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A simplified method for geotechnical analysis of energy pile groups

FEI Kang, ZHU Zhi-hui, SHI Yu-heng, ZHOU Ying

Institute of Geotechnical Engineering, Yangzhou University, Yangzhou, Jiangsu 225127, China

Abstract: A simplified analytical method is proposed for the geotechnical analysis of energy pile groups under thermo-mechanical
loads. The relationship between the shear stress and the relative displacement at the pile-soil interface is modeled by a hyperbolic
function. The elastic shear displacement method is used to determine the deformation of the surrounding soil. Assuming the settlements
induced by the adjacent piles are eclastic, the shaft and base interactions among piles are considered separately. The effects of the
nonlinear behavior at the pile-soil interface, the pile head restraint condition, and the location of energy piles in the pile group can be
predicted reasonably. The computed interaction factor between two energy piles by the proposed method are better than those from the
elastic approach. The reliability of the present method is also validated with the experimental data collected from literatures. Both the
computed and the measured results show that if part of the piles are subjected to the temperature change, the foundation tilting and the
redistribution of the axial load among the piles will be induced. The present method can capture the main characteristics of energy pile

groups efficiently and be used as a useful analysis tool for the engineering design.
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1 Introduction

Energy pile technology refers to burying heat exchange
tubes in the ground source heat pump system inside the
pile body, and the pile body plays the role of load bearing
and heat exchange at the same time, so as to reduce the
ground area and construction cost needed for burying heat
exchange tubes. Energy pile is an economical and emerging
technology, which has gradually gained attention in the
industry and academic community'' 2!, In order to ensure
the safety and reliability of the energy pile, the working
characteristics of the energy pile under thermal-mechanical
coupled load have been comprehensively studied by pre-
vious scholars. Amatya et al.l’), Gui et al.*! and Lu et al.l’
tested the changing rules of pile axial force, pile side
resistance and pile top displacement under different working
conditions through field tests. Ng et al.[% studied the inf-
luence of pile top working load level and pile end support
conditions on energy pile working characteristics through
centrifuge tests. The experimental results from previous
researchers all showed that the pile expands when heated,
and the upper and lower pile body deform around a certain
point (neutral point) respectively. Due to the pile—soil
interaction, the side resistance above the neutral point
decreases, while the side resistance below the neutral
point increases, resulting in additional compression stress
in the pile. Laloui et al.”?and Rotta et al.®! also obtained
similar behaviors through finite element numerical simu-
lation. Fei et al.”) took the transfer function as hyperbola,
considered the temperature deformation of the pile, and
used Mansin's rule to reflect the difference in adding and
unloading stiffness in the process of rising and cooling,
and established a simplified analysis method for the work-
ing characteristics of single energy pile. Huang et al.['%]
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took the transfer function as an exponential function to
improve the calculation method of the depth of the neutral
point. Although those methods are more simplified, they
can reflect the main rules observed in the experiment
and can be used to analyze the working characteristics
of single energy pile. In practical engineering, however,
energy piles often appear in the form of pile groups.
Thus, the working characteristics of energy pile groups
are different from that of single pile, and the arrangement
of energy piles has impact on the working characteristics
of pile groups. These issues are worth studying. Due to
the complexity of the issue, relevant research results are
rarely reported. Peng et al.l'! conducted small-scale
model tests on pile group foundation, and the results
showed that the energy pile group would show uneven
deformation under the condition of partial heating. Ng
et al.l”! pointed out that based on centrifugal test that
the non-uniform deformation of foundation pile caused
by temperature change would change pile top load. Lu
et al.l'¥) believed that the operation of the energy pile
had a certain influence on the stress of the raft. Salciarini
et al.l'"analyzed the thermal and mechanical properties
of an energy pile group foundation by using three-
dimensional finite element method. The results showed
that the operation of the energy pile would change the
axial force of the energy pile and the ordinary pile, and
the axial force change was closely related to the position
of the energy pile. Based on the results of numerical
analysis, Rotta et al..'> pointed out that pile group effect
in energy pile group foundation cannot be ignored.
Although the finite element method can reasonably reflect
the constitutive relation, load and boundary conditions
of the material, it is also very complex and difficult for
application in pile group foundations. Therefore, it is
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still necessary to establish a simplified analysis method E, A4 9%y )
for the working characteristics of energy pile groups. o 922 (4

