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Thermally-induced ratcheting of a thermo-active reinforced concrete pile

in sand under sustained lateral load

Rui Zhao'; *Anthony Kwan Leung?; Jonathan Adam Knappett®

Abstract

Thermally-induced ratcheting of a thermo-active pile is the accumulation of net and irreversible
pile head displacement upon heating—cooling cycles. Although this kind of phenomenon has
been observed in vertically-loaded piles in sand, it is unknown whether this exists in laterally-
loaded cases, and also what underlying mechanisms occur under the thermomechanical flexural
soil-pile interaction. This study presents a series of centrifuge tests and finite-element simula-
tions of the thermomechanical behaviour of a laterally-loaded thermo-active pile in sand. A
new model reinforced concrete (RC) was used in the centrifuge tests to realistically mimic the
thermal and mechanical properties of a prototype RC pile. Ratcheting was evident in laterally-
loaded piles and its extent was more significant when the working horizontal load is higher.
The ratcheting phenomenon was attributed to the accumulation of soil plastic strain due to the
cyclic mechanical loading induced by pile thermal horizontal expansion and contraction, soil
dilation upon soil-pile interface shearing, and creep. The additional bending moment induced
by the thermal action did not induce yielding within the pile. A subsequent numerical sensitiv-
ity study suggested that ignoring the softening behaviour of the sand would lead to underesti-
mation of the magnitude of the accumulative thermally-induced pile head lateral displacement.
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Introduction

A thermo-active pile is an energy geostructure (Brandl, 2006) that has been increasingly used
in practice for supporting and reducing carbon emissions from buildings or other infrastructure
(Bourne-Webb et al., 2009; Mimouni and Laloui, 2015). In such applications, the pile is nor-
mally made of reinforced concrete (RC) in which heat-circulating pipes of different geometries
and configurations are embedded during casting to allow heat exchange with the surrounding
soil (Loveridge and Powrie, 2013). Depending on the application, the pile may be mechanically
subjected to predominantly vertical loading due to a supported superstructure, horizontal load-
ing if used in a bridge abutment or embankment stabilisation, or combined vertical-horizontal
(and potentially moment too) in buildings subjected to pile eccentricity. In addition to these
mechanical actions, thermal loading will occur upon repeated heating-cooling cycles. The com-
plex thermomechanical loading conditions and the associated interaction between the pile and
the surrounding soil could substantially affect the capacity (e.g., Goode and McCartney, 2015)
and serviceability (e.g., Ng et al., 2016a) of the soil-pile system.

In the last decade, studies have been conducted to experimentally and numerically study
the behaviour of thermo-active piles (e.g., Goode and McCartney, 2015; Ng et al., 2016b;
Gawecka et al., 2017) and pile groups (e.g., Mimouni and Laloui, 2015; Di Donna et al., 2016).
The centrifuge modelling technique (e.g., Taylor, 1995) has been recognised as an effective
means to investigate thermomechanical soil-pile interaction (Rotta Loria et al., 2015a; Ng et
al., 2019). This technique enables small-scale physical models to be tested within an elevated
gravity (g) field, such that the soil effective stress levels are the same as those experienced
within much larger prototypes at homologous points. In this kind of model test, RC energy
piles have traditionally been modelled by an elastic aluminum cylinder (e.g., Ng et al., 2016a)
or by concrete with the use of the actual size of aggregates (e.g., Goode and McCartney, 2015).
Either way cannot simultaneously model the pile’s nonlinear, quasi-brittle mechanical proper-
ties, thermal properties and also the process of heat exchange between the pile and the sur-
rounding soil (Zhao et al., 2020). Zhao et al. (2020) developed a plaster-based mortar to simu-
late thermomechanical prototype properties, building on the pioneering work of Knappett et al.
(2011). Zhao et al. (2020) showed that a model RC pile produced by this new material could
effectively capture most of the key features of a vertically-loaded thermo-active pile at 1 g
when compared to those reported from existing large- or full-scale experiments. The applica-

tion of this appealing model material has never been attempted under high g condition.
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Pile ratcheting is a phenomenon that describes the net and irreversible accumulation of pile
displacement associated with repeated/cyclic loading. Thermally-induced pile ratcheting, in
particular, is referred to as the net pile head displacement due to repeated heating and cooling
cycles. Such behaviour has been observed in vertically-loaded piles via physical model tests at
1 g (Nguyenetal.,2017; Tang et al., 2014) and also at high g (Ngetal.,2014; Ngetal.,2016a)
in both clay and sand. Further numerical analysis (Ng et al., 2016b) implied that the underlying
mechanism of thermally-induced pile head ratcheting in the axial direction is attributed to the
contraction of sand due to repeated thermal expansion and contraction of the pile. Most studies
focused on the behaviour of vertically-loaded piles. As far as the authors are aware, there is no
study on thermally-induced ratcheting for laterally-loaded piles. It is unknown whether any
such ratcheting would mobilise additional pile shear force and bending moment, and if so, by
how much. Because of a lack of physical data on the thermomechanical behaviour of laterally-
loaded pile, any numerical modelling method developed for this problem cannot be validated.

The objective of this study was to conduct a series of centrifuge model tests and performed
finite-element (FE) simulations of the thermomechanical behaviour of a laterally-loaded RC
pile in sand and then to reveal the underlying governing mechanisms. The small-scale model
RC developed by Zhao et al. (2020) was used to produce the model RC piles for capturing their
thermomechanical properties in the centrifuge. The test results were used to compare with FE
simulations that considered the RC pile to be elasto-plastic while the sand was modelled to
incorporate the effects of small-strain nonlinearity and large-strain, post-peak strain-softening
phenomena. The FE model was finally used to conduct sensitivity analyses to identify influen-

tial factors that govern the thermally-induced ratcheting behaviour of a laterally-loaded pile.

