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A B S T R A C T   

Recently studies have investigated feasibilities to configure pile foundations as energy storage media using a 
small-scale compressed air energy storage technology. These studies consider that storage temperatures of 
compressed air can be lowered entirely down to ambient temperatures through a cooling process. This 
assumption may not be feasible and economical due to the efficiency of the cooling process. As an alternative 
option, a higher storage temperature can be allowed by reducing the cooling time, which can cause additional 
thermal-mechanical loadings to the pile foundation. This paper investigates structural responses of reinforced 
concrete pile foundations subjected to combined structural, compressed air pressure, and thermal-mechanical 
loadings through nonlinear dynamic heat transfer and thermal-mechanical analyses. Several parameters were 
studied, including pile spacing, pile inner diameters, and concrete grades. Analysis results show that thermal- 
mechanical loading can reduce critical tensile stresses and change stress distributions in the pile section origi
nated from compressed air pressure. Design recommendations were made to determine an optimal storage 
temperature and an allowable loading cycle for the energy storage pile foundation.   

1. Introduction 

Recently research has been applied on investigating new technolo
gies to configure pile foundations with dual functionality for improving 
energy efficiencies of building structures. One of the technologies is to 
treat the pile foundation as a heat-exchanger, the so-called energy pile, 
to enable an exchange of heat with the surrounding soil by circulating 
water inside the pile [1]. The energy pile can be used to heat up or cool 
down buildings in addition to transferring structural loads to the soil. 
Extensive research has been conducted on the energy pile regarding the 
thermal-mechanical effect on the pile and surrounding soil [2–5]. 
Another technology uses the pile foundation as a medium, termed here 
as energy storage pile foundation, to store renewable energy generated 
from solar panels attached to buildings [6]. Renewable energy usually 
has an intermittent nature which may not match energy demands [7]. 
Therefore, the energy storage pile foundation is intended to utilize a 
small-scale compressed air energy storage (CAES) technology to store 
renewable energy in the form of compressed air when the renewable 
energy supply is more than the demand. The compressed air stored in a 
pile can be timely released to generate electric power when renewable 
energy is unavailable. 

The existing compressed air energy storage technology has been 
commercialized for several power plants, including Hunt, Germany; 
McIntosh, Alabama, US; Ganiex, Texas, US; Goder, Ontario, Canada. 
These power plants are using large-scale underground caverns as storage 
media. The storage volume is relatively large, and the storage pressure is 
not significant [8]. For the proposed energy storage pile foundation, a 
small-scale CAES is required due to the limited storage volume, resulting 
in a large storage pressure. The feasibility of the energy storage pile 
foundation has been investigated for different construction materials 
including reinforced concrete piles [9,10], steel piles [11,12], and 
steel-concrete composite piles [13]. Previous studies consider that the 
compressed air can be cooled entirely down to an ambient temperature 
through a cooling process before entering the pile for storage. The pile 
foundation can be therefore subjected to combined structural and stor
age pressure loadings. This pressure loading can generate significant 
tensile stresses inside the pile, which causes challenges in ensuring the 
structural safety of the pile, particularly for the reinforced concrete pile 
foundation [9]. Even though high strength fiber-reinforced concrete can 
provide enough strength to resist these tensile stresses, the pile section is 
under an unfavorable pure tension state [10]. 

The cooling process in the CAES technology has its own operation 
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efficiency, which may be time-consuming and uneconomical to lower 
the compressed air temperature down to the ambient temperature [14]. 
As an alternative option, a higher storage temperature than the ambient 
condition can be allowed by reducing the cooling time. This higher 
storage temperature can cause thermal-mechanical loadings to the pile 
foundation in addition to the structural and storage pressure loadings 
considered in the previous studies. On the other hand, the 
thermal-mechanical loading may generate different stress conditions 
than those originated from the structural and the storage pressure 
loadings, which can be favorable to the safety of the pile foundation. 

Therefore, this paper investigates structural responses of reinforced 
concrete pile foundations subjected to combined structural, storage 
pressure, and thermal-mechanical loadings. Nonlinear dynamic heat 
transfer analyses were first conducted to determine temperature profiles 
inside the pile section during energy storing-releasing cycles. Static 
thermal-mechanical analyses were then performed by applying the ob
tained temperature profile to a pile foundation model, together with the 
structural and storage pressure loadings. The structural response of the 
pile foundation was studied from the thermal-mechanical analysis, 
where several parameters were studied, including pile spacing, pile 
inner diameters, and concrete grades. Design recommendations were 
made to determine an optimal storage temperature and an allowable 
loading cycle based on the structural safety of the energy storage pile 
foundation obtained from the analyses. 

2. Background 

2.1. Thermodynamic processes of CAES 

Major thermodynamic processes available for the CAES are diabatic, 
adiabatic, and isothermal processes depending on how the heat is 
managed [15]. All of them require a cooling process after or during the 
compression. The adiabatic process, which is more efficient than the 
diabatic process, is potentially suitable for the energy storage pile 
foundation [11]. As illustrated in Fig. 1, the adiabatic process consists of 
four sub-processes: (1) compression, (2) cooling, (3) heating, and (4) 

expansion. 
First, the ambient air (T1, P1) is compressed by the electric power 

generated from the renewable energy available for storage. Once it is 
compressed, the pressure and temperature of the compressed air dras
tically rise (T2, P2). This compressed air with an extra high temperature 
(more than 1000 ◦C) is not practical to store inside the pile foundation. 
Thus, the cooling process is performed as the next step to extract the heat 
and store it in a heat storage medium (Ths). Depending on the cooling 
time and efficiency, the compressed air temperature can be lowered 
down to the original ambient temperature as assumed in previous 
studies. Another option discussed in this paper is to allow the storage 
temperature higher than the ambient temperature by reducing the 
cooling time. This option enables the imposition of additional thermal- 
mechanical loadings to the pile foundation, which will be investigated in 
this paper. The cooled (entirely or partially) compressed air can then 
enter the pile foundation for storage (Ts, Ps). When renewable energy is 
not available, compressed air can be released and undergoes heating (T3, 
P3) and expansion (T1, P1) processes to produce electric powers for 
usage. More detailed discussions about thermodynamic processes of the 
CAES and equations for the adiabatic process can be found in Ref. [9]. 