With the help of the interaction factor method of
conventional pile group settlement analysis, Rotta et al.l'"!"!
gave the interaction factors between two energy piles
with different length—diameter ratios, pile spacing and
pile—soil stiffness ratios by using elastic finite element
method. On this basis, the pile top displacement of pile
group under uniform temperature rise or drop is obtained
by using the elastic superposition principle. Because all
the piles are energy piles, this method cannot consider
the influence of the position of the energy piles. Moreover,
the elastic finite element does not reflect the nonlinear
mechanical properties of the pile—soil interface, therefore,
the interaction between piles may be overestimated. In
addition, the method cannot consider the effect of tem-
perature and mechanical load at the same time, hence
its application has some limitations.

In this paper, the hyperbolic model is used to simulate
the mechanical behavior on the interface of pile and
soil, and the shear displacement method is used to reflect
the transfer of shear stress in soil layer. Considering the
interaction of pile groups, the governing equations of
pile and soil system under thermal mechanical coupled
action are derived, and the partial differential solution
scheme is given. By using the proposed method, the cases
in the literature are compared and verified, and the working
characteristics of energy pile foundation are analyzed.

2 Simplified analysis method derivation

2.1 Governing equation for single pile

Similar to the traditional transfer function method,
the equilibrium condition of the differential element of
pile can be obtained:

N =0 (D

z
where N is the axial force, compression is positive; 7is
the pile side shear stress, upward is positive; r is the
radius of the pile; and z is the depth.
Both temperature and mechanical load are considered.
If the strain is defined as positive as compression and
the temperature as positive as increase, there is

(2)

where &, E;, A, o and AT are the strain, elastic modulus,
cross-sectional area, linear expansion coefficient and
temperature increment, respectively.

If the temperature increment is assumed to remain
constant along the pile length, combing Egs. (1) and (2)
yields:

2

EA%Y om0
p ZZ

(3

or
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Equation (3) is consistent with the governing equation
of the traditional load transfer method. The difference
lies in the relationship between shear stress and displace-
ment and different boundary conditions, which will be
introduced together in the solution of pile group problem.
2.2 Mechanical behavior at the pile—soil interface
2.2.1 Mechanical behavior along the pile side

Studies have shown that under the vertical load!'® "],
except the local area around the pile, most of the soil
is in an elastic state, and the nonlinear characteristics
of the load—displacement curve of a single pile mainly
depend on the slippage at the pile—soil contact surface.
Therefore, the pile displacement u at a certain depth is
decomposed into the relative slip displacement s of the
pile—soil contact surface and the displacement w of the
soil around the pile, namely

(5
The relationship between slip displacement s and

pile side shear stress 7 can be simulated by hyperbola
as follows:

u=s+w

r=—2 (6)

a+bs

where a and b are model parameters, which are deter-
mined by the following formula:

(1 — R, )Sf
(2

bzl/z-u :Rf/z-f

D

a=

(8

where 7, is the asymptotic value of the hyperbola; 7 is
the pile side friction strength; Ry is the failure stress
ratio, ranging between 0.85 and 0.95; and s is the slip
displacement when the shear stress reaches the failure
strength, generally between 2 and 4 mm.

The elastic displacement w in the soil is calculated
according to the shear displacement method of Randolph
etal.l’l:

r 7
w=—In| 2 |7
2o(%)

where G is the soil shear modulus; ry, is the influence
radius of pile, in homogeneous soil rm = 2.5/(1-v); [ is
the pile length; and v is the Poisson's ratio of soil. By
combining Egs. (5), (6) and (9), the incremental form
between pile side shear stress and displacement can be
obtained as follows:

5u={ﬁ+éln[%‘jil57

The energy pile will expand and shrink repeatedly
in the process of heating and cooling, and the soil around
the pile will be loaded and unloaded to different degrees.

