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A Temperature-Dependent Model for Ultimate Bearing
Capacity of Energy Piles in Unsaturated Fine-Grained Soils
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Abstract: This study presents an analytical framework to estimate the change in ultimate bearing capacity of energy piles in unsaturated fine-
grained soils under drained mechanical loading conditions after drained heating. The framework was developed by extending conventional
methods for the ultimate bearing capacity of piles in unsaturated soils to temperature-dependent conditions, where thermally induced changes
in the characteristics of the unsaturated soil and soil-pile interface are considered. Specifically, the thermally induced variations in matric
suction and effective saturation profiles with depth were incorporated into calculations of the shaft capacity and the end bearing capacity of
piles in unsaturated soils. The proposed ultimate bearing capacity model is validated against experimental data for an energy pile loaded to
failure in unsaturated Bonny silt, and a good match between measured and predicted values was obtained. A parametric study was carried out
to evaluate the effects of infiltration rate and pile aspect ratio (i.e., pile embedment length/pile diameter) on the ultimate bearing capacity of
energy piles in unsaturated clay and silt layers subjected to temperatures ranging from 5°C to 45°C. For both soils, the shaft, end bearing, and
ultimate bearing capacities vary with an increase in temperature. At the reference temperature, the shaft, end, and ultimate bearing capacities
vary monotonically with pile embedment length, while at elevated temperatures they vary nonmonotonically with pile embedment depth. At a
given temperature, the parametric study shows that the bearing capacity of energy piles in clay decreases with increasing downward in-
filtration of water into the soil profile surrounding the energy pile, while in silt it may decrease or increase depending on pile embedment
length. The ultimate bearing capacity increases with a decrease in pile aspect ratio at all temperatures. Estimates of the ultimate bearing
capacity of energy piles in unsaturated fine-grained soils from the framework are a critical part of thermomechanical soil-structure interaction
analyses needed to design energy piles, so this study contributes toward the widespread application of this emerging technology in practice.
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Introduction

Deep foundations are extensively used in various geotechnical and
geoenvironmental applications to transfer mechanical loads to firm
strata, resist horizontal and uplift movements, and minimize settle-
ments. Estimating the ultimate bearing capacity of a deep founda-
tion is an important step in their geostructural design. Most
methods used in practice for estimating the ultimate bearing capac-
ity of deep foundations are focused on saturated soils (e.g., Skemp-
ton 1959; Chandler 1968; Burland 1973), and only in the past two
decades have studies focused on the behavior of deep foundations
in unsaturated soil layers. For instance, Georgiadis et al. (2003)
used finite-element analysis to study the influence of unsaturated
soil conditions on the behavior of piles, while Vanapalli and Taylan
(2012) extended methods originally developed for saturated soils to
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unsaturated soils under both drained and undrained mechanical
loading.

Over the past decade, there has been a rapidly growing interest
toward integrating geothermal heat exchangers into deep founda-
tions to improve the efficiency of heating and cooling systems for
buildings (e.g., Brandl 2006; Laloui et al. 2006; Loveridge et al.
2019; McCartney et al. 2019; Laloui and Loria 2019). During heat
exchange operations, the temperature of these piles (referred to as
energy piles) typically varies between 5°C and 35°C (e.g., McCart-
ney and Murphy 2017), although some laboratory studies have
evaluated the effects of temperatures as high as 45°C (Xiao et al.
2014; Liu et al. 2019; Goode and McCartney 2015). In energy
piles, axial stresses may be induced by heating that are superim-
posed atop the axial stresses due to mechanical loading. Although
it is desirable for the combined thermomechanical stresses to be
within the elastic range, the temperature changes can affect the soil
surrounding the pile and, in turn, affect the ultimate bearing capac-
ity. The majority of previous studies on the ultimate bearing
capacity of energy piles are limited to dry or saturated conditions
(Kramer and Basu 2014; Wang et al. 2015; Ng et al. 2015; Loria
et al. 2015; Goode and McCartney 2015) and fewer studies have
focused on unsaturated conditions (Uchaipichat 2005, 2012,
2013; McCartney and Rosenberg 2011; Goode and McCartney
2015; Akrouch et al. 2016). Knowledge of the ultimate bearing
capacity of energy piles is critical in thermomechanical load trans-
fer (T-z) analyses, so understanding the impact of unsaturated con-
ditions on the components of the ultimate bearing capacity will
lead to improved designs considering soil-structure interaction
(e.g., Knellwolf et al. 2011; Chen and McCartney 2016). Gaps re-
main for an analytical framework that can reasonably capture the
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effects of temperature on the ultimate bearing capacity of energy
piles in unsaturated soils.

This study aims to provide insight into the effects of temperature
and unsaturated conditions on the ultimate bearing capacity of en-
ergy piles with a practical goal of facilitating the computationally
efficient design and analysis of energy piles in unsaturated soils.
For this purpose, this paper presents an analytical framework built
on fundamental theories to estimate the ultimate bearing capacity of
energy piles in unsaturated soils subject to varying temperatures
under drained heating and mechanical loading conditions. A
temperature-dependent model for effective stress is incorporated
into the formulation of the shaft and end bearing capacity of the
energy pile. The proposed model includes the effect of temperature
on matric suction, degree of saturation, and pile—soil interface
strength. The model is validated against data available in the liter-
ature. A parametric study is carried out to evaluate the effects of
flow rate and aspect ratio (i.e., pile embedment length/pile diam-
eter) on the ultimate bearing capacity of an energy pile in clay and
silt at temperatures ranging from 5°C to 45°C.