2.2. Stress states in the energy storage pile 

The energy storage pile foundation is configured with a hollow cross- 
section with an inner (di) and outer (do) diameter. Actions applied on the 
energy storage pile foundation are shown in Fig. 2. These actions include 
structural loads, constraints from surrounding soil (friction, lateral 
pressure, and end bearing), storage pressure loading (Ps), and storage 
temperature loading (Ts). The structural loads and soil constraints 
mainly cause vertical axial stresses (σv) in the pile section. This vertical 
axial stress is in compression as indicated in Fig. 2(b). The storage 
pressure loading generates compression stresses in the radial direction 
(σr) and tensile stresses in the circumferential direction (σθ) as shown in 
Fig. 2b. These tensile stresses have a nonuniform distribution. They 
reach a maximum value at the inner surface and gradually reduce as 
moving to the outer surface. The entire pile section is under tension. This 

Fig. 1. Thermodynamic processes of the CAES (Modified from Ref. [9]).  
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nonuniform distribution is typically observed in thick-walled sections 
such as reinforced concrete piles according to Lame’s theory [16]. For 
the steel energy storage pile foundation with a thin-walled section, the 
tensile stress is uniformly distributed [11]. 

The heated compressed air can increase the temperature at the inner 
surface of the pile section, which results in a temperature gradient as the 
heat require time to be transferred from the inner to the outer surfaces, 
and eventually to the surrounding soil. At the moment when the heated 
air enter the pile, the temperature at the inner part of section inceases 
while that at the outer part remains at ambient temperature. The inner 
part of the pile is trying to expand due to thermal expansion while the 
outer part is trying to keep its original position since the temperature at 
the outer part has not risen yet. Because of the strain compatibility, the 
outer part will hold the inner part and prevent it from expanding while 
the inner part will then pull the outer part and make it expanding. 
Finally, the inner part and the outer part will reach a self-equilibrium 
state where the inner part is under compression (being held back by 
the outer part) and the outer part is under tension (being pulled out by 
the inner part) as seen in Fig. 2(d). Similar thermal stress distributions 
were observed in previous studies of hollow cylinders with heating at 
the inner surface from aerospace applications [17–19]. The 
thermal-mechanical loading on the energy storage pile foundation is 
quite different than that on the typical energy pile. The energy pile is 
usually under a uniform temperature change on the entire pile section, 
which causes the entire pile to elongate or shorten. This action subse
quently initiates vertical compression stresses in the energy pile [3]. 

By utilizing the principle of superposition of the stresses from the 
storage pressure (Fig. 2b) and the thermal-mechanical (Fig. 2c) loadings, 
the tensile stress in the pile section has a potential to be reduced, and the 
stress distribution can be changed to a combined tension-compression 
distribution. Therefore, it may be beneficial to include the additional 
thermal-mechanical loading. However, the CAES operates in cycles with 
energy storing and releasing, which causes continuous changes of the 
temperature gradient inside the pile section. Hence, the stress states 
from the thermal-mechanical loading are more complicated than those 
illustrated in Fig. 2c (high temperature at the inner surface but low 
temperature at the outer surface). Finite element analyses are then 
required to investigate the pile section’s stress state under the afore
mentioned actions in combination, which will be discussed in subse
quent sections. 

3. Description of study 

3.1. Study parameters 

In the previous study on the energy storage pile foundation [9], 
fifteen (15) pile foundations were first designed at a medium dense sand 
site with a 1-m burying depth for different building geometries (number 
of stories and column spacing). The pile design has a fixed outer diam
eter (do = 1 m) but different length and spacing (s). It has been found 
from the previous study that the structural performance of the pile is 
insignificant with the pile length [9], but the heat transfer phenomena 
are affected by the pile spacing [20,39]. Therefore, four pile foundations 
with different pile spacing (s) were selected in this paper as shown in 
Table 1. 

The previous study also indicated that the storage pressure (Ps) and 
temperature (Ts) increases as the inner diameter (di) of the pile reduces 
due to the decrease of the available storage volume [9]. The pile with a 
small inner diameter shows a better structural performance than that 
with a large inner diameter because the thicker section can provide more 
resistance and reduce the stress demand. Therefore, two pile design 
cases with small inner diameters were considered in this paper, 
including di = 200 mm and di = 300 mm. Considering a complete 
parameter combination of the pile spacing (s) and the pile inner diam
eter (di), eight pile design cases were studied in this paper. 

High strength fiber-reinforced concrete was considered for the en
ergy storage pile foundation to resist the tensile stresses [10]. This paper 
investigates three grades of fiber-reinforced concrete with different 
tensile strength (ft), compressive strength (fc), and Young’s modulus 
(Ec). These properties, obtained from test results on the fiber-reinforced 
concrete, are listed in Table 1 [21–23]. 