Centrifuge modelling
Similitude relationships and scaling laws
The centrifuge modelling technique can recreate the stress conditions in a 1:/N scale model that
would exist in the prototype, by increasing the ‘gravitational” acceleration N times in a centri-
fuge (Taylor, 1995). To correctly model the lateral thermomechanical behaviour of thermo-
active pile in the centrifuge, non-dimensional groups were identified as outlined below.

Upon pile thermal loading, the major heat transfer mechanism in dry soil is conduction
since water is absent for any convection. In this case, the Fourier Number, which is defined as
the ratio of heat conduction rate to the rate of thermal energy storage, may be considered as a

non-dimensional group to describe the duration of heat transfer:
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(f_:)model - (T_z)prototype (1)

where a is the soil thermal diffusivity (dimensions [L2/T]) which is defined as 1/pCj; A is the
soil thermal conductivity [MLT ~3071]; p is the soil density [ML™3]; C; is the soil specific heat
capacity [ L’T~2 @71]; t is the characteristic time [T]; 7 is the radial distance away from the
heat source [L]; and the subscripts model and prototype denote model and prototype scale,
respectively. Considering the same soil material in model and prototype (i.e., Tmoger =
Uprototype) and the geometrical scaling of (€., N * Typoger = Tprototype)> the heat conduction
time is scaled by N2. This means that a greater volume of soil would be thermally affected in
the centrifuge than in a prototype (Ng et al., 2015; Goode and McCartney, 2015). However,
since the mechanical properties of the silica sand being tested in this study were not sensitive
to temperature changes below 100 °C (Ng et al., 2016c), this condition was deemed negligible.

Both the soil and pile thermal expansion upon heating and contraction upon cooling were
assumed to be elastic and therefore controlled by the respective coefficient of linear thermal
expansion (i.e., CTEgy; and CTEy;;.). These coefficients are non-dimensional and since the
same soil materials were considered in both model and prototype scale, no scaling was needed.

When an elastic pile embedded in an elastic homogenous soil is subjected to a lateral load

at the pile head, the following non-dimensional group may be used (Wood, 2004):

G-L* G-L*
(%) oae = (57) @
El /model EI /prototype

where G is the soil shear modulus [ML™1T~2]; L is the pile length [L]; E is the pile Young’s
modulus [ML™1T~2] and I is the second moment of inertia of the pile section [L*]. Under an
elevated g condition, the scaling factor for G is 1 if the same soil is considered in the model
and prototype (Wood, 2004), while L and EI should be geometrically scaled by N and N4, re-

spectively. Other scaling laws relevant to the problem of interest are summarised in Table 1.

Test plan

In total, three centrifuge model tests were conducted using the 3.5-m-radius geotechnical beam
centrifuge at the University of Dundee (Brennan et al., 2014). The first test was a reference
push over test (denoted as RP), which was to determine the full lateral force-displacement curve
of a 1:35 scale RC pile in dry sand. The next two tests (TP21 and TP73) were to study the
thermo-mechanical behaviour of the similar piles, also in dry sand, by subjecting them to sim-
ilar cyclic thermal loading patterns while under different maintained lateral loads. The lateral

loads applied in tests TP21 and TP73 were 21% and 73% of the lateral capacity determined



121
122
123
124
125

126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142

from the RP test, respectively. These two tests aimed to study how different mobilised pile

lateral force affected the magnitude of thermally-induced pile head displacement.

Table 1. Summary of relevant scaling factors (i.e., N = prototype/model, equal to 35 for both
Tests D and S) for flexural soil-structure interaction problems in high-g (after Iai et al., 2005).

Quantity Scale factor
Mechanical properties

Length N
Density 1
Stress 1
Strain 1
Stiffness (of soil) 1
Bending stiffness (E, 1) N
Bending moment (M,,;;) N?
Force N?
Displacement N
Thermal properties

Temperature 1
Thermal diffusivity 1
Time (heat diffusion) N?
Coefficient of thermal expansion 1

Centrifuge model package

Figure 1 shows the centrifuge model setup used for test RP. An actuator driven by a servo
motor was fixed at one end of the model box, which could apply a constant displacement rate
up to 3.1 mm/s (model scale) during the test. A load cell was employed to measure the pile
head load. On the opposite end of the box, a stainless steel draw-wire potentiometer was used
to measure the pile head lateral displacement.

The schematic setup used for tests TP21 and TP73 is depicted in Fig. 2. The model package
had two chambers. The first one was the test chamber (right-hand-side in the figure). The other
chamber was for storing a load-controlled system for applying a maintained lateral load to the
pile head. This consisted of a fixed mass on a wire, sitting on a platform supported by a linear
actuator. During centrifuge spin-up, the mass was supported to prevent application of lateral
load. Once up to speed, the actuator was lowered to apply the load. Through a pulley system,
tension was transferred to the pile head through the wire with an in-line load cell, inducing a
constant lateral load. Pile head lateral displacement was measured by the draw-wire potenti-
ometer. From this point onwards, all values are expressed at prototype scale at N = 35, unless

otherwise stated.
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144  Figure 1. (a) Elevation and (b) plan views of the centrifuge model setup for the reference test
145  RP; all units are in millimetre (in model scale)
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148  Figure 2. (a) Elevation and (b) plan views of the centrifuge model setup for tests TP21 and
149  TP73; all units are in millimetre (in model scale)
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151  Model RC thermo-active pile and instrumentation