Background

The ultimate bearing capacity of an energy pile is expected to vary
during drained heating due to the effects of temperature on the
properties of the soil, pile, and soil-pile interface. Results of tests
in the literature report different trends of ultimate bearing capacity
of energy piles with temperature. McCartney and Rosenberg (2011)
observed a 40% increase in the ultimate capacity of an energy pile
in unsaturated Bonny silt after heating the pile in the centrifuge by
41°C. However, they did not characterize the changes in water con-
tent of the soil surrounding the energy pile during heating. Wang
et al. (2015) tested a pile in silt at 1 g and found that the ultimate
capacity of the pile at 38°C was higher than that at 20°C. Ng et al.
(2015) performed centrifuge tests on energy piles in saturated sand
and found that an increase in ultimate bearing capacity of 13% oc-
curred primarily due to changes in shaft capacity when the pile was
heated from 22°C to 37°C. However, they observed that a larger
increase in ultimate bearing capacity of 30% occurred primarily
due to changes in end bearing capacity when the pile was heated
from 22°C to 52°C. Many investigators have developed semian-
alytical or numerical models to study the effect of temperature on
soil-structure interaction, although most did not consider the ef-
fect of temperature on the bearing capacity (e.g., Knellwolf et al.
2011; Suryatriyastuti et al. 2013, 2014; Olgun et al. 2015; Saggu
and Chakraborty 2015; Chen and McCartney 2017). Further,
other studies have compared results from numerical simulations
with thermal stress and strain data from heating tests on full-scale
energy piles (e.g., Di Donna and Laloui 2013; Di Donna et al.
2016b; Loria et al. 2015; Fuentes et al. 2016; Fu 2017). Several
of these studies have found that an increase in temperature leads to
increases in the magnitude of the shaft and end bearing capacities
of the pile.

The effect of temperature on the properties of the soil-energy
pile interface is another factor that can influence the ultimate bear-
ing capacity of energy piles. Akrouch et al. (2014) and Yavari et al.
(2016) reported negligible changes in the interface friction angle
and adhesion of soil-pile interfaces. Murphy and McCartney
(2014) performed borehole shear tests with heated concrete inter-
face pads and found negligible changes in interface friction angle
with temperature. Di Donna et al. (2016a) conducted tests on sa-
turated clay—concrete interfaces at different temperatures and found
an increase in the apparent adhesion and a reduction in interface
friction angle during heating. Fu (2017) observed that an increase
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in temperature can cause a decrease in water content and an in-
crease in the interface friction angle and adhesion for interfaces
between concrete and unsaturated soil. Yazdani et al. (2019) per-
formed a set of laboratory tests and found that the shear strength
of a saturated clay—concrete pile interface increases with temper-
atures from 24°C to 34°C, possibly due to changes in clay volume
at the interface. Vasilescu et al. (2019) observed only small
changes in the interface friction angle (i.e., within 0.7°) for a sa-
turated soil-concrete pile interface sheared at temperatures of
8°C, 13°C, and 18°C.

There are very few studies that have investigated energy piles
under unsaturated conditions. However, existing studies show that
the overall performance of energy piles is affected by the unsatu-
rated conditions and temperatures (e.g., McCartney and Rosenberg
2011; Goode and McCartney 2015; Wang et al. 2012; Uchaipichat
2013; Akrouch et al. 2014; Fu 2017; Behbehani and McCartney
2020a, b; Thota and Vahedifard 2020). Wang et al. (2012) reported
a reduction in the shaft capacity of a pile in fine sand with initial
gravimetric water contents of 0%, 2%, and 4% when the pile temper-
ature was increased from 20°C to 60°C, although they studied an
aluminum energy pile that may have mobilized a fraction of the ul-
timate capacity during heating prior to mechanical loading. Goode
and McCartney (2015) performed centrifuge tests on a model ther-
moactive pile embedded in silt. They observed a decrease in water
content and an increase in pile shaft capacity because of heating the
pile from room temperature to 41°C. Behbehani and McCartney
(2020a) used a coupled thermo-hydro-mechanical model to explain
that this increase in capacity was due to thermally induced drying of
the surrounding soil during monotonic heating, which led to an in-
crease in effective stress and shear strength. Behbehani and McCart-
ney (2020b) used this model to study the seasonal cyclic heating and
cooling response of energy piles and found only minor changes in
degree of saturation with time, indicating that drained conditions can
be assumed. Coupled heat transfer and water flow models may pro-
vide the best interpretation of the transient processes in unsaturated
soils surrounding energy piles, but simplified analytical approaches
are preferred for energy pile design.

Model Development

Conceptual Model of Ultimate Bearing Capacity of
Piles under Varying Temperatures

Proper design of energy piles warrants a careful examination of all
parameters that are affected by changes in hydraulic and mechani-
cal loads under varying temperatures. In this study, the ultimate
bearing capacity of an energy pile in an unsaturated soil layer is
determined by quantifying the shaft and end bearing capacities
under varying degrees of saturation and temperatures. The effects
of degree of saturation (or suction) and temperature are accounted for
in the properties of the surrounding unsaturated soil, as well as the
soil-pile interface under drained mechanical loading conditions. The
temperature distribution within the pile is assumed to be constant and
heating is assumed to be drained (i.e., all thermal volume changes in
the soil have occurred and there are no excess pore water pressures or
changes in degree of saturation). These assumptions can reasonably
represent field conditions in which the changes in the average tem-
perature of the energy pile occur slowly over several months and
sufficient time is permitted for dissipation of pore water pressures
(Behbehani and McCartney 2020b). For these conditions, it can also
be assumed that the soil surrounding the energy pile reaches an al-
most constant temperature along the pile length. Several studies in-
cluding field and laboratory tests observed constant soil temperatures
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along the length of the pile (e.g., Laloui et al. 2006; Bourne-Webb
et al. 2009; Kalantidou et al. 2012; Murphy et al. 2015; Ng et al.
2015; McCartney and Murphy 2017; Vasilescu et al. 2019; Elzeiny
et al. 2020). Increases in pile dimensions due to thermal expansion
are not considered. Several studies (e.g., Knellwolf et al. 2011; Chen
and McCartney 2017) have shown that thermally induced changes in
the pile dimensions are small enough that they do not result in sig-
nificant changes in radial stress and side shear restraint. Further, the
change in length of the energy pile is not significant enough to
change the area used in the calculation of the shaft capacity.