Fig. 2. Expected stress states of the energy storage pile foundation: (a) loading actions; (b) under structural loadings, soil constraints, and the storage pressure; (c) 
under thermal-mechanical loadings; (d) thermal-mechanical self-equilirium. 

Table 1 
Study parameters.  

Pile Geometries Concrete properties 

s 
(m) 

Pile length 
(m) 

do 

(m) 
di 

(mm) 
Grade fc 

(Mpa) 
ft 
(MPa) 

Ec 

(GPa) 

3 6.5 1.0 200 60 61.3 4.8 39.3 
4 9 1.0 300 100 99.4 6.2 42.7 
5 6 1.0  150 150 8.5 45.6 
6 10 1.0       
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3.2. Storage pressure and temperature 

Based on the energy balance for an ideal diatomic gas undergoing an 
isentropic adiabatic compression [24], the pressure (P2) and tempera
ture (T2) after compression can be calculated by solving the following 
implicit equations: 

VsP
5/7
2

/

RC = ẇinη1tin

/

3.5R
(

CP2/7
2 − T1

)
+ ρiVs

/

μ Eqn. (1)  

T2 =CP2/7
2 Eqn. (2)  

where, ẇin is the available energy for storage and Vs is the available 
volume for storage. The available energy for storage is dependent on the 
renewable energy supply and the energy consumption within a 24-h 
(one-day) cycle. R is the universal gas constant; C is a constant value 
of 10.89; tin is the time for the compression; ρi and μ are the initial 
density and molar mass of the air, which are taken as 1.2 kg/m3 and 
0.029 kg/mol, respectively for the air at the atmospheric pressure (0.1 
MPa). η1 is the efficiency for the compression taken as 75% [25]. The 
storage pressure (Ps) and temperature (Ts) can be then determined after 
the cooling process, as follows: 

Ts = γ(T2 − T1) + T1 Eqn. (3)  

Ps =P5/7
2 Ts

/
C Eqn. (4)  

where, γ is a cooling index to measure the relative ratio between the 
storage temperature (Ts) and the temperature after compression (T2) 
varying between 0 and 1. This index was adopted as zero in the previous 
studies, where the compressed air was assumed to be cooled entirely 
down to the ambient temperature. However, this paper treated it as a 
study variable that can be varied by adjusting the cooling process. The 
derivations of Eqns. (1)–(4) were discussed in Ref. [9]. 

Using Eqns. (1)–(4), the storage pressure (Ps) and temperature (Ts) 
can be calculated for the pile foundations considered in this paper (Refer 
to Sec. 3.1). The available energy for storage were calculated from the 
difference between the energy supply and consumption, which were 
estimated for typical residential buildings in Nur-Sultan, Kazakhstan as 
discussed in Ref. [9]. The available volume for storage can be deter
mined based on the pile geometries (inner diameter and length of the 
pile). As an example, Fig. 3 shows a 24-h (one-day cycle) storage tem
perature and pressure for the pile with s = 5 m and di = 200 mm for 
different γ. 

As seen in Fig. 3, the storage temperature and pressure increase when 
the renewable energy for storage becomes available at 7:00. They 
continue increasing and reach the peak (Ts,max and Ps,max) at 19:00. 
After the peak, renewable energy becomes unavailable. The stored en
ergy is then gradually released to generate electric power. The storage 
temperature and pressure will reduce and drop back to the ambient 
temperature and pressure at 7:00 the next day. Multiple continuous 

repeating cycles can be expected for the energy storage pile foundation. 
One of the goals of this paper is to determine allowable operation cycles. 

3.3. Simulation models 

The nonlinear dynamic heat transfer and the static thermal- 
mechanical analyses were performed using a general-purpose finite 
element software, ABAQUS. The heat transfer is unlikely affected by 
structural deformation in a pile, which is assumed to be in an elastic 
regime (i.e., small deformation). Therefore, an uncoupled sequential 
analysis technique was adopted. A similar approach was used to inves
tigate thermal-mechanical behaviors of the energy pile [26]. The heat 
transfer analysis was first conducted to obtain the temperature distri
bution profile along the pile section. This temperature distribution 
profile was then applied together with the structural and the storage 
pressure (Ps, See Fig. 3b) loadings to a pile model for the 
thermal-mechanical analysis. 

The nonlinear dynamic heat transfer analysis was performed on a 
two-dimensional (2D) plane strain model as shown in Fig. 4. The 2D 
model represents a quarter of a pile with no heat-flux passing through at 
the symmetric boundaries. This 2D simplification seems reasonable 
since the storage volume is relatively small, and the uniform distribution 
of the storage temperature can be assumed in the hollow space of the 
pile. The heat transfer at the ends of the pile is trivial and was then 
ignored because the inner diameter of the pile is much smaller than the 
pile length. For the pile section, a relatively fine mesh (20 mm × 20 mm) 
was applied, while for the surrounding soil, the mesh size gradually 
increases along the radial direction to save computational time. Inter
face elements with a thermal conductance of 25 W/m2⋅◦C were applied 
between the concrete and soil elements to model the potential micro 
gaps between the concrete and soil. 

Dynamic analyses were performed by applying the storage temper
ature (Ts, see Fig. 3a) to the inner surface of the pile in multiple cycles 
(n). The backward Euler method with unconditional stability was used 
for time integration. Automatic adjustment of the time increment during 
the simulations was performed to limit the Courant-Fredrichs-Lewy 
number to be less than 1.0. The initial temperature of the pile and the 
surrounding soil was assumed to be 12 ◦C in accordance with Brandl 
[27]. 