152 The model RC pile was fabricated using the model concrete originally developed by Knappett

153  etal. (2011) with a mixture of plaster, fine sand and water ratio of 1:1:0.9, as later modified by



154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171

173
174
175
176
177

Zhao et al. (2020). The latter added 6% (by volume) of copper powder to the mix to carefully
adjust its thermal properties (both thermal conductivity and thermal expansion coefficient)
while not detrimentally affecting compressive or flexural properties. Subsequently, the model
concrete was used to create a 1:35 scale model RC pile as shown in Fig. 3. The pile was square
in section and had a width (D) of 0.63 m and a length of 10.5 m. Four 35 mm diameter longi-
tudinal reinforcing wires were used, resulting in a reinforcement ratio (by area) of 1.0%. Ten
22 mm diameter transverse shear links with a uniform spacing were used to form a cage and to
fix two flexible silicone pipes within the cage. The silicone pipes were arranged in U-loops for
circulating water in and out of the model RC pile during a centrifuge test. Based on four-point
bending (FPB) tests reported by Zhao et al. (2020), the moment capacity (M,;;) and bending
stiffness (E,L,; where Ejand [, are the Young’s modulus and the second moment of inertia of
the model RC pile, respectively) of the model RC pile was 225 = 8 kNm and 116 = 38 MNm?
(mean + standard deviation), respectively. The coefficient of thermal expansion of the model
RC pile along the longitudinal direction was 8.9 + 1.4 pe/°C (Zhao et al., 2020), which was
well within the range for field concrete (6 — 10 pe/°C; Bourne-Webb et al., 2009; Mimouni and
Laloui, 2015; Pasten and Santamarina, 2014). The coefficient is assumed to be isotropic. The
thermal conductivity of the model RC was measured as 0.73 W/(m.K) (Vitali et al., 2016) and
the specific heat capacity was taken as 705 J/(kg.K) (Xu and Chung, 2000).

Long. reinforcement: 4 dia. 1 @ Long. reinforcement
Shear reinforcement: 10 dia. 0.63 @ Silicone pipe
T [ |
I
e 4| =3
h 3 J
+ [ ]
18 300

Figure 3. (a) Geometry and reinforcement details of the model RC pile; and (b) arrangement

of circulation pipes and steel reinforcement; all units are in millimetre (in model scale)

A temperature-controlled system was built to deliver water of controllable temperature to

the model RC pile for simulating heating-cooling cycles during centrifuge flight. The inlet
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temperature before entering the model piles was measured by a thermocouple. Three thermo-
couples were attached to the pile surface at 3.15, 6 and 8.75 m depths below ground level. Each
thermocouple has a tip diameter of 1.5 mm. Along the 300-mm-long model pile, the three
thermocouples occupied a length of only 4.5 mm. Effects of the thermocouples on the soil-pile
interface are thus considered to be negligible. A vertical array of three thermocouples were

installed 1D away from the pile surface to measure soil temperature changes (Fig. 2(a)).

Test soil and model preparation

The sand used for testing was HST95 Congleton silica sand (Al-Defae et al., 2013; Wang et al.
2018). The average grain size, ds, (i.e., particle diameter of 50% passing), was 0.13 mm. For
a given pile D of 18 mm (model scale), the ratio, D/ds,, was far in excess of 30, meaning that
any particle size effect on soil-pile interaction was deemed negligible (Bolton et al., 1999). The
ratio was also greater than 92, which suggested that any particle-size effect on the modelling
of the thermomechanical behaviour of energy pile could be ignored (Ng et al., 2019). Other

mechanical and thermal properties of the sand are summarised in Table 2.

Table 2. Index properties of the HST95 sand used in centrifuge tests and numerical simulations.

Parameter HST95 silica sand
Mechanical properties

Specific gravity, G 2.63

Maximum void ratio, €,,, 0.769

Minimum void ratio, e,y 0.467

Mean grain diameter, ds, (mm) 0.13
Coefficient of uniformity, C, 1.9

Coefficient of curvature, C, 1.06

Critical friction angle, ¢+ (°) 32

Peak friction angle, ¢peqr (°) 39.9-455
Dilation angle, Y (°) 9.8-16.9
Effective unit weight, y' (kN/m?) 10.2

Poisson’s ratio 0.32

Saturated density, p (kg/m?) 2041

Thermal properties

!Coefficient of thermal expansion (pe/°C) 10

Thermal conductivity (W/(m.K)) 0.54 (dry) — 3.03 (saturated)
2Specific heat capacity (J/(kg.K)) 830 (dry) — 2239 (saturated)

"From Rotta Loria et al. (2015a); 2From Rotta Loria et al. (2015b)

In all three tests, a uniform dry sand bed was produced by air-pluviation within the model

box. An average relative density of 67% (i.e., classified as dense; Knappett and Craig, 2019)
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was achieved. The model RC pile was installed “wished-in-placed” for an embedded depth of
8.75 m (i.e., ~ 13 times pile width, 13D) by being hung from suspended wires in the test cham-
ber while the sand was pluviated around it. This essentially modelled a ‘bored’ pile (Ng et al.,
2016a). A free-standing pile length of 1.75 m (i.e., 3D) was left above the soil surface. The
front of the model pile was 8D away from the walls of the box. Numerical analyses suggested
that any boundary effect due to pile lateral loading was negligible when the pile was 8D away

from the vertical box boundaries.