The pile temperature affects the effective stress and apparent
cohesion in the soil through thermal changes in the matric suction
and degree of saturation, which in turn alter the ultimate bearing
capacity of the pile. The magnitude of thermally induced variation
in the ultimate bearing capacity of an energy pile depends on the
soil type and pile embedment depth. Triggered by changes in
hydraulic properties and apparent cohesion, thermally induced
changes in the pile—soil interface strength can also affect the ultimate
bearing capacity. At the edge of the pile, the thermally induced water
flow in unsaturated soils occurs due to several phenomena arising
from temperature effects on water properties (density, viscosity, sur-
face tension, etc.), soil-water retention properties, and vapor diffu-
sion (Philip and De Vries 1957; Grant 2003; Bager et al. 2018;
Behbehani and McCartney 2020a, b; Thota 2020). These factors to-
gether cause water to flow through the soil away from the pile, lead-
ing to desaturation, which in turn can affect the thermal efficiency of
the energy pile (e.g., Akrouch et al. 2016). This is mainly due to the
lower thermal conductivity of dry and unsaturated soils compared to
saturated soils (Campbell et al. 1994; Lu and Dong 2015). This study
attempts to develop a framework to investigate the effect of changes
in hydraulic profiles with drained heating and their impact on the
ultimate bearing capacity of piles under drained mechanical loading.
This is achieved by considering the effect of temperature on the suc-
tion profile through a combination of water retention mechanisms
and water properties with Darcy’s law. For simplicity and to avoid
complex coupled mass and energy analyses, this study ignores the
effect of thermally induced vapor diffusion and phase change on the
ultimate bearing capacity of energy piles. Heat transfer was also not
considered in the model, and it was assumed that the pile and soil at
the pile—soil interface were at equilibrium under an applied value.

Drained Heating

The shear strength and bearing capacity of unsaturated soils are
mainly controlled by changes in matric suction and degree of sat-
uration. Thus, the first step toward developing the temperature-
dependent formulation for the ultimate bearing capacity involves
the determination of matric suction and degree of saturation profiles
under drained heating conditions. Building upon the effective stress
principle of Bishop (1959), the suction stress—based effective stress
of unsaturated soils was defined by Lu et al. (2010) as

o' =(0—u,—0') (1)

where o = total stress; u, = pore-air pressure; and ¢° = suction
stress, which can be represented as (Lu et al. 2010)

o' = —YS, (2)

where 1) = matric suction; and S, = effective degree of saturation.
The suction stress can be used to estimate the shear strength of
unsaturated soils using the Mohr-Coulomb failure criteria as fol-
lows (Lu et al. 2010; Vahedifard et al. 2016)

T=c'+(0c—u,—o")tang’ (3)
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where 7 = shear strength; ¢’ = effective cohesion arising from ce-
mentation; and ¢’ = effective friction angle. The aforementioned
formulations [Egs. (1)—(3)], which were originally defined under
ambient temperature conditions, can be extended to temperature-
dependent conditions by incorporating temperature-dependent ma-
tric suction and the soil-water retention curve (SWRC) (Vahedifard
etal. 2018, 2019). The impact of temperature on the matric suction
can be expressed as follows (Grant and Salehzadeh 1996):

ﬁ-I-T)

/BT, + Tr (4)

1#2%,(

where ¢y = matric suction at the reference temperature 7',. As de-
fined, By, is a regression parameter at the reference temperature,
which depends on surface tension, enthalpy of immersion per unit
area, and contact angle. The parameter (3 is calculated as (Grant and
Salehzadeh 1996)

— AT,

= —Ah+a(cosa’)y +b(cosa’)y T,

(5)

where o’ = temperature-dependent soil-water contact angle; a and
b = fitting parameters that can be estimated as a = 0.11766 N -
m~! and b= —0.0001535 N-m~'K~! (Dorsey 1940; Haar
et al. 1984); and Ah = enthalpy of immersion per unit area, which
can be determined by experimental measurements or by using the
differential enthalpy of adsorption of the vapor (Vahedifard et al.
2020). Grant and Salehzadeh (1996) neglected the effect of temper-
ature on the enthalpy of immersion even though Watson (1943)
demonstrated that temperature could affect the enthalpy of immer-
sion as well. In this study, as suggested by Vahedifard et al. (2018,
2019), the following temperature-dependent equation of Watson
(1943) is used to define the enthalpy of immersion per unit area:

1—7.\038
Ah = Ahy, ( — T’) (6)

where Ahy = enthalpy of immersion per unit area at the reference
temperature.

The temperature-dependent form of the soil-water contact angle
is given as (Grant and Salehzadeh 1996)

—Ah+TC,
- 1 7
cos & W bT (7)

where C; is a constant, which can be determined as (Grant and
Salehzadeh 1996)

Ahy, + a(cos )y + b(cosa)y T,

C, = 7 (8)

The regression parameters and the aforementioned equations are
thoroughly discussed and validated in Vahedifard et al.
(2018, 2019).