The energy storage pile foundation adopts high strength fiber- 
reinforced concrete, which has an approximate thermal conductivity 
of 2 W/m⋅◦C and specific heat of 940 J/kg⋅◦C for the temperature range 
(20 ◦C–50 ◦C) considered in this paper based on the test results [28,29]. 
The thermal conductivity for medium dense sand is set as 1 W/m⋅◦C at a 
mild moisture of 9% according to Abu-Hamdeh [30]. However, it re
duces as the moisture content reduces due to the heating from the 
compressed air. Therefore, a temperature-dependent nonlinear thermal 
model was used. This model assumes a linear variation of thermal 
conductivity against the temperature: 1.0 W/m⋅◦C at 12 ◦C and 0.25 
W/m⋅◦C at 100 ◦C, based on test results on the relationship of the 
moisture content and the thermal conductivity of the sand [31]. The 

Fig. 3. 24-hour storage temperature and pressure for the pile with s = 5 m and di = 200 mm: (a) Ts; (b) Ps. (Vs = 0.2 m3 and win = 13.81 KhW).  
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specific heat of the soil is selected as 1220 J/kg⋅◦C [30]. Considering the 
contact condition between the concrete and soil, thermal conductance of 
25 W/m2⋅◦C was assigned to the interface element [32]. The densities of 
concrete and soil are chosen as 2450 kg/m3 and 1600 kg/m3, 
respectively. 

The static thermal-mechanical analysis was conducted by applying 
the structural, storage pressure, and thermal-mechanical loadings to a 
2D axisymmetric model as shown in Fig. 5. The thermal mechanical 
loading was applied as the temperature profiles on the concrete section 
obtained from the heat transfer analysis. The 2D axisymmetric model is 
needed to evaluate the vertical stresses (σv) beside the in-plane stresses 
(σr, σθ). This paper aims at achieving a crack free state for the energy 
storage pile foundation to avoid potential air leakage. Therefore, the 
fiber-reinforced concrete is modeled as elastic elements with a mesh size 
(20 mm × 20 mm) matching the heat transfer analysis for the ease of 
applying the temperature profile. The elastic properties (Young’s 
modulus shown in Table 1) were assigned to the concrete model for 
different concrete grades. The model has a Poisson’s ratio of 0.2 and a 
thermal expansion coefficient of 1.5 × 10− 5/◦C for typical high strength 

fiber-reinforced concrete [33]. The pile cap was not modeled in the 
parametric study since it has little effect on the stress response in main 
body of the pile from preliminary analysis results. 

Since the pile section is under a complicated multi-axial stress state 
(Refer to Fig. 2) and the concrete was modeled elastically, it is important 
to evaluate the stresses obtained from the analysis with a proper yield 
function. The yield function for a classical concrete damage plasticity 
model is used [34], as follows: 

F(σ) − fc = 0 Eqn. (5)  

where, fc is the uniaxial compressive strength of the concrete, and F(σ) is 
a scalar yield function of invariants of the stress tensor. This yield 
function can be expressed, as follows: 

F(σ)= 1
1 − α

(
αI1 +

̅̅̅̅̅̅̅
3J2

√
+ βσ̂max

)
Eqn. (6)  

where, σ̂max is algebraically maximum principal stress. I1 and J2 are the 
first invariant and the second deviatoric stress invariant, respectively. 
These variables can be calculated using the stress components obtained 
from the thermal-mechanical analysis. α and β are the dimensionless 
constants and can be calculated, as follows: 

α=
fb − fc

2fb − fc
Eqn. (7)  

β=
fc

ft
(α − 1) − (1+ α) Eqn. (8)  

where, fb is the biaxial compressive strength, and ft is the uniaxial tensile 
strength. The uniaxial compressive and tensile strength for different 
concrete grades considered in this paper are listed in Table 1. The ratio 
between fb and fc is assumed as 1.16. 

The soil-pile interaction was modeled using discrete contact ele
ments along the pile length and at the bottom of the pile. Similar 
approach was used in modeling of structural connectors [37,38]. This 
simplification for the soil model seems reasonable since the study mainly 
focuses on structural performance. Previous studies clearly indicate that 
the effect of the soil constraint is insignificant for the concrete pile with a 
large thickness [9]. The lateral pressure and friction from the soil were 
introduced through the contact element along the pile length. Negative 
gaps were used to model the initial geostatic state. A nonlinear softening 
contact model was used to mimic the soil’s lateral response based on the 
API method following Eqn. (9) [35]: 

p(y)=Aputanh
(

kzy
Apu

)

Eqn. (9) 

Fig. 4. 2D plane strain model for the heat transfer analysis (modified from Ref. [20]).  

Fig. 5. 2D axisymmetric model for the mechanical analysis.  
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where, p(y) is the lateral pressure from the soil; y is the soil lateral 
deformation; k is the initial modulus, taken as 24,400 kN/m3 for the 
medium dense sand considered in this paper; A is a pile geometry factor 
taken as 0.3–0.8Lp/do. z is the depth of the soil. pu is the ultimate soil 
lateral resistance and can be calculated as: 

pu =min
(
(C1z + C2do)γ

′ z
C3Dγ

′

z

)

Eqn. (10)  

where constant C1, C2, and C3 are taken as 1.87, 2.62, and 29.65 for the 
medium dense sand considered in this paper. γ′ is the density of the soil. 
The input soil response curves at selected depths for the lateral response 
of the contact element is shown in Fig. 6a. 