Test procedures

In this study, all 1:35 scale models were tested at 22 g. In this way, the effective stresses along
any depth of the 1:35 scale piles in the dry physical model would be identical to that of the
same physical model tested in fully saturated soil at 35 g. In order to achieve this condition,
pdry gary Z should be made equal to (psat — py,) gsat z, where pdary and psat are the dry and
saturated density of the sand, respectively; gary and gsat are the g-level for the dry and saturated
physical models, respectively; and z is pile depth. For a given sand’s relative density (i.e., 67%),
gary needs to be 22. It is vital to highlight that although a g-level of 22 was applied in the
centrifuge tests, the scale factor (V) of 35 should be applied to the scaling laws in Table 1 since
the problem of interest was scaled down by 35 times, not 22. This modelling technique (i.e.,
studying ‘saturated’ soil behaviour using dry soil by manipulating the effective stress regime
via the control of g-level) is not uncommon in centrifuge modelling literature (e.g., Li et al.,
2010). It was however acknowledged that testing the thermo-active pile in dry sand was a sim-
plification of the problem. Any effects of water on (i) the heat transfer between the pile and the
surrounding soil and (ii) the thermomechanical soil-structure interaction were investigated
through subsequent numerical sensitivity analyses (reported later).

For the test RP, the motor in the setup shown in Fig. 1 was activated and the pile head was
laterally loaded at a controlled rate of 0.03 mm/min (prototype), with continuous measurements
of the lateral load mobilised and lateral displacement at the pile head. The lateral push was
stopped when the lateral pile displacement reached 0.4D. At this displacement, prominent ten-
sion cracks were developed in the model pile and the pile had reached its limiting lateral ca-
pacity and could not take further lateral load. For tests TP21 and TP73, the actuator in the setup
shown in Fig. 2 was activated and the mass was released at the same rate of 0.03 mm/min until
the desired lateral load was reached. Then, the pile in each test was subjected to three heating-

cooling cycles, while the lateral load was maintained. During the heating phases, water of a
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controlled temperature of 50 “C was delivered to the pile. The duration of the heating phase in
the first, second and third cycle was 19, 28 and 12 days, aiming to elevate the pile surface
temperature at values typical within the field operation of energy piles (Bourne-Webb et al.,
2009). In the subsequent cooling phases, the pile was cooled by circulating 1 °C water. The
duration of the subsequent pile cooling was 19, 12 and 12 days, providing adequate time for
the pile surface temperature to cool to around the ambient conditions. During all heating-cool-

ing cycles, thermally-induced lateral pile displacement was monitored.

Finite-element modelling

The objective of the numerical modelling was to back-analyse the three dry centrifuge tests
and conduct a subsequent sensitivity study. The finite-element (FE) platform ABAQUS (2017)
was used in this study. When back-analysing tests TP21 and TP73, pile temperature change
induced heat conduction to the surrounding soil, following Fourier’s Law. Yet, these thermo-
mechanical back-analyses were decoupled, meaning that the soil mechanical properties were
independent of temperature and any soil volume change would not affect the soil thermal prop-
erties. This was deemed acceptable for the modelling of sand and RC, since their thermome-
chanical properties (Ng et al., 2016c¢; Takeuchi et al., 1993) and their interface properties (Di
Donna et al., 2015; Yavari et al., 2016) were insensitive to temperature changes less than 100
°C. Also, recent numerical analyses of thermo-active pile behaviour in sand (Rotta Loria and
Laloui, 2016) suggested that using an isothermal mechanical soil model was adequate to cap-

ture most of the key sand-pile thermomechanical interaction.

Finite element mesh, boundary and initial conditions
The FE mesh used for the numerical modelling is depicted in Fig. 4. Owing to symmetry, half
of the geometry was considered. Prototype dimensions at N = 35 were modelled. As there was
(1) no mechanical boundary effects on pile base capacity when the pile toe was more than 3.5D
away from the box base (Knappett et al., 2016); and (ii) no thermal boundary effects when the
pile centre was more than 8D away from the boundaries based on trial simulations, the model-
ling domain was smaller than that tested in the centrifuge for saving computational time.

The thermo-active pile was modelled by adapting the method described by Anastasopoulos
et al. (2013). The pile was formed from linear beam elements that were circumscribed by hex-
ahedral brick elements. The beam elements were used to act as ‘sensors’. The EA and ET of the

beam elements are provided by the material properties of the brick elements surrounding the
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beams, through provision of equivalent Young’s modulus and yield stress to represent the prop-
erties of RC piles. So the piles had an axial stiffness provided by the bricks of Ej, A, but the
central beam ‘sensors’ provided no additional EA (or ET). This method allows direct determi-
nation of pile internal forces (via the beam elements), and hence axial response of the pile,
while realistically simulating the 3-D geometry of the soil—pile interface. The latter feature was
important for allowing heat conduction from the pile to the surrounding soil. Table 3 summa-

rises the input parameters for the ‘hybrid’ pile modelling.

3D elements
19.25
=0
=0
z A u=0
Constant temperature dummy
X T=23°C beam elements

Flow flux =0

(a) (b)

Figure 4. 3D finite element modelling: (a) mesh and boundary conditions; and (b) “hybrid”

pile modelling; all dimensions are in m (in prototype scale)

Table 3. A summary of the input parameters for the “hybrid” pile modelling.

