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Abstract. Near-surface unsaturated soils can be exposed to elevated temperatures due to soil-atmospheric
interactions under drought events, wildfires, heatwaves, and warm spells, or the heat induced by emerging
geotechnical and geo-environmental technologies such as geothermal boreholes and thermally active earthen
systems. Elevated temperatures can affect the hydro-mechanical characteristics of unsaturated soils, which in
turn can alter lateral earth pressures developed in the backfill soil. The main objective of this study is to quantify
the effect of elevated temperatures on active and passive earth pressures of unsaturated soils. For this purpose,
the paper presents the derivation of an analytical framework to extend Rankine’s earth pressure theory to
account for the effect of temperature under hydrostatic conditions. The equations are derived by incorporating
the effect of temperature into the soil water retention curve and a suction stress-based effective stress
representation. The proposed effective stress equation considers the temperature-induced changes in the contact
angle, surface tension, and enthalpy of immersion. To investigate the impact of temperature on active and
passive earth pressures, the proposed method is then used in a set of parametric studies to determine active and
passive earth pressure profiles for three hypothetical soils of clay, silt, and sand at different temperatures.
Results suggest that elevated temperatures can cause variation in active and passive earth pressures for all the
soils considered. The findings of this study can contribute toward analyzing earth retaining structures subjected
to elevated temperatures.

1 Introduction

Earth retention systems such as retaining walls and MSE
walls are primarily designed and analyzed using lateral
earth pressure methods. Backfill soils in these systems are
mostly in an unsaturated state during the life span of the
structure, which highlights the importance of considering
unsaturated soil mechanics for lateral earth pressure
calculations. To address this need, several studies have
extended classical earth pressure theories such as
Rankine’s and Coulomb’s methods to unsaturated soils to
account for the role of matric suction [1-3]. For example,
Lu and Likos [2] extended Rankine’s method by
incorporating a suction stress-based effective stress
representation. Liang et al. (4) extended Coulomb’s
method to unsaturated soils using two independent stress
state variables. Vahedifard et al. [3] presented an analytical
framework for calculating the thrust of active earth
pressures under unsaturated steady flow conditions by
employing the suction stress-based effective stress and a
log spiral surface. Shahrokhabadi et al. [5] incorporated the
effect of transient unsaturated seepage into Rankine’s
theory.
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All of the existing models for determining lateral earth
pressures in unsaturated soils are developed and applicable
only under ambient temperature. However, unsaturated
backfill soils can be exposed to elevated temperatures due
to soil-atmospheric interactions under drought events,
wildfires, heatwaves, and warm spells, or the heat induced
by emerging geotechnical and geo-environmental
technologies such as geothermal boreholes and thermally
active earthen systems [6-8]. Some of the thermal energy
applications require maintaining at least 35 °C to operate
the system [8]. The soil surrounding the solid waste
landfills in vertical trenches may undergo temperatures as
high as 50-80 °C depending on the nature of
decomposition [9]. Further, it is reported that earth
retention systems are frequently subjected to elevated
temperatures of over 50 °C in arid environments, which
can considerably increase the temperature within the
backfill soil as well [10].

Temperature can have a notable impact on hydro-
mechanical response of unsaturated soils [11-13], and thus
on lateral earth pressures. Elevated temperatures can affect
matric suction and degree of saturation, which are the
critical parameters controlling the suction stress and,
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subsequently, the hydro-mechanical behavior of
unsaturated slopes and earthen structures [11-13].
Therefore, it is prudent to consider the effects of
temperatures in lateral earth pressure calculations for
applications involving elevated temperatures. However,
there is no theoretical model in the current literature to
estimate earth pressure under elevated temperatures.

The current study aims to develop closed-form models
to calculate active and passive earth pressures for
unsaturated soils under elevated temperatures. A
temperature-dependent model for the suction stress-based
effective stress recently developed by Vahedifard et al.
[13-14] is wused, which incorporates two primary
temperature-dependent variables of matric suction and
effective degree of saturation. The temperature-dependent
effective stress is then incorporated into Rankine’s classic
earth theory to extend it to unsaturated soils subjected to
elevated temperature. The proposed models are exercised
for three hypothetical soil types of clay, silt, and sand to
determine active and passive earth pressure profiles under
hydrostatic conditions at surface temperatures of 25, 40,
and 55 °C.

2 Theory and Formulations

2.1 Effective stress in unsaturated soils

Building upon Bishop’s effective stress theory [15], the
suction stress-based effective stress is used in this study to
describe the state of stress in unsaturated soils as follows
[2,16]:

o'=0-u,-0o' 9]
where ¢' is effective stress, o is the total stress, U, is
the pore-air pressure (which is assumed to be equal to the
atmospheric pressure in this study), and ¢’ is the suction
stress, which can be calculated as [16]:

o' =-ys, ¢)
where Y/ is the matric suction, representing the difference
between pore-air pressure and pore-water pressure, and §,

is the effective degree of saturation and can be represented
by a soil-water retention curve (SWRC) model [16-17].