The classical Coulomb friction model was adopted for the soil friction 
response following Eqn. (11) [36]: 

τ(z′

) = 0.1Kγ
′ ztanδ ≤ Kγ′ ztanδ Eqn. (11)  

where K is the coefficient of the lateral soil pressure, taken as 0.4; δ is the 
friction angle between the pile and soil interaction, taken as 25o. The 
input soil response curves at selected depths for the friction response of 
the contact element is shown in Fig. 6b. 

The properties of the contact element at the bottom followed a 
simplified soil bearing response developed in Loehr and Brown [36]. The 
simplified soil bearing model for the medium dense sand considered in 
this paper follows a multi-linear lines with an ultimate bearing capacity 
of 1.64 MPa as shown in Fig. 6c. 

4. Analytical results 

4.1. Results from heat transfer analyses 

This section presents the temperature profile inside the concrete pile 
section from the heat transfer analysis. Fig. 7 shows the temperature vs. 
loading cycle (n) at different locations of the concrete pile section for a 
case with s = 5 m, di = 200 mm, and Ts,max = 39 ◦C. As seen in Fig. 7a, 
the temperature history at the inner surface (r = 0.1 m) follows the 
storage temperature shown in Fig. 3a. As the heat is transferred from the 
inner surface to the outer, the temperature in the pile section increases 
with the loading cycle (n) as shown in Fig. 7b. This cumulative tem
perature increase results in changes in the temperature distribution in
side the concrete pile section. Fig. 8 shows the temperature distribution 
in different loading cycles at the middle of the cycle corresponding to the 
time at 19:00 as shown in Fig. 3, when the Ts reached the peak and those 
at the end of the cycle corresponding to the time at 7:00 (next day) as 
shown in Fig. 3 for the same case. The temperature distributions at two 
different times are completely different, and they change with the in
crease of the loading cycle (n). Such changes in the temperature 

distribution cause different temperature gradients, which will, in turn, 
affect the stress state in the concrete pile section. 

The pile spacing (s) and inner diameter (di) affect the temperature 
profile of the pile section. Fig. 9(a) and (b) show the maximum tem
perature in each loading cycle at the outer surface of the pile for 
different pile spacing (s) and different pile inner diameters (di), 
respectively. All the cases have a similar storage temperature (Ts,max). As 
seen in Fig. 9a, the temperature of the smaller pile spacing increases 
faster than that of the larger pile spacing due to the heat transferred from 
adjacent piles. As seen in Fig. 9b, the pile with a larger inner diameter 
has a faster temperature increase than the smaller case. This trend is 
because for a same pile outer diameter as studied in this paper, the larger 
inner diameter case has a thinner pile section which can transfer the heat 
faster than the smaller inner diameter case. These findings are consistent 
with the previous research [20,39]. 

4.2. General structural response from thermal-mechanical analyses 

This section uses a case with s = 5 m, di = 200 mm, C150 concrete, 
and Ts,max = 39 ◦C to demonstrate the general structural response of the 
pile section from the thermal-mechanical analysis. The pile was sub
jected to the combined structural, cyclic storage pressure, and cyclic 
thermal-mechanical loadings up to 70 cycles. 

For the first 5 loading cycles in the pile section, Fig. 10 shows the 
time history of major stress components (σr, σv, and σθ) at the inner and 
outer surfaces. The stresses were plotted at locations where maximum 
stresses occur along the length of the pile. To investigate the effect of the 
thermal-mechanical loading, Fig. 10 indicates stresses from the storage 
pressure loading (P), the thermal-mechanical loading (T), and the 
combined loading (P + T). 

As seen in Fig. 10(a) and (d), the storage pressure causes compression 
stresses in the radial direction which has a larger value in the inner 
surface than the outer surface. The thermal-mechanical loading in
creases the compression stress in this direction. The changes in the stress 
with the loading cycles are not significant. Since the concrete section is 
under a relatively small compression comparing to its strength, it will 
not cause safety issues in this direction. 

As seen in Fig. 10(c) and (f), the storage pressure causes tensile 
stresses in the circumferential direction at both the inner and outer 
surfaces while the stress is larger at the inner surface. On the other hand, 
the thermal-mechanical loading generates compression stresses at the 
inner surface but tensile stresses at the outer surface as predicted in Sec. 
2.2. The P + T combined loading produces smaller tensile stress than 
that induced from the storage pressure loading. As the loading cycle (n) 
increases, the circumferential stress at the inner surface gradually re
duces in amplitude and changes to tension at the end/beginning of each 
loading cycle after several cycles. On the other hand, the amplitude of 
the tensile stress at the outer surface gradually reduces. This cumulative 

Fig. 6. Soil input response curves: (a) lateral pressure, (b) friction, and (d) end bearing.  
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stress change with the loading cycle is because of the change in tem
perature gradient observed in the heat transfer analysis (refer to Fig. 8). 