Parameter Brick elements Beam elements
Mechanical properties

Bending stiffness, £ (MNm?) 143 107
Poisson’s ratio 0.2 0.2
Density, p (kg/m®) 1816 107
Thermal properties

Coefficient of thermal expansion (ne/°C) 8.9+1.4 8.9+1.4
Thermal conductivity (W/(m.K)) 0.73 0.73
Specific heat capacity (J/(kg.K)) 705 705
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The soil was made of eight-node hexahedral brick elements based on linear interpolation
and normal integration number. The soil-pile interface behaviour was modelled by special con-
tact elements (Anastasopoulos et al., 2011). They allowed for interface shear stress transfer
depending on the coefficient of interface friction (tan §) via the Coulomb’s friction law and
permit the pile to be in contact or detach from the surrounding soil. The roughness of the model
concrete was 5.09 = 0.93 um (measured by a surface roughness tester; SJ 201 Mitutoyo) cor-
responding to a value of 0.6 for tan §, following an empirical curve of soil-pile interface fric-
tion and roughness normalised by ds, in Knappett and Craig (2019).

The bottom boundary of the FE model was constrained in the vertical direction, while only
vertical displacement was permitted along the side boundaries. The soil surface was free to
move in any direction. Regarding the thermal boundary conditions, except the surface of sym-
metry and the soil surface, thermal constraint of 23 °C (ambient in the centrifuge) was applied
on the other external surfaces of the mesh, permitting heat to flow through these surfaces.
Along the surface of symmetry and the soil surface, the heat flux was imposed to be null. When
modelling the heating-cooling cycles in tests TP21 and TP73, the variation of the input pile
surface temperature with time was taken to be the average value between 3.15 and 6 m depths
and applied along the entire pile volume. Detailed pipe-mortar (i.e., model RC)-soil heat trans-
fer process was not explicitly modelled, in order to avoid the large contrast of mesh between
the pipe and the pile elements, which would introduce numerical instabilities to solve this com-
plex thermomechanical lateral soil-pile interaction problem. Indeed, the field experiments car-
ried out by Faizal et al. (2019) have shown that the radial distribution of temperature (hence
thermally-induced axial strain) was rather uniform across the pile cross-section during heating
and cooling cycles. Any temperature gradient developed within the internal structure of the RC
energy pile may be reasonably neglected. The initial stresses within the pile and the soil in the
numerical model were established by the application of self-weight with a coefficient of earth
pressure at rest (K;;) of 0.47. The initial temperature of the soil, pile and the pile-soil interface

were set to be the average ambient temperature of 23 °C recorded from the centrifuge tests.

Constitutive models and material properties

Two constitutive soil models of varying degree of complexity were considered. The first model
was the linear-elastic (LE) Mohr Coulomb (MC) model considering stiffness linearised from
the nonlinear small-strain stiffness behaviour consistent with the shear strains developed during

the initial lateral loading using an iterative procedure (denoted as LEMC small model). The
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second model was the MC softening model, which added post-peak softening responses at large
strain to the LEMC small model. Both the LEMC small and MC softening models have been
validated against drained triaxial compression tests and a set of centrifuge tests on non-thermal
piles by Zhao et al. (2021).

In both models, the elastic behaviour was characterised by v and E (= G/(2(1+ v)), where
G was the elastic shear modulus and v was the Poisson’s ratio. In order to capture the stress-
dependency on stiffness of the sand, firstly, the FE mesh representing the soil was split into
nine horizontal layers. The initial shear modulus (G,) of each layer with an average confining
pressure was calibrated against existing triaxial test data (D, = 70%, p', between 20 to 60 kPa)
of the sand. Strain-dependency on G was also considered. Using the initial G, distribution, the
pile was subjected to the lateral load (i.e., either at 21% or 73% of the peak lateral load) for
determining the mobilized engineering shear strain (y) profile of the soil elements immediately
in front of the pile at a range of depths (i.e., in the passive zone) in each layer. These values
were subsequently mapped to the G-y curves reported by Ishibashi and Zhang (1993) for de-
ducing a new (mobilised) G profile. The G profile was then updated in the model as a new
initial parameter distribution and the lateral load stage re-run. These steps were repeated until
the change of y between each successive steps was less than 0.001%. The resulting profiles of
mobilised y and G for the piles subjected to 21% and 73% of the peak lateral load are shown
in Fig. 5. The method adopted to take into account the nonlinear strain dependency of the mo-
bilised stiffness is a pragmatic approximation to reality, when using a relatively simple and
widely available constitutive soil model that uses linear elasticity such as the MC model.

Both soil models followed the Mohr-Coulomb failure criterion. For the LEMC small
model, the effects of confining pressure on friction angle and dilation angle were considered
using a non-associative model. In each soil layer, the friction and dilation angles at the corre-
sponding effective confining pressures were determined by the empirical equation proposed by
Bolton (1986). For the MC softening model, the critical-state friction angle (@.,;; = 32°) and
dilation angle (10 = 1°) were input. To capture the peak and post-peak softening behaviour in
this soil model, the plastic potential surface was additionally defined by an apparent cohesion
stress-plastic shear strain (c¢’- y,,) relationship. ¢ was defined by a hyperbolic function (Men-
étrey and Willam, 1995) of mean stress (p’) and von Mises deviator stress (q). Both ¢’ and y,,
were calibrated by best-fitting drained triaxial compression tests conducted at p’y = 20 to 60
kPa (see the case of 60 kPa as an example in Fig. 6 after Sharif et al., 2019). Soil parameters
for the py of 20, 40 and 60 kPa were input into the 15— 2", 3" and 4% — 9 Jayers, respectively.
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350  Figure 5. Mobilised shear strain (left) and shear modulus (right) of the sand when the pile is
351  subjected to (a) 21% (TP21) and (b) 73% (TP73) of the ultimate pile lateral capacity