Using the Brooks and Corey (1964) SWRC model and the
temperature-dependent matric suction, the temperature-dependent
effective saturation can be written as (Vahedifard et al. 2018, 2019)

ngc

Se — ¢ll£‘1} (9)

Br,+T,
o(%7)

where 1),,, and ng = fitting parameters representing the air entry
parameter and pore size distribution parameter of the SWRC,
respectively.
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The temperature-dependent hydraulic conductivity can be de-
scribed by employing the Gardner (1958) hydraulic conductivity
function (HCF)

k = kye Vaer? (10)

where k = hydraulic conductivity; and k; = hydraulic conductivity
of saturated soil. Eq. (10) considers the changes in soil hydraulic
conductivity with temperature-dependent matric suction [Eq. (4)].
In addition to its effect on matric suction, temperature affects the
hydraulic conductivity in Eq. (10) through thermally induced
changes in the hydraulic conductivity of saturated soil. Specifically,
k, is inversely related to the water viscosity, which depends on tem-
perature (Pillsbury 1950; Philip 1969). The relationship between
the hydraulic conductivity of saturated soil and temperature can
be defined by Constantz (1982)
kin'yw
= 11
STED "

where k;, = intrinsic permeability assumed to be dependent only on
the soil; ,, = unit weight of water; and n)(7) = water viscosity. The
water viscosity varies with temperature as follows (Lide 1995):

n(T) = 0.0002601 + 0.001517 exp[—0.034688 x (T — 273)]
(12)

The temperature-dependent equations for matric suction
[Eq. (4)], effective saturation [Eq. (9)], and hydraulic conductivity
[Eq. (10)] can be used along with a flow analysis to estimate the
depth profiles of matric suction and degree of saturation for differ-
ent water table depths and flow rates. For one-dimensional vertical
liquid water flow in isotropic and homogenous materials, Darcy’s
law is given as follows:

q= —k<i@+1) (13)

where z = distance above the water table; and ¢ = steady vertical
fluid flow rate (zero for hydrostatic, negative for infiltration, and
positive for evaporation). Extending upon the analytical solution
developed by Lu and Griffiths (2004), the one-dimensional suction
profiles in unsaturated soil layers for different temperatures and in-
filtration rates can be defined as (Thota et al. 2019; Thota and
Vahedifard 2021)

_ Ow q —Tﬂaezz_i ﬁT,+Tr
= (G (G = D

Using the SWRC model of Brooks and Corey (1964) and the
HCF of Gardner (1958), the temperature-dependent effective sat-
uration profile with depth can be written as (Thota et al. 2019;
Thota and Vahedifard 2021)

q\ _, q\ (Br, + T\ /e
S = 1 14 L e Yuer — L) (LT "0
=ooln((re )-8 )]}

(15)

Mechanical Loading

The ultimate bearing capacity of energy piles in unsaturated soils is
generally assumed to be comprised of two components, the shaft
capacity and the end bearing capacity, and is given by

Q(unsat) = Qs‘(unsat) + Qe(unsat) (16)
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where Qe = ultimate bearing capacity of the pile; Qquna) =
shaft capacity; and Q,(unsar) = €nd bearing capacity.

An energy pile is subjected to varying temperatures combined
with mechanical loading during its operation. In this section, the
temperature-dependent hydraulic formulations discussed in the pre-
vious section are employed to extend the ultimate bearing capacity
formulations at ambient conditions to temperature-dependent con-
ditions, to estimate the temperature-dependent ultimate bearing
capacity. Under drained mechanical loading, the shaft capacity
of a pile with length (L) and diameter (D) embedded in unsaturated
soil under ambient temperature is given by

Q:(unsat) = [Cc: + ﬁc(g — Uy + wSe)]WDL (17)

where ¢, = adhesion component of the interface shear strength for
saturated conditions (typically equal to zero unless the soil is
cemented); (3. = Burland-Bjerrum coefficient that can account
for the installation method; and (o — u,) = net normal stress. Un-
like previous models for piles in unsaturated soils (e.g., Vanapalli
and Taylan 2012), Eq. (17) uses the effective saturation instead of
the degree of saturation and has fewer parameters.

Extending Terzaghi’s bearing capacity equation to unsaturated
conditions, assuming no surcharge, the end bearing capacity of
unsaturated soils under drained mechanical loading conditions is
written as

wD?

Qe(unsat) = [NC(U — U+ ¢Se)] 4 (18)

The ultimate bearing capacity of piles in unsaturated soils under
drained mechanical loading is given by

Q(unsal) = [CL,J + ﬂc(a —Ug + "!JSe)}TrDL

Vo =y 05, " (19

Eq. (19) can be used to estimate the ultimate bearing capacity of
an energy pile in unsaturated soil at ambient temperature conditions
and can consider different cases where the suction and effective
saturation vary with depth. In the end bearing capacity term in
Eq. (19), the matric suction and effective saturation values corre-
spond to the tip of the pile. In this study, Eq. (19) was extended to
account for the effects of temperature on the degree of saturation
and matric suction, which affect the effective stress. In other
words, the degree of saturation decreases at the pile—soil interface
due to thermally induced water flow away from the interface, the
matric suction increases, and the degree of saturation decreases
(Goode and McCartney 2015; Fu 2017). Therefore, the changes
in the shear strength of the pile—soil interface can be captured by
incorporating thermally induced changes in the SWRC, apparent
cohesion (stemming from matric suction), and effective stress.
The temperature dependency of pile—soil interface strength can
be defined as follows:

Tr = (0 —u,)tand’ + cg + Copp 1 (20)

Cappr = —0° tan &’ (21)

where 7 = interface shear strength; and c¢,,, 7 = apparent cohe-
sion, which can be defined as a function of depth and temperature
as follows:
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q\ _ q\ (Br, + T\ v, 9\ _y . ql(Br,+T,
— ! 1 1+L Yaevz _ L) (L — 1 AL 1+L Vvt — L (L — 7 22
canr =t {exofin( (1 L)eee ) () |17 G| (1 )2 () e

Eqgs. (20) and (21) were developed based on the assumption that within the temperature range examined, the effect of temperature on the
interface shear strength is controlled by thermally induced changes in apparent cohesion and that temperature has a negligible effect on the
interface friction angle. The latter is consistent with the trends reported by most experimental test results in which the temperature is shown to
have minimal effects on the effective angle of friction at critical state (e.g., Hueckel et al. 1998; Graham et al. 2001; Li et al. 2019).