As seen in Fig. 10(b) and (e), the storage pressure loading along with 
the structural loading only generates negligible compression stresses in 
the vertical direction. However, the thermal-mechanical loading causes 
similar stress patterns in the vertical direction as in the circumferential 
direction, although the magnitude in the vertical direction is smaller. In 
summary, in the first several loading cycles, the combined loading (P +
T) generates smaller tensile stresses than the storage pressure loading 
(P). A biaxial tensile stress state is observed in the combined loading 
while not occurring under the storage pressure loading. Since the con
crete strength under biaxial tensile stresses is similar to that under 
uniaxial tensile stresses [29], the combined loading may still produce a 

less critical stress state on the concrete than the storage pressure loading. 
Fig. 11 shows stress distributions along the radial direction (r) under 

the combined loading at different times (beginning/end, middle, tran
sition time) in different loading cycles for the circumferential (σθ, 
Fig. 11a, b, and 11c) and the vertical (σv, Fig. 11d, e, and 11f) stresses. 
The stress distribution under the storage pressure loading is indicated as 
green lines as a reference (the solid line is from finite element analysis 
and the dashed line is from Lame’s theory). 

As seen in Fig. 11(a) and (b), the stress at the inner surface contin
uously increases (from compression to tension) while the stress at the 
outer surface reduces with the loading cycle. After sufficient loading 
cycles (i.e., n = 70 for this case), the tensile stress at the inner surface 
almost reaches the same value from the storage pressure loading (See 

Fig. 7. Temperature at different locations of the concrete pile section: (a) time history; (b) maximum in each cycle.  

Fig. 8. Temperature distributions in different loading cycles: (a) at the middle of the cycle; (b) at the end of the cycle.  

Fig. 9. Maximum temperature at the outer surface: (a) for different pile spacing (s); (b) for different pile inner diameters.  
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Fig. 11a). The stress distribution along the radial direction is a combined 
tension-compression distribution at the beginning and the middle of a 
cycle while the storage pressure produces a pure tensile stress distri
bution. After passing through sufficient loading cycles (i.e., n = 70 for 
this case), this combined tension-compression distribution changes to a 
pure tension when the stress at the inner surface becomes tension at the 

middle of the cycle (See Fig. 11b). 
After several loading cycles, the stress at the inner surface becomes 

tension at the beginning of the cycle while it remains compression at the 
middle of the cycle as shown in Fig. 11(a), (b), 11(d), and 11(e). 
Therefore, it confirms that there is a transition time when the stress at 
the inner surface changes from tension to compression within a certain 

Fig. 10. Stress history in the pile section: (a) σr, (b) σv, (c) σθ at the inner surface; and (d) σr, (e) σv, (f) σθ at the outer surface.  

Fig. 11. Stress distributions along the radial direction in different loading cycles: (a) at the beginning of the cycle; (b) at the middle of the cycle; (c) near transition 
time for σθ, and (d) at the beginning of the cycle; (e) at the middle of the cycle; (f) near transition time for σv. 
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cycle, vice versa (Refer to Fig. 10c). Fig. 11c shows the circumferential 
stress distribution near this transition time. As the loading cycle in
creases, the stress distribution near the transition time changes from a 
combined tension-compression to a pure tension distribution. The 
loading cycle at this change is defined as a transition cycle (ntr). If the 
loading cycle is less than the ntr, the pure tensile stress distribution can 
be avoided. Similar trends can be observed in the vertical stress with 
smaller magnitudes in tension as shown in Fig. 11(d), (e) and 11(f). The 
pure tensile stress distribution does not occur near the transition time 
even after many loading cycles. 

Fig. 12 show the response distribution along the vertical direction (z) 
for the vertical stress (σv), the circumferential stress (σθ), and the lateral 
expansion displacement. As seen in Fig. 12a and b, the stress distribution 
along the vertical direction (z) is reasonably uniform except that lower 
stresses are observed near the top and bottom of the pile. Fig. 12c in
dicates that the lateral expansion displacement is not significant which 
proves the small displacement assumption made in the model. 

Fig. 13 show the soil response profile along the vertical direction at 
the end of different loading cycles for (a) lateral pressure, (b) friction, 
and (c) vertical displacement. As a reference, the soil response profile 
under the structural loading is indicated as black dashed lines. The 
lateral pressure increases with the loading cycle. The friction stress re
duces at the top portion of the pile and increases at the bottom portion of 
the pile due to the elongation of the pile under thermal-mechanical 
loading. This elongation reduces the vertical displacement at top part 
of the pile as indicated in Fig. 13(c). However, the changes in the soil 
response are not significant due to a relatively large concrete section. 

4.3. Structural response under different magnitudes of the storage 
temperature 

As discussed in the previous section, the thermal-mechanical loading 
has the potential to reduce the critical tensile stress and avoid unfa
vorable pure tensile stress distribution inside the concrete pile section. 
However, limiting the loading cycle (n) is important since the tensile 
stress can gradually increase, and the stress distribution can be changed 
after a certain amount of the loading cycle. Therefore, this section dis
cusses the determination of an optimal storage temperature (Ts,opt) and 
an allowable loading cycle (nall) by examining the pile section’s 
maximum stresses under different storage temperatures for a case with s 
= 5 m, di = 200 mm, and C150 concrete. 

Fig. 14 shows the maximum stresses vs. the loading cycle (n) under 
different magnitudes of the storage temperature (γ = 1.5%, 1.75%, and 
2.25%, refer to Fig. 3a) in terms of the vertical stress (σv), the circum
ferential stress (σθ), and the yield function F(σ), respectively. As a 
reference, the maximum stress under the storage pressure loading is 
indicated as a solid green line. The tensile or compression strength of the 
concrete with a safety factor (SF) of 1.5 is indicated as black dotted lines. 
The stress at the inner surface is shown as solid lines while the stress at 

the outer surface is indicated as dashed lines. 
As seen in Fig. 14(a) and (b), the maximum stresses increase at the 

inner surface but reduces at the outer surface with the loading cycle. 
These stresses at the inner surface eventually exceed the strength of the 
concrete after a certain amount of loading cycles. As the storage tem
perature increases, the loading cycle, where the stress exceeds the 
strength, decreases. Particularly, the stress at the outer surface can reach 
the strength limit at the 1st cycle when the storage temperature is high 
enough (See. γ = 2.25% in Fig. 14b). 