352

353 In all models, an effective unit weight of 10.2 kN/m? corresponding to the sand D, of 67%
354  was applied, so that the soil considered in the model was apparently ‘fully-saturated’. Because
355  of the limitation of the Finite Element solver used, the creep module cannot be activated with
356  the soil model used and hence any mechanical creep of soil could not be considered in the

357  modelling conducted.
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For the thermal properties, the empirical equation derived for silica sand by Chen (2008)
was used to determine the thermal conductivity of the dry sand under different values of void
ratio at different soil depths for input into each soil layer. Other thermal properties, including

the specific heat capacity and thermal expansion coefficient, are summarised in Table 2.
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Figure 6. Calibration of a deviatoric stress-shear strain curve of the dense sand (D, = 70%) at

po = 60 kPa (triaxial data from Sharif et al., 2019), as a typical example

For the pile, an elasto-plastic model was used to capture the nonlinear behaviour of the RC.
The elastic part was characterised by the pile bending stiffness and v (= 0.2 for mortar;
Corinaldesi, 2009). The plastic response of the pile was defined by a plastic flexural stress-
strain relationship derived from the FPB tests (Fig. 7(a)). By applying this pile constitutive
model to simulate the FPB test, both the computed initial pile bending stiffness (143 MNm?)
and the ultimate bending moment (238 kNm) matched the respective measured values (Fig.
7(b)). The RC pile obeyed thermal elasticity. To allow for representative heat conduction from
the pile to the surrounding soil through the soil-pile interface, the thermal conductivity of the
interface was set to a large value (i.e., 400 W/(m.K); more than 100 times of the thermal con-
ductivity of the saturated sand; refer to Table 2) to avoid additional thermal resistance from the
interface. Prior mesh refinement analysis shows that the aspect ratio of FE mesh adopted (i.e.,
1.3) did not introduce any mesh size effect to the calculation accuracy.

To capture the effects of mechanical creep of the model RC pile, a power-law model in
the time-hardening form was adopted (ABAQUS, 2017):
& = Aq"t™ 3)
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where ¢ is the creep strain rate; g is the uniaxial deviatoric stress (MPa); t is the creep duration
(s); and A, n and m are the material parameters of the mortar. Because of the lack of creep data
of reinforced mortar, A, n and m, in this study are treated as best-fitting parameters to match
the thermally-induced pile head displacement. They are taken as 5.03 x 107 (in the unit of s%),
0 and -0.5, respectively.
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Figure 7. Comparisons between measured and FE-computed (a) flexural stress-strain curve

and (b) moment-curvature curve of the model RC pile

Interpretation of measured and computed results

Lateral load-displacement curves

Figure 8(a) shows the pile head horizontal load-displacement curve obtained from the tests RP
and TP21. The soil-pile flexural behaviour was approximately linear initially, before reaching
a yield load of approximately 119 kN at a displacement of 0.1D. The soil-pile system tested in
TP73 was stiffer than that in test RP, likely due to the effects of material variabilities and
workmanship during the production of the model RC piles (Vitali et al., 2016; Knappett, 2018).
For TP21, the pile initially showed similar stiffness to RP, but beyond 0.1% displacement was
stiffer and then exhibited a significant increase in displacement at near constant load (inset,
Fig. 8(a)). This is thought to be due to the onset of first cracking in this specific model pile, as
some model-scale beams fabricated from the model RC have been observed to exhibit such
behaviour in four-point bending tests at 0.25Mur < M < 0.4Mu: (Where M is the ultimate
moment capacity; Loli, 2015). Moreover, although all the model piles were ready for testing
after 28-day curing, the model piles used in TP21 and TP73 were tested months after those
used in RP. Additional material hardening with time might partly explain the stiffer responses

of the ‘older’ model piles in the thermal tests. Pile head displacements predicted by the two



407  soil models were close to those measured in test TP21. As the load level was low, there was
408  limited plastic soil strain mobilised such that the two models operated with the same elastic
409  model. Figure 8(b) compares the measured and predicted results for tests RP and TP73. Similar
410  observations with the previous case were found. At higher mobilised load, there was more

411  extensive plastic soil strain such that the models deviated from each other in their predictions.
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416  Figure 8. Measured and FE-computed horizontal load-displacement curves: (a) TP21, (b) TP73

417 Temperature responses
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Figure 9 shows the variations of the temperature measured at the pile surface and in the soil
at 1D radially away from the pile surface, at 3.15 and 6 m depths with time. Although water of
50 °C was circulated to the model pile in both tests, a portion of the heat energy was absorbed
in the mortar and the reinforcement of the model RC, mimicking what typically occurs in
thermo-active piles in the field (Loveridge and Powrie, 2014; Poppei et al., 2008). On average,
the increase in pile surface temperature was 5 °C. In both tests, the increase in pile surface
temperature during all heating stages was always higher than that in soil because the dry soil
had lower thermal conductivity (compared to the model RC) and this caused thermal resistance
as the heat conducted radially. During each cooling cycle, again due to the thermal mass of the
various components within the model RC, the pile surface temperature did not drop to the target
value of 1 °C. Instead, both the pile surface and soil temperature returned to the ambient. The
pile surface temperature induced in the case of TP21 was higher than that in TP73, probably
because of the variabilities of the thermal conductivity of the model RC (Zhao et al., 2020).

In general, the FE-predicted soil temperatures, at both 3.15 and 6 m depths, matched well
with the measurements in both tests TP21 and TP73. This implied that ignoring any change of
the sand thermal properties due to soil volumetric change (upon mechanical and/or thermal

loading) introduced only a minimal effect on the soil temperature prediction.