Using the temperature-dependent matric suction and effective degree of saturation profiles introduced in the previous sections, the
temperature-dependent model for the ultimate bearing capacity of an energy pile in unsaturated soils under drained conditions can

be written as

’ | +T
Q(unsat) = |:C/a,T +8. (U— U, + L In [(1 +i> e Vaert —1:| <5T' 4

waev k k_)'

Tw q\ _y q
" AN |o— Dl 14+L ) et L
el (o)

5

The first term in Eq. (23) represents the pile shaft capacity con-
tribution, and the second term represents the pile end bearing
capacity contribution. Table 1 gives soil specific parameters and
relevant laboratory tests for saturated and unsaturated conditions.
The rest of the parameters (o, g, N, 2, ,»» L, D) are soil inde-
pendent parameters. Compared to more conventional formulations
(e.g., for fully saturated conditions), the only added parameters are
those for the temperature-dependent SWRC. Eq. (23) offers a uni-
fied approach to estimate the ultimate bearing capacity of energy
piles under varying temperatures and vertical flow rates in an
unsaturated soil layer.

Model Validation

As noted, limited experimental data is available on the ultimate
bearing capacity of energy piles in unsaturated soils under different
temperatures. Accordingly, only the data from centrifuge tests per-
formed by Goode and McCartney (2015) are used to validate the
proposed model. Goode and McCartney (2015) measured the load-
settlement curves of a semifloating energy pile having a prototype
length of 8.2 m and prototype diameter of 1.5 m embedded in a
layer of unsaturated Bonny silt for pile temperatures of 21°C,
32°C, and 40°C. Dielectric sensors were used to measure the tem-
perature and the volumetric water content of the soil at a depth of
5.5 m below the pile tip and at a radial distance of 0.6 m from the
soil-pile interface, and these results were presented in a follow-up
study by Behbehani and McCartney (2020a). As the tests of Goode
and McCartney (2015) were performed in compacted soil having a
uniform initial suction with depth, Eq. (23) was used to evaluate the
ultimate bearing capacity under no-flow conditions (¢ = 0) and

Table 1. Soil parameters used in the proposed formulation

q —PaevZ q ﬂT, +Tr 1/npc
) e lnl ()= )|} e
Br+T, a\ .. q](Br, AT\ Vree\]xD?
s ) ool ()= )} )7

(23)

constant suction and effective saturation with a depth correspond-
ing to the different temperatures. Specifically, the effects of temper-
ature on the suction and effective saturation were estimated using
Egs. (14) and (15), then were incorporated into Eq. (19).

To use the proposed model, we first determined the degree of
saturation and the corresponding matric suction at different temper-
atures using the proposed formulations and compared them against
the measured data. Table 2 presents the SWRC parameters used in
the calculations. The SWRC parameters given in Table 2 were ob-
tained by fitting the measured data at the reference temperature
(T = 21°C). Fig. 1(a) shows the predicted SWRCs at different tem-
peratures for Bonny silt. Applying a higher temperature causes the
SWRC to shift downward. This means that by increasing the tem-
perature at a given effective saturation, the matric suction will de-
crease, and at a given matric suction, the effective saturation
decreases. The predicted temperature-dependent SWRC models
were validated against laboratory measured data in Vahedifard et al.
(2018, 2019).

A good match is observed between the measured and predicted
values of the volumetric water content of unsaturated Bonny silt
versus the change in temperature at a prototype distance from
the pile of 0.6 m as shown in Fig. 2. The increase in temperature
at this location caused a decrease in the volumetric water content of
unsaturated silt. The good match in Fig. 2 indicates that the
temperature-dependent SWRC may be sufficient to estimate the
amount of thermally induced drying in the soil at equilibrium, with-
out having to use a complex transient coupled heat transfer and
water flow analysis like the one used by Behbehani and McCartney
(2020a). In the next step, the input parameters given in Table 2 were
used to calibrate the ultimate bearing capacity at the reference tem-
perature (i.e., 21°C). The total stress at midheight of the pile was
considered to be 75 kPa at prototype scale. The calibration process
was performed by optimizing the (. value, leading to the minimum

Soil

condition Property Parameter(s) Relevant tests Table 2. Input parameters for validation and parametric study

Saturated Shear strength ¢l Be Conventional shear ]
parameters " strength tests Soil %;V JAhrﬁ kig ICJIL’T
Intrinsic permeability ki Permeability tests ot ngc  (kPa) (J/m*) B, (m*) (kPa)

Unsaturated SWRC parameters npc, Yy Water retention tests Bonny silt 0.37 19 —045 026 1x107* 0.0
Enthalpy of immersion Ahy, Calorimetric test Denver bentonite  0.27 100 025 1x107'° 10.0
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Fig. 1. Temperature-dependent SWRCs for (a) Bonny silt; and (b) Denver bentonite.

prediction error against the measured ultimate bearing capacity at
21°C. The calibrated model was then used with no further fitting to
predict the ultimate bearing capacities at higher temperatures at the
soil-pile interface (32°C and 40°C).