2.2 Temperature-dependent suction stress profile
versus depth under hydrostatic condition

To establish a relationship between the matric suction and
the degree of saturation, we use the Brooks and Corey
SWRC model [18] (referred to as the BC model hereafter),
recently extended to temperature-dependent conditions by
Vahedifard et al. [13-14]. The extended BC SWRC model
considers the effect of temperature on capillarity as a
function of surface tension, contact angle, and enthalpy of
immersion per unit area for unsaturated soils. These
formulations further are used to develop expressions for

matric suction, effective degree of saturation and suction
stress under elevated temperatures.

The matric suction depth profile generally varies
depending on the soil type, effective degree of saturation,
and the depth of the water table. Using Darcy’s law, one
can express the matric suction in terms of depth and
hydraulic parameters [19]. A one-dimensional matric
suction profile under hydrostatic conditions as a
temperature-dependent quantity is expressed as [12-15]:

B +T,
B+T }

where S, and f are regression parameters depending on
the contact angle and enthalpy of immersion, and T is the
temperature in Kelvin, 7, is the reference temperature, y,, is
the unit weight of water, and z is the depth above the water
table. Fig. 1 shows the variation of matric suction with
depth at various temperatures. For all soils, it is evident
that the matric suction increases with an increase in
temperature.

Using Gardner’s hydraulic function, the BC SWRC
model and Eq. 3, the temperature-dependent effective
saturation depth profile under hydrostatic conditions can
be written as:

5, = {em{—ﬁ' z[ﬁ/:;:TT’ H} )

where ' and n are the SWRC fitting parameters related to

v= m[ G)

air entry pressure and the pore size distribution,
respectively. By incorporating Egs. 3 and 4 into Eq. 2, the
final expression for temperature-dependent suction stress
versus depth under hydrostatic condition is:

o= exp{—ﬂ'z(ﬂ’ﬁf:fﬂ & o
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Fig. 1. Depth profiles of matric suction: (a) clay (b) silt and (c)
sand soils at temperatures 25, 40, and 55 C.

2.3 Lateral earth pressures of unsaturated soils at
elevated temperatures

We use Egs. 3-5 to extend Rankine’s active and passive
earth pressure formulations for unsaturated soils proposed
by Lu and Likos [4] to temperature-dependent conditions.
Fig. 2 depicts the schematic diagram of active and passive
earth pressures for unsaturated soils under elevated
temperatures. A steady temperature is applied on the soil
surface and is assumed to remain constant throughout the
depth. The temperature-dependent active and passive earth
pressure profiles versus depth for unsaturated soils are
determined as:

o,—u,=(0,-u)K,—2c"'\K,

B+t " (BT,
_{exp|:—ﬂ Z[Wj}} }’WZ[WJ(I—K,,)

o,—u,=(0,~u)K, +2c'JK

(6)
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where o, is the horizontal earth pressure, o, = (T" - 2)y

(N

is the vertical earth pressure can also be termed as the
overburden pressure, 7’ is the total depth of overburden,
which can vary as T, or T, depending on active or passive

mode, y is the unit weight of soil, ¢' is the cohesion, K, is
the coefficient of active earth pressure, K, is the

coefficient of passive earth pressure.
T
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Fig. 2. Schematic diagram of active and passive earth pressures
for unsaturated soils under elevated temperatures.

The right side of the retaining wall in Fig. 2 represents
the passive mode of lateral earth pressure where the soil is
in a compressive state. The water table is set 6 m below the
surface on this side. In the passive region, the horizontal
pressure increases and is greater than the vertical pressure.
The left side of the wall is in the active state of lateral earth
pressure where the wall moves away from the soil. The
water table is set at 10 m from the fill surface on this side.
The horizontal pressure reduces and is less than the
vertical pressure in the active region. Therefore, depending
on the region considered, the overburden pressure changes.

3 Results and Discussion

The depth profiles for active and passive earth pressures at
different suction stress under hydrostatic conditions can be
calculated by Eqgs. 6 and 7, respectively. The hydraulic and
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shear strength parameters for the soil types used in the
analysis are shown in Table 1.