Thermally-induced horizontal pile head displacement

Figure 10 compares the measured and computed thermally-induced pile head displacement
during the three repeated heating-cooling cycles. At 21% of the ultimate lateral capacity (i.e.,
test TP21; Fig. 10(a)), the pile head displacement was 0.87%D. The measurements showed that
the thermally-induced pile head displacement increased steadily during the three heating-cool-
ing cycles. At higher mobilised horizontal load (i.e., test TP73; Fig. 10(b)), the pile head dis-
placement was higher (i.e., 6.55% D). The thermally-induced pile head showed a clear move-
ment towards the loading direction by up to 0.75%D during the first heating cycle. During the
subsequent cooling cycle, the pile head displacement remained approximately unchanged. In
the second and third heating-cooling cycles, the same phenomena repeated, yet the magnitude
of pile head displacement was less than that during the first cycle. The pile head displacement
therefore accumulated and there was always a net pile head movement in the direction of the

maintained horizontal load after each cycle (i.e., thermal ratcheting).
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for test TP21; (c) at 3.15 m depth and (d) 6 m depth for test TP73

When not considering pile mechanical creep, the pile head ratcheting was reasonably cap-
tured by the FE-prediction, especially during the first heating-cooling cycle. Discrepancies,
however, was more prominent during the second and third cycles, where the pile displacement
was underestimated by the FE-prediction. When creep was considered, more displacement was
predicted, as expected, and this led to a better prediction in both the second and third cycles.

There was still a difference in the third cycle, which may be attributed to two main reasons.
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Figure 10. Measured and FE-computed thermally-induced pile head lateral displacement for

tests (a) TP21; and (b) TP73

First of all, soil creeping was not considered in the simulations because the constitutive model
adopted did not permit simultaneous use of the user-defined MC softening model and any
available creep model. Nguyen et al. (2017) who tested an axially-loaded aluminium energy
pile in dry silica sand has demonstrated an increase in pile displacement under a constant load
at a constant room temperature due to soil creep. The creep coefficient (C,) of dry silica sand
(at a void ratio of 0.61) can be estimated as 0.0878 mm/hr (Duttine et al., 2009). Hence, after
five hours (model scale) of maintained load for the three heating-cooling cycles in both centri-
fuge tests, the total creep displacement from the sand may be estimated to be 0.43 mm (or
0.07%D). This is close to the difference between the measurements and FE simulations in the
third cycle. This suggests that an important piece of future work will be to conduct additional
study to fully parameterise and comparatively evaluate different thermo-elasto-plastic consti-
tutive models incorporating mechanical and thermal creep. The second reason is the uncertainty
associated with the scaling laws of mechanically- and thermally-induced creep displacement
(Garnier et al., 2007). Due to the lack of understanding in the centrifuge modelling literature,
it is unclear how the mechanically- and thermally-induced creep displacement of soil measured
in a centrifuge test should be scaled to prototype for comparison with the FE prediction. Further
study of the scaling of creep (both mechanical and thermal) is needed in the future.

In general, the predictions made by the MC softening model were significantly better in

this regard compared to the LEMC small model. This implied that in addition to capturing the
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small-strain nonlinearity, it was important to also consider large-strain post-peak soil softening

(Fig. 6) when predicting the thermally-induced horizontal pile head displacement.

Discussion

Upon pile heating (Figs 11(a) and (d)), the top 4.8 m of the pile displaced in the direction of
the maintained horizontal load (Figs 11(b) and (e)). The pile displacement was smaller at
deeper depths because of higher soil subgrade reaction modulus. Despite uniform pile heating,
the pile axial tensile strain developed was non-uniform (Figs 11(c) and (f)). Greater strains
were found at 0 to 3 m soil depths, where substantial pile movement and bending occurred (see
later). These axial strains were the results of three mechanisms (i) pile thermal strain upon
expansion, (ii) pile mechanical strain due to the axial component of the horizontal load and (iii)
pile creep strain due to the maintained load. The pile axial strain reduced slightly with soil
depth (i.e., less tensile) because of the increased mechanical restraint by the surrounding soil
with depth. The strain developed in the test TP73 (Fig. 11(g)) was higher than that in TP21
(Fig. 11(c)) because the pile in the former case was subjected to slightly higher temperature
increase (mechanism (1); refer to Fig. 9) and higher horizontal load applied (mechanism (ii)).

During heating, pile lateral expansion induced horizontal stress and strain to the soil ele-
ment in the vicinity of the pile, while pile axial expansion induced shearing at the soil-pile
interface. Due to soil dilation, the latter action also introduced some additional horizontal
strain, being more significant near the pile head because of lower confinement. These combined
actions explain the increase and decrease in the deviator strains upon pile heating and cooling,
respectively (Figs 12(a) and (b), for the soil element in front of the pile at 1.19 m soil depth
where the pile bending moment peaked).