Fig. 3 depicts the predicted shaft capacity [Fig. 3(a)], the pre-
dicted end bearing capacity [Fig. 3(b)], and the measured and pre-
dicted ultimate bearing capacity [Fig. 3(c)]. As shown in Fig. 3(c), a
good match is observed between the measured and predicted values
of the ultimate bearing capacity of the energy pile in unsaturated
Bonny silt versus the change in temperature from room temperature.
The comparison shows a good agreement between the measured and
predicted values. The increase in temperature at the soil—pile inter-
face causes an increase in the ultimate bearing capacity of the energy
pile in unsaturated silt. While the results show a very small error, the
proposed model can benefit from further validation from instru-
mented energy piles in unsaturated soils.
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Change in Temperature (°C)

Fig. 2. Comparison between predicted versus measured volumetric
water content in unsaturated Bonny silt with the measured change
in temperature from ambient condition to elevated temperature. (Data
from Behbehani and McCartney 2020a.)
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Parametric Study

The proposed framework was employed in a parametric study to
evaluate the effect of flow rate and aspect ratio on the ultimate bear-
ing capacity of energy piles in unsaturated clay and silt subject to
temperatures ranging from 5°C to 45°C. Table 2 and Fig. 1 present
the input parameters and the SWRCs, respectively, of Denver ben-
tonite and Bonny silt, which were used in the parametric study. In
all cases, the water table was assumed to be at a depth of 20 m
below the ground surface. Aspect ratio, AR, is defined as the ratio
of the pile embedment length, L, to the pile diameter, D.

Effect of Flow Rate

Three flow rates were examined for each soil: ¢ = 0 (hydrostatic),
g= —1.6 x 10~ m/s (infiltration), and g= —3.0 x 10~° m/s (in-
filtration) for Denver bentonite; and ¢ =0 (hydrostatic),
g= —3.2 x 108 m/s (infiltration), and —6.0 x 10~% m/s (infiltra-
tion) for Bonny silt. The flow rates were chosen in such a way that
q/k, at the reference temperature varies between two extreme flow
rates (i.e., 0.0 and —0.95) for each soil.

Fig. 4 shows the effective saturation, matric suction, and effec-
tive stress of Denver bentonite (hereafter referred to as clay) along
the pile embedment length at different temperatures and flow
rates. For a given pile length, the effective saturation decreases
[Fig. 4(a)], and matric suction increases [Fig. 4(b)] with an in-
crease in temperature from 5°C to 25°C and 45°C. At a given tem-
perature, the effective saturation [Fig. 4(a)] and matric suction
[Fig. 4(b)] monotonically change with pile length. On the other
hand, the changes in effective stress [Fig. 4(c)] are monotonic at
5°C and 25°C and nonmonotonic at 45°C. The distinct variation of
the properties is mainly due to thermally induced drying and
liquid flow in the soil along the pile length. At any given length,
as the flow rate changes from hydrostatic to infiltration state, the
effective saturation increases and matric suction decreases with an
increase in temperature.

Depending on the length of the pile and the effective saturation,
the effective stress increases or decreases with temperature. Ap-
proximately up to 12 m depth from the ground surface, the effective
stress increases, and from 12 m to the water table, the effective
stress decreases at 45°C. At the other temperatures (5°C and
25°C), the effective stress increases at all pile lengths. As seen
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Fig. 4. Profiles along the pile embedment length in Denver bentonite at three temperatures and three flow rates: (a) effective saturation; (b) matric

suction; and (c) effective stress.

in Fig. 4, the effective stress varies nonmonotonically at 45°C. After
12 m from the water table, there is a decrease in the effective stress.
The degree of saturation at this depth is less than 0.3, which cor-
responds to the saturation level where the soil is transitioning from
the funicular regime (continuous water state) to the pendular regime
(discontinuous water state). This transition point can be referred to
as the funicular water content (Thota et al. 2021; Cao et al. 2021).
For ambient conditions, the effective stress trend is monotonic be-
cause the soil is still in the funicular regime and has not entered the
pendular regime through depth yet. For ambient conditions, gen-
erally, at low degrees of saturation (near pendular) the rate of drying
is slow but the rate of change in matric suction is not relatively slow.
However, it is not the case at elevated temperatures. Therefore,
there are reductions in suction stress (absolute value) and effective
stress at 45°C.

At depths close to the water table (near saturation), the temper-
ature has minimal effects on effective stress, whereas the temper-
ature effect on effective stress increases as the distance from the
water table increases. Thermally induced changes in effective stress
can be attributed to the impact of temperature on physiochemical
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mechanisms of the porous medium, changing effective saturation,
and matric suction under different flow conditions. At the water
table, because the soil is in a saturated state, the flow rate has
no effect on effective stress. It is important to note that the soil
in this study is assumed to not deform significantly with changes
in temperature, which would cause changes in the ultimate bearing
capacity of the soil in saturated conditions (at the location of the
water table). This assumption is reasonable for heavily overconso-
lidated low-plasticity soils, but the effects of volume change of sa-
turated soils on the shaft capacity of energy piles have been
observed in the literature (e.g., Ozudogru et al. 2015; Ravera et al.
2020).

Fig. 5 shows the variation of shaft capacity, end bearing capac-
ity, and ultimate bearing capacity versus the pile embedment length
for clay at temperatures of 5°C, 25°C, and 45°C under three flow
rates with AR = 10. As shown in Fig. 5(a), for a given pile length,
the shaft capacity increases with an increase in temperature and
decreases as the flow rate changes from hydrostatic to infiltration
for 5°C and 25°C and nonmonotonically varies at 45°C. For all flow
rates, at the reference temperature, the shaft capacity monotonically
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Fig. 5. Profiles versus embedment depth of pile in Denver bentonite at
three temperatures and three flow rates: (a) shaft bearing capacity;
(b) end bearing capacity; and (c) ultimate bearing capacity.

decreases with a decrease in the pile embedment length due to the
reduction in the surface area available for mobilizing shaft capacity.
However, at elevated temperatures, the variation of shaft capacity
with the pile embedment length is nonmonotonic. First, the shaft
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capacity increases with greater pile embedment length, but after it
reaches peak value, a decrease is observed with further increases in
the pile embedment length. This could be due to the domination of
changes in effective stress in piles with larger embedment lengths
over the decrease in pile surface area available for shaft capacity
mobilization. Beyond the peak value, with further increases of
the pile embedment depth, the effects of the pile surface area avail-
able for side shear mobilization prevail over the effects of the ef-
fective stress on shaft capacity.

