredlund et al. [67] h . s bedrock at the
. eat capacity variation nearest weather
corresponding  was used to develop with the moisture station were through LAL RD bottom layer [93]
moisture this function in the . . & L and non-flow
. content, was taken assigned in the and PML factors. o
content in Vadose/w model. . conditions.
from another site near ~ Vadose/w model. .
Vadose/w K, was measured. Adaptive
the study area [126]. . .
software time-stepping.
Kiynsat was A soil column of
formulated height:width:
Obtained from based on ) ) ) length =11:11:11 m [85]

was considered to
avoid the impact of
boundary conditions.

Lietal. [94] Forchheimer [127].
Ky =1x10"7to

1 x 1072 (m/s).
Here, LAl is the leaf area index, RD is the root depth, and PML is plant moisture limiting.

Table A2. Parameters used for the soil suction and volume change/deformation analysis.

Suction Change Hg(m) Strain Reference
SWCC from Vados'e /w m(?del captures 0.6 to 3 Aegy, = aAw, [93]
the suction profile o =0.28 [128]
1.2 pF 1.3to4 ET = €es + Ems [85]

Here, Agg, is the linear swelling strain, Aw is the change in water content, « is the linear expansion coefficient,
e is the total strain, €, is the strain resulting from the effective stress of the soil, and ¢,,s the volumetric strain
resulting from the swelling of soil based on the moisture level.

Table A3. Determination of the stress in soil based on the moisture-induced strain.

Stress Equation Bulk Modulus Elaizg;'ilizear POIZS;: S Boundary Condition Reference
Second-order
polynomial equation
in the FLAC3D
model was
Aoy, = 3kAe developed from lab
Fos K = gk toets o the oot 1o Vgoir = 045 Same as Table Al. [93]
generate the soil
stiffness (E) and
gravimetric moisture
relationship.
. Symmetry in the x- and
z-direction of the inner
E = tensor of parts of a slab.
Log bulk soil elastic e  Symmetry in each direction
Equation (25) modulus, x, constants exerts a restraining force to the ~ Mechanical
Equation (26) commonly Vsoil 321 to respective directions behaviour
dogey = 2Gdedl,, adopted values ’ and restrains rotation in the of soil
were 0.01-0.06. other directions. [85]
31— ZVSg J(te) y e  Horizontally res?rained outer
T 20tvepr edges allow vertical movement.
(0*T)exp (gc;lo ) . The bottom part of the soil
- mass is restrained horizontally
o = (1—dy)E, (Et _ SI:’I) Elastic modulus of and vertically. Slab-on-
ol concrete (E) = Veonerete = 0.2 o Friction coefficient grade
o = (1—dc)E, (SC — & ) 20-25GPa (soil-structure contact) = 0.35. model

Here, Aoy, is the stress change, k is the tangent bulk modulus, v is the Poisson’s ratio, do,, is the change in
deviatoric stress, dsfilm is the change in the elastic part of the deviatoric strain, s‘;lol is the elastic volume change
(logarithmic), G is the shear modulus, ¢, is the initial void ratio, o; is the uniaxial tensile stress, o¢ is the uniaxial
compressive stress, d; and d; are damage variables ranging from zero (undamaged concrete) to one (damaged

! ! . . . . .
concrete), and &} and e are the tensile and compressive plastic strain rates, respectively.
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