Comparing to the storage pressure loading, the combined loading 
case can limit the maximum stress to be less than the concrete strength if 
a proper storage temperature and a loading cycle are applied. However, 
the combined loading case also produces a biaxial tensile stress state 
while the storage pressure loading generates only uniaxial tensile stress. 
Therefore, it is essential to investigate the yield function [F(σ)] under 
the multi-axial stress state. Figure 14(c) shows the maximum F(σ) vs. the 
loading cycle. A loading cycle limit, termed as nlim, can be identified as 
the intersection between the F(σ) and fc/SF for a given storage tem
perature as illustrated in Fig. 14(c). On the other hand, a Matlab code 
was developed to identify the transition cycle (ntr, refer to Fig. 11c) for a 
given storage temperature when the stress distribution changes to pure 
tension. Fig. 15 plots the loading cycle limit and the transition cycle vs. 
Ts,max. As presented in Fig. 15, the loading cycle limit decreases as the 
storage temperature increases, which is consistent with the trend shown 
in Fig. 14. The transition cycle slightly increases with the increase of the 
storage temperature. Therefore, it is possible to identify an intersection 
between the two curves as illustrated in Fig. 15. The coordinates of this 
intersection are defined as the optimal storage temperature (Ts,opt) and 
the allowable loading cycle (nall). This intersection implies that the en
ergy storage pile foundation (s = 5 m, di = 200 mm, and C150 concrete) 
designed with the Ts,opt can safely operate nall cycles: the maximum 
stress in the concrete section during the operation will be safely under its 
strength limit, and the concrete section will not undergo a pure tension 
stress distribution. 

After continuously operating for nall cycles, the energy storage 
operation needs to be paused for one day to have the temperature and 
the stress in the pile foundation recovering to their initial conditions. 
Fig. 16 shows the circumferential stress history for the pile subjected to 
two allowable loading cycles with a one-day pause. As seen in Fig. 16, 
the stresses can restore to their initial conditions within one day and 
repeat the same history during the second allowable cyclic loading. 

4.4. Parametric results 

This section summarizes the effects of the studied parameters on the 
structural response of the energy storage pile foundation under the 
combined structural, storage pressure, and thermal-mechanical 
loadings. 

Fig. 17 shows the maximum tensile stresses vs. the loading cycle for 

Fig. 12. Vertical response distributions in different loading cycles: (a) σv; (b) σθ; (c) lateral expansion.  
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different concrete grades at a similar storage temperature 
(Ts,max≈39 ◦C) for a case with s = 5 m and di = 200 mm. Since the 
concrete pile was modeled as elastic elements, the actual difference in 
the model is the Young’s modulus for different concrete grades as listed 
in Table 1. As seen in Fig. 17, the concrete pile with a lower grade and 
Young’s modulus shows lower maximum tensile stresses than the one 
with a higher grade and Young’s modulus. This trend is because the 
lower Young’s modulus generates smaller thermal stresses. However, 
the strength of the concrete is also different for different concrete grades 
as indicated in Fig. 17. Therefore, the nlim is not necessarily larger for the 

lower grade concrete at a given storage temperature. As seen in Fig. 17 
(c), the lower concrete grade cases (C60 and C100) reach the strength 
limit at the outer surface at the 1st cycle. 

Fig. 18 shows the maximum tensile stresses vs. the loading cycle for 
different pile spacing (s) at a similar storage temperature (Ts,max≈41 ◦C) 
for a case with C150 concrete and di = 200 mm. As seen in Fig. 18, the 
maximum stress is similar for different pile spacing at the beginning of 
the loading. As the loading cycle increases, the pile with a smaller 
spacing shows larger stress than the pile with a large spacing, which is 
consistent with the maximum temperature values observed in the heat 
transfer analysis (Refer to Fig. 9a). This trend indicates that the pile with 
a smaller spacing has a smaller nlim than the pile with a larger spacing for 
a given storage temperature. 

Fig. 19 shows the maximum tensile stresses vs. the loading cycle for 
piles with different inner diameters (di) at a similar storage temperature 
(Ts,max≈39 ◦C) for a case with C150 concrete and s = 5 m. As seen in 
Fig. 19, the pile with a larger di shows larger stress than the pile with a 
smaller di, which is consistent with the maximum temperature values 
observed in the heat transfer analysis (Refer to Fig. 9b). This trend in
dicates that the pile with a larger di has a smaller nlim than the pile with a 
smaller di for a given storage temperature. 

5. Design recommendations 

Following the same procedure used in Sec. 4.3, the optimal storage 
temperature (Ts,opt) and the allowable loading cycle (nall) can be 
determined for all the cases considered in this paper. With these calcu
lated Ts,opt and nall, a design chart for the energy storage pile foundation 

Fig. 13. Soil response distributions along the vertical direction in different loading cycles: (a) lateral pressure; (b) friction; (c) vertical displacement.  

Fig. 14. Maximum stresses vs. the loading cycle (n) under different magnitudes of the storage temperature: σv; (b) σθ, and (c) F (σ).  

Fig. 15. Determination of the optimal storage temperature and the allowable 
loading cycle. 
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Fig. 16. Circumferential stress history with one-day pauses operation.  