As shown in Fig. 5(b), for a given length, the end bearing capac-
ity increases as the temperature increases from 5°C to 25°C and
nonmonotonically varies at 45°C and decreases as the flow rate
changes from 0 hydrostatic conditions to positive values (down-
ward infiltration). The effect of temperature on the end bearing
capacity increases as the pile embedment length decreases. This
could be due to a lower variation of effective stress with the temper-
ature near the water table and a higher variation of effective stress
with temperature away from the water table. For all flow rates, at
temperatures of 5°C and 25°C, the end bearing capacity monoton-
ically increases. At 45°C, the end bearing capacity increases,
reaches a peak, and then decreases with a decrease in the pile em-
bedment length; overall, it follows the trend of effective stress.

Fig. 5(c) depicts that the temperature dependency of the ultimate
bearing capacity of the pile in clay is controlled by thermally in-
duced changes in the shaft and end bearing capacities. For a given
pile embedment length, the ultimate bearing capacity increases
with an increase in temperature from 5°C to 25°C and 45°C. For
the reference temperature (5°C), the ultimate bearing capacity de-
creases monotonically with a decrease in the pile embedment
length. At elevated temperatures (25°C and 45°C), similar to the
trend of shaft capacity, the ultimate bearing capacity nonmonotoni-
cally varies with the pile embedment length. The percentage of in-
crease in the ultimate bearing capacity by changing temperature
increases as the flow rate changes from hydrostatic to infiltration.
For example, at a depth of 12 m from the ground surface, the ulti-
mate bearing capacity increases by approximately 13% and 27%,
24% and 53%, and 43% and 95%, by increasing the temperature
from 5°C to 25°C and 45°C under flow rates of zero, —1.6 X
107 m/s, and —3.0 x 10™° m/s, respectively. The increase in
the ultimate bearing capacity of pile in clay with an increase in
temperature can be attributed to the thermally induced reductions
in the degree of saturation, which can increase matric suction in the
soil surrounding the pile, thus increasing the apparent cohesion,
effective stress, and the pile capacities at a given elevated temper-
ature. The changes in effective saturation and matric suction
with temperature are due to temperature-induced changes in the
surface tension, contact angle, and wettability of soil (Grant and
Salehzadeh 1996; Vahedifard et al. 2018, 2019).

Fig. 6 shows the effective saturation, matric suction, and effec-
tive stress of Bonny silt (hereafter referred to as silt) soil with the
pile embedment length at temperatures of 5°C, 25°C, and 45°C
under three flow rates of zero (hydrostatic), —3.2 x 10~% m/s (in-
filtration), and —6.0 x 10~® m/s (infiltration). Similar to the clay,
for a given temperature, at different lengths, as we move from the
saturated state to unsaturated state, the effective saturation de-
creases and matric suction increases. Unlike clay, however, two dif-
ferent trends were observed for effective stress along the pile length
with temperature: (1) variation along the pile embedment length at
a given temperature and (2) variation with the temperature at a
given pile embedment length. First, the effective stress at the refer-
ence temperature increases monotonically, and at elevated temper-
atures it increases, reaches a peak, and decreases with further
reduction in pile embedment length. Second, at depths close to the
ground surface, the effective stress decreases, and at depths close to
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the water table it increases with an increase in temperature. At rel-
atively lower pile embedment lengths, the rate of thermally induced
increase in effective stress is higher, whereas, at greater embedment
lengths, the temperature has a less pronounced effect on effective
stress. The trend at elevated temperatures is the same for all flow
rates. Compared to clay (Fig. 4), there is a higher reduction in ef-
fective saturation with temperature in silt, which could be due to
higher permeability and pore size characteristics for silt.

Fig. 7 shows the shaft capacity, end bearing capacity, and ulti-
mate bearing capacity of the pile in unsaturated silt with pile em-
bedment length at different temperatures and flow rates with
AR = 10. The trends of the shaft, end bearing, and ultimate bearing
capacities are different from clay. That is, the variations of shaft,
end, and ultimate bearing capacities are monotonic at the reference
temperature but become nonmonotonic (increase/decrease) under
elevated temperatures with the pile embedment length. The behav-
ior of pile capacities is mainly controlled by both effective stress
and pile embedment length. The increase is due to the drying-
induced increase of effective stress, and the transition to a decrease
after attaining peak is due to wetting-induced reduction of effective
stress. A similar type of transition (may be termed as a funicular
water regime where the liquid water phase appears to be in a con-
tinuous state) occurs in unsaturated soil properties such as SWRC,
thermal conductivity function, Poisson’s ratio, and others. The range
and variation of pile capacities along the pile embedment length are
lower compared to clay. This distinct behavior could be due to the
range of effective stress and hence apparent cohesion with temper-
ature and pile length. For instance, at a depth of 12 m from the
ground surface, the pile ultimate axial capacities vary by approxi-
mately 1% and 19%, —5% and —12%, and —29% and —18%, when
increasing temperature from 5°C to 25°C and 45°C under flow rates
of zero, —1.6 x 107 m/s, and —3.0 x 10~ m/s, respectively. For
elevated temperatures, the different flow rates have a similar effect on
the ultimate bearing capacity.