Table 1. Input parameters used for earth pressure

calculations.
Hydraulic Shear
strength Geometry
parameters
parameters
Soil ‘
ﬂ AhT, ¢/ ¢’
&kPa™) | (/m?) (kPa) | T,=10m
S T,=6m
Clay | 2| 33.33 25 10
-0.516
Silt | 3| 3.33 33° 2
Sand | 4 3 -0.285 | 35° 0

Fig. 3 shows the depth profiles for the clay at
temperatures 25, 40, and 55 DC, respectively. The results
plotted to show the effect of temperature on suction stress,
active and passive pressures at various depths. The
absolute magnitude of suction stress decreases with an
increase in temperature from ambient conditions. For
instance, when the temperature increases from 25 C to 40
‘Cand 55 C at a depth 4 m above the water table, the
suction stress decreases by 31% and 68%, respectively
(Fig. 3a). Changes in the degree of saturation could affect
matric suction in unsaturated soils. These could further
affect suction stress of the soil under elevated
temperatures. The changes in matric suction with
temperature are attributed to temperature-induced changes
in the surface tension, contact angle and wettability of soil
[12-14].

At elevated temperatures, the increase in suction stress
decreases the active earth pressure and increases the
passive pressure as shown in Figs. 3(b) and 3(c),
respectively. Consistent with temperature-induced changes
in the suction stress, the active earth pressure decreases by
75% and 150% and the passive earth pressure increases by
9% and 21% by raising the temperature from 25 to 55 C.
It is observed that the tension zone (i.e., negative earth
pressure) varies depending on temperature and depth. The
zone of soil layer under tension stress increases with an
increase in temperature. The top layers of 5 m for 25 'C,
5.5 m for 40 C, and 6 m for 55 C are under negative
active earth pressures, respectively. The increase in the
tension zone may cause cracks to propagate deeper from
the surface. The formation of deeper tension cracks
followed by variation in the degree of saturation may cause
drastic pore-water pressure changes in the soil. The
changes in the properties with temperature are attributed to
the physicochemical variation of pore-water on and around
the soil particles, which can have a notable effect on lateral
earth pressures and cracked zone.
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Fig. 3. Depth profiles of (a) suction stress (b) active earth
pressure and (c) passive earth pressure for clayey soil at
temperatures 25, 40, and 55 C.

Fig. 4 shows the depth profiles of the silty soil at
temperatures of 25, 40, and 55 °C, respectively. A similar
trend is observed for the silt with a relative change in each
property is lesser than observed for the clay. At depth 4 m
above the water table, the suction stress increases by 20%
and 37% (Fig. 4a). The active earth pressure (Fig. 4b)
decreases by 24% and 46% and the passive earth pressure
(Fig. 4c) increases by 5% and 10% with the elevation of
temperature from 25 C to 40 ‘C and 55 C, respectively.
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Fig. 4. Depth profiles of (a) suction stress (b) active earth
pressure and (c) passive earth pressure for silty soil at
temperatures 25, 40, and 55 C.

Fig. 5 shows the depth profiles of the sandy soil at
temperatures of 25 oC, 40 oC, and 55 oC, respectively. The
plots indicate the hydrostatic condition has minimal effect
on suction stress and thus insignificant contribution to
changes in active and passive earth pressures. However,
the elevation of temperature from ambient conditions can
have a relatively noticeable effect on suction stresses
profiles and hence, on the lateral earth pressures. For
instance, at a distance of 4 m above the water table and if
the temperature increases from 25 to 40 and 55 oC, the

suction stress (Fig. 5a) increases approximately by 6% and
22% and the active earth pressure (Fig. 5b) decreases by
9% and 32% and the passive earth pressure (Fig. 5c)
increases by 2% and 7%, respectively.
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Fig. 5. Depth profiles of (a) suction stress (b) active earth
pressure and (c) passive earth pressure for sandy soil at
temperatures 25, 40, and 55 C.

4 Conclusions

In this paper, Rankine’s earth pressure equations for
unsaturated soils were extended to account for the effect of
temperature. For this purpose, the temperature-dependent
suction stress-based effective stress is incorporated into
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formulations for calculating active and passive earth
pressure profiles in unsaturated soils subject to elevated
temperatures. The proposed suction stress framework is
obtained from the extended SWRC model originally
developed by Brooks and Corey, Darcy’s flow principle,
and Gardner’s hydraulic conductivity function. The final
formulation is simplified for hydrostatic condition (i.e., no
flow conditions). The SWRC model considers the thermal
effects on the surface tension of water, enthalpy of
immersion and the contact angle.

To illustrate the temperature dependency of active and
passive earth pressures, a parametric study was conducted
with clay, silt, and sand at temperatures of 25, 40, and 55
“C under hydrostatic conditions. The results were presented
in the form of active, and passive earth pressure profiles.
The results suggested that elevated temperatures can have
a significant effect on suction stress and thereby lateral
earth pressures. For elevated temperatures, the suction
stress increases, the active pressure decreases, and passive
pressure increases. However, the variation of earth
pressure magnitudes depends on depth, soil type and range
of matric suction. For all soils, the tension zone increases
with an increase in temperature from ambient conditions.
The proposed approach can also be extended to different
steady-state flow conditions like infiltration and
evaporation.
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