Fig. 17. Maximum tensile stresses vs. the loading cycle (n) for different concrete grades: σv; (b) σθ, and (c) F (σ).  

Fig. 18. Maximum tensile stresses vs. the loading cycle (n) for different pile spacing: σv; (b) σθ, and (c) F (σ).  
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can be developed, as shown in Fig. 20. 
As seen in Fig. 20a, the optimal storage temperature slightly in

creases with the increase of the pile spacing. The pile with a higher 
concrete grade and a smaller inner diameter has a higher optimal stor
age temperature. As seen in Fig. 20(b), the allowable loading cycle 
typically increases with the increase of the pile spacing. The pile with a 
higher concrete grade and a smaller inner diameter has a larger allow
able loading cycle. These trends are consistent with the results presented 
in Sec. 4.4. In order to have a longer, uninterrupted operation, it is 
recommended to use higher concrete strength (C100 or C150) and a 
smaller pile inner diameter (di = 200 mm) for the energy storage pile 
foundations. 

6. Conclusions 

This paper explores the feasibility of the energy storage pile foun
dation with a storage temperature higher than the ambient temperature 
through analytical studies. The analytical study was conducted under 
cyclic loadings through an uncoupled sequential nonlinear dynamic heat 
transfer and static thermal-mechanical analyses. The structural re
sponses of the energy storage pile foundation subjected to the combined 
structural, storage pressure, and thermal-mechanical loadings were 
investigated from the analysis results. The following conclusions can be 
made from the heat transfer analysis:  

(1) The increase in the storage temperature results in temperature 
gradients in the pile section. The temperature gradient changes 
with the loading cycles due to the cumulative heat transfer effect.  

(2) The smaller pile spacing and larger pile inner diameter can result 
in a faster heat transfer and a larger temperature change in the 
pile section with the increase of the loading cycle. 

The following conclusions can be made from the thermal-mechanical 
analysis: 

(1) The thermal-mechanical loading produces a different stress dis
tribution comparing to the storage pressure loading. The com
bined loading results in a lower maximum tensile stress and a 
more favorable compression-tension stress distribution in the pile 
section than the storage pressure loading within a certain amount 
of loading cycles.  

(2) The tensile stress under the combined loading increases with the 
increase of the loading cycle due to the temperature gradient 
changes. After sufficient loading cycles, the tensile stress under 
the combined loading may exceed the value under the storage 
pressure loading.  

(3) The stresses in the pile section under the combined loading may 
change to a pure tension distribution at the transition time after 
sufficient loading cycles.  

(4) The thermal-mechanical loading produces a biaxial tensile stress 
state while the storage pressure loading generates only a uniaxial 
tensile stress state. Although the concrete has similar strength 

Fig. 19. Maximum tensile stresses vs. the loading cycle (n) for different di: σv; (b) σθ, and (c) F (σ).  

Fig. 20. Design charts for the energy storage pile foundation: (a) Ts,opt, (b) nall.  
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under uniaxial and biaxial tensile loadings, it is important to 
check the yield surface under a multi-axial stress state.  

(5) An optimal storage temperature and an allowable loading cycle 
can be identified for the energy storage pile foundation, which 
implies that the pile designed with this optimal temperature can 
safely operate for this allowable loading cycle. Afterward, the 
energy storage operation needs to be paused for one day to have 
the temperature and the stress in the pile section recovering to 
their initial conditions.  

(6) The higher Young’s modulus, smaller pile spacing, and larger pile 
inner diameter can generate higher tensile stresses inside the pile 
section as the increase of loading cycle. 

The analysis results developed design charts for the energy storage 
pile foundation to determine the optimal storage temperature and the 
allowable loading cycle for different pile design parameters considered 
in this paper. In order to have a longer uninterrupted operation, it is 
recommended to use higher concrete strength (C100 or C150) and a 
smaller pile inner diameter (di = 200 mm) for the energy storage pile 
foundations. 
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Ec:  = concrete Young’s modulus 
F(σ):  = concrete yield function under multi-axial stresses 
fb:  = concrete biaxial compression strength 
ft, fc:  = concrete tensile, compression strength 
I1, J2:  = first invariant, second deviatoric stress invariants 
K:  = coefficient of the lateral soil pressure 
k:  = soil initial modulous 
n:  = loading cycle 
ntr, nall:  = transition, allowable loading cycle 
p(y):  = soil lateral pressure 
pu:  = ultimate soil lateral resistance 
R:  = universal gas constant 
s:  = pile spacing 
T1, P1:  = ambient temperature, air pressure 
T2, P2:  = temperature, air pressure after the compression process 
T3, P3:  = storage temperature, pressure after the heating process 
Ts, Ps:  = storage temperature, pressure 
Ts,max, Ps,max:  = storage temperature, pressure at the peak during a 24-h cycle 

Ts,opt:  = optimal storage temperature 
tin:  = compression time; 
uz:  = soil vertical displacement 
Vs:  = available volume for storage 
ẇin:  = available energy for storage 
y:  = soil lateral displacement 
z:  = coordinate along the length of the pile measured from the ground 
α, β:  = dimensionless constant for the concrete yield function 
δ:  = friction anlge between the pile and soil inteaction 
γ:  = cooling index 
γ’:  = density of the soil 
η1:  = compression efficiency 
μ:  = molar mass of the air 
ρi:  = ambient air density 
σr, σv, σθ:  = radial, vertical, circumferential stress 
σ̂max:  = algebraically maximum principal stress 
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