Upon pile cooling, the pile contracted and rebounded but it did not return to the original
position (Figs 11(b) and (e)). The pile contraction introduced compressive axial strain incre-
ments, making them much less tensile along the pile length at the end of cooling (Figs 11(c)
and (f)). Compared with the axial strain produced by the mechanical loading (see the solid line
in Figs 11(c) and (f)), residual axial tensile strains were resulted after a heating-cooling cycle.
This is partly because of the pile creep and partly due to the accumulation of soil plastic strain
after a cycle of lateral loading (caused by pile thermal expansion upon heating) and unloading
(caused by pile contraction upon cooling). Unloading accompanied by the pile thermal con-

traction caused reductions of the deviator strain (Figs 12(a) and (b)).
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bottom x-axis for Figs 11(c) and (f) is from -432 to 1296 kN.
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Similar mechanisms occurred in the 2nd and 3rd heating-cooling cycles (Fig. 11). The load-
ing-unloading cycles arising from the pile lateral thermal expansion and contraction as well as
pile creep were responsible for further yielding of the soil in the vicinity of the pile. This soil
yielding translated to further accumulation of deviator strain (Figs 12(a) and (b)). Compared
with the 1st heating-cooling cycle, the net increases in the deviator strain after the 2nd and 3rd
cycles were smaller. In effect, the three heating-cooling cycles resulted in the application of
cyclic mechanical horizontal and shear load to the soil elements in the vicinity of the pile,
superimposed on that present due to the maintained lateral load. This repeated mechanical
shearing yielded the soil and led to an accumulation of deviator strain, with the magnitude of

strain increase reducing with increasing cycle number. This is consistent with the cyclically-
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increasing bending deformations within the pile (Figs 12 (b) and (e)). Due to the practical dif-
ficulties of installing strain gauges within the small-scale model RC piles in the present study,
thermally-induced pile stress and strain could not be measured. The FE predictions thus explain
the soil-pile interaction qualitatively.

Figure 13 shows the computed mobilised pile bending moment during the three cycles of
thermal loading for test TP73. Evidently, the first heating induced a significant increase in pile
moment in the top 4.8 m. While the pile moment accumulated in each cycle, the depth of the
moment peaks was unchanged. Also, the three heating-cooling cycles did not adversely affect
the structural integrity of the RC pile since the final mobilised pile bending moments remained

far from the ultimate value of 225 kNm.
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Dry sand was considered in both the centrifuge tests. Although the effective stress regime
in these dry sand tests was equivalent to the fully saturated prototype, the effect of water on the
thermal conductivity of the sand could not be considered. To investigate this effect on the ther-
momechanical sand-pile interaction and the pile ratcheting behaviour, a sensitivity analysis
was conducted based on test TP73. In this analysis, the sand thermal properties including the
specific thermal capacity and thermal conductivity of the dry sand as tested in the centrifuge
(cary of 830 J/(kg.K); Aary of 0.54 W/(m.K)) were replaced by those of saturated sand (csat of
2239 J/(kg.K); Asat of 3.03 W/(m.K)) (see Table 2), consistent with the effective stress condi-

tions that were modelled. Similarly, the thermal conductivity of the soil-pile interface was set



570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603

at a large value of 400 W/(m.K)). The MC softening model, which was found to give the best
predictions of the centrifuge data, was used. The computed results showed that the value of the
thermal conductivity used had a negligible effect (between the dry and saturated values) on the
sand-pile interaction including the pile ratcheting behaviour and the pile bending moments.
When a higher thermal conductivity was used, for a given period of heating (or cooling) dura-
tion, a greater volume of sand was heated (or cooled), meaning that more sand was subjected
to thermal expansion (or contraction). However, for the range of thermal conductivity (0.54 to
3.03 W/(m.K)) and the coefficient of thermal expansion of the sand (10 ue/°C) considered, the
difference in thermo-elastic strain was too small to introduce noticeable effects on the pile head
ratcheting and induced bending moments. Hence, the dry sand centrifuge tests were representa-

tive of a fully saturated prototype.

Summary and conclusions
This study used a combination of centrifuge and three-dimensional numerical modelling tech-
niques to investigate the thermally-induced ratcheting behaviour of a laterally-load thermo-
active pile in sand. A newly-developed model reinforced concrete (RC) was used in the centri-
fuge tests to realistically mimic prototype nonlinear thermomechanical soil-pile interaction.
Finite Element analysis considered nonlinear behaviour of the model RC thermo-active pile
including mechanaicl creep as well as small-strain nonlinearity and large-strain, post-peak sof-
tening behaviour within the soil. Based on the measured and computed results, it was evident
that applying cyclic thermal loading introduced net increases in the lateral pile head displace-
ment and mobilisation of pile bending moment, especially when the pile was subjected to a
high maintained lateral load. At a working lateral load of 73% of the maximum lateral load,
the additional moment caused by repeated pile thermal loadings, however, did not make the
pile yield or fail. The underlying mechanism behind the observed pile ratcheting phenomenon
was attributed to the accumulation of plastic strains within the surrounding soil as a result of
the cyclic mechanical loading induced by pile horizontal expansion upon heating and unloading
by pile contraction upon cooling, soil dilation upon soil-pile interface shearing and creep.
Sensitivity analyses showed that it was important to capture both the small-strain nonlin-
earity and the large-strain, post-peak softening behaviour of sand for more accurate prediction
of thermally-induced pile ratcheting behaviour in sand. Ignoring the softening behaviour un-
derestimated the magnitude of the accumulated pile head lateral displacement significantly.
The analyses also showed that (i) ignoring the thermoelastic response of sand and (ii) using

either the values of thermal conductivity for dry or fully saturated sand had minimal effects on
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the magnitude of thermally-induced pile head displacements and bending moments. These re-
sults implied that numerical models can improve the prediction of thermally-induced horizontal
pile head ratcheting in sand as long as the model can capture pile thermo-elastic volume change
and post-peak strain-softening behaviour of the sand. To further improve the predictability of
the numerical modelling, further work is needed to develop more advanced thermomechanical
constitutive models of soil and reinforced concrete that can capture both mechanical and ther-

mal creep in all model materials.
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