Effect of Aspect Ratio

For each soil, three different aspect ratios were examined: AR = 5,
10, and 20. To isolate the effect of aspect ratio, the flow rate was
kept to ¢ = 0 (hydrostatic) in this section. Fig. 8 shows the varia-
tion of shaft capacity, end bearing capacity, and ultimate bearing
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capacity versus the pile embedment length for clay at temperatures
of 5°C, 25°C, and 45°C and ARs of 5, 10, and 20. Because the
suction, effective saturation, and effective stress profiles are inde-
pendent of AR, they are the same as shown in Fig. 4 for the
zero flow rate.

For all ARs, the shaft and ultimate bearing capacities of the pile
in clay change nonmonotonically, and the end bearing capacity of
the pile monotonically changes at a given temperature. The temper-
ature dependency of the ultimate bearing capacity is less at the
water table (near saturated state) and close to the ground surface.
This can be interpreted as the effects of temperature on the pile
capacity are the largest in the capillary regime of the SWRC. Fur-
ther, the impact of temperature on the ultimate bearing capacity
increases as AR decreases because of the higher surface area of
the pile available for shaft capacity. For higher AR, the temperature
has a minimal effect on ultimate bearing capacity. For instance, for
a 12-m-long pile, the ultimate bearing capacity increases by ap-
proximately 13% and 27%, 13% and 28%, and 12% and 26%, by
increasing the temperature from 5°C to 25°C and 45°C under ARs
of 5, 10, and 20, respectively.

Fig. 9 shows the variation of the shaft, end bearing, and ultimate
bearing capacities with pile embedment depths for silt at temper-
atures of 5°C, 25°C, and 45°C and ARs of 5, 10, and 20 under
no-flow conditions. The suction, effective saturation, and effec-
tive stress profiles are the same as shown in Fig. 6 for the zero
flow rate case. The shaft, end bearing, and ultimate bearing
capacities nonmonotonically vary with temperature along the pile
embedment length. For all temperatures, the shaft, end, and ulti-
mate bearing capacities have a similar trend versus the pile em-
bedment length. They first slightly increase close to the water
table, reach a peak, and then decrease. Unlike clay, the percent
increase in pile capacities with temperature in silt remains approx-
imately the same for all ARs. For example, at a pile embedment
length of 10 m, the pile capacities decrease between 4% and 21%
by increasing the temperature from 5°C to 45°C regardless of ARs.
On the other hand, at a specific pile embedment length, the varia-
tion of ARs is shown to have a higher impact on pile capacities
compared to elevated changes in temperature.

Most of the existing studies focused on saturated state and ne-
glected the unsaturated conditions. It is evident from the current
study that, for g= —3.0 x 10~ m/s, at a pile embedment depth
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Fig. 7. Profiles versus embedment depth of pile in Bonny silt at three
temperatures and three flow rates: (a) shaft bearing capacity; (b) end
bearing capacity; and (c) ultimate bearing capacity.

of 10 m, the ultimate bearing capacity of a pile in unsaturated clay
(S =90%) changes by —27%, 9%, and 63% relative to the satu-
rated conditions (S = 100%) for temperatures of 5°C, 25°C, and
45°C, respectively. Similarly, for g= —6.0 x 108 m/s, at a pile
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Fig. 8. Profiles versus embedment depth of pile in Denver bentonite at
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embedment depth of 10 m, the ultimate bearing capacity of a pile
in unsaturated silt (S = 80%) varies by —20%, 4%, and 43% rel-
ative to saturated conditions (S = 100%) for temperatures of 5°C,
25°C, and 45°C, respectively.
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Conclusions

This paper introduced an analytical model to estimate the ulti-
mate bearing capacity of energy piles in unsaturated fine-grained
soils under different temperatures and steady flow rates. For this
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purpose, the formulations for temperature-dependent matric suc-
tion and effective saturation were incorporated for calculating the
shaft capacity, end bearing capacity, and ultimate bearing capacity
of energy piles in unsaturated soils subject to different tempera-
tures. To simplify the model, it was assumed that the soil did not
change in volume with heating and that temperature effects on the
matric suction and effective saturation were sufficient to capture the
effects of thermally induced drying of unsaturated soils. The results
of the proposed model were validated against one set of experimen-
tal data available in the literature. Further, to demonstrate the tem-
perature dependency of the ultimate bearing capacity, a parametric
study was conducted with clayey and silty soils at temperatures of
5°C, 25°C, and 45°C, three flow rates (one hydrostatic and two in-
filtrations), and three aspect ratios (5, 10, and 20). The results were
presented in the form of shaft capacity, end bearing capacity, and
ultimate bearing capacity along the embedment length of the pile.

The results suggested that temperature changes can have a
notable effect on matric suction and effective saturation and thereby
the ultimate bearing capacity of the pile. For clay, an increase in the
effective stress and the ultimate pile bearing capacity is observed
under elevated temperatures. For silt, at elevated temperatures, a
nonmonotonic behavior of effective stress and hence the ultimate
bearing capacity is noted. At a given temperature, for clay, the
ultimate bearing capacity decreases, and for silt, it increases/
decreases based on the pile embedment length, as the flow rate
changes from hydrostatic to infiltration conditions. Further, the
bearing capacity increases as the aspect ratio decreases.

The study highlighted the considerable impacts of temperature
on parameters related to hydraulic conductivity and apparent cohe-
sion of unsaturated soils that could control the ultimate bearing
capacity of energy piles under elevated temperatures. The proposed
analytical model provides an effective approach to estimate the ul-
timate bearing capacity of energy piles under various thermal and
hydraulic loadings as part of a soil-structure interaction design pro-
cess. Future studies are suggested to collect more experimental data
of ultimate bearing capacity at various effective saturations under
drained and undrained thermal, hydraulic, and mechanical loading
cases. Such data can be employed to further validate the pro-
posed model.
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