9

(100
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Literature research’® considers the difference of loading
and unloading moduli through Mansin's law. However,
Manxin's law is applicable to regular loading and unloading
conditions. For irregular loading, upper skeleton and upper
large circle rules are needed to avoid unreasonable situations
such as stress—strain curve exceeding the limit stress,
and the actual judgment is relatively complicated. In this
paper, Pyke method?”! was used to construct loading
and unloading stress—strain curves. Unloading and reverse
loading curves were obtained according to stress skeleton
curves:

(S_SC)
T~ _ \ R (1D

a+b s

where 7. and s¢ are the stress and displacement when
the stress—displacement curve turns. R=|+1-7,/z,|,
load for plus, unload for minus. The corresponding tangent
stiffness can be obtained by differentiating Eq. (11),
then Eq. (10) can be rewritten as

du=Cd1 (12)

2
where C = Lz+iln(rﬂj .
[R-blr-7|] G \r
2.2.2 Mechanical behavior of pile tip

The relationship between pile end pressure and
displacement is simulated by hyperbola:

S +aw,
where P is the total pile end stress; wy is the displace-

ment of pile end; fand g are model parameters, which
can be determined by the following formulal'!:

(13

=l (14)
4G,r
g:Rf/be (15>

where Gy and w, are the shear modulus and Poisson's
ratio of soil at the pile end, respectively; and Py is the
total ultimate bearing capacity of pile end.

Considering loading and unloading of pile end, the
incremental form of Eq. (13) is

ow, = C, 0P (16)
ﬂeZ
[R-glP-r[]"
2.3 Pile—pile interaction
In pile group foundation, due to the diffusion and
transfer of stress in soil, the interaction between piles
increases the vertical displacement. If two piles i and j

are considered, the displacement increment du;. of pile
i at the depth z can be decomposed into two parts:

Su,, = Su,,, +du,, anm

where C, =

Published by Rock and Soil Mechanics, 2020

where du;;; is the displacement caused by the load of
the ith pile at its location; duy. is the displacement
generated by the load of the jth pile at the ith pile.

du;;- contains the slip displacement of the pile—soil
interface and the displacement generated by the elastic
deformation of the soil, which is calculated according
to Eq.(12). Lee et al.'8 showed that the displacement
generated by interaction u;: can be considered as elastic
deformation, which can be calculated according to the
shear displacement transfer method.

Siy

u, =51, h{rﬂJ (18

where s;; is the center distance between piles i and ;.
When s;; exceeds rm, pile interactions are not considered.

Therefore, in a pile group foundation with # piles,
the settlement of any pile i can be expressed as

Su, =Y C,87, (19
Jj=1

2
wheni=j,C, =L+Lln(rﬂj ; when

When conducting pile group analysis under mechanical
load, Lee et al.l'® reported that the shear stress of each
pile side at the same depth has little difference and can
be approximated to the same value. However, for the
energy pile foundation, the temperature variation of each
pile may be different, and the shear stress will be obviously
different, which cannot be combined.

Assuming that the soil displacement increment at
the pile tip caused by pile—pile interaction is elasticl?!],
the increment of pile tip load of the jth pile dP; causes
the increment of pile tip displacement of the ith pile is
expressed as

1—
v =) 5p 20
7 2rGys;

Consequently, in a pile group foundation with n
piles, the pile tip settlement of any pile i can be expressed
as

Swy; = D Cy;OP, 2D
Jj=1
ﬂeZ
wheni=j, C, = >;when i#j, ;=

[R-g|B-P,

]

(1-w)
2nG,s; .

By combining Egs. (4), (19) and (21), and considering
boundary conditions, displacement and internal force of
pile group can be solved.
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3 Simplified analysis method

In practical engineering, the energy pile should bear
the superstructure load first. After the building is put into
use, it will play the role of heat transfer according to the
requirements of heating or cooling. Therefore, in the
simplified analysis method, the response under mechanical
load is first calculated, and then the influence of tem-
perature load is considered.

3.1 Governing equations and solutions under
mechanical load

Divide n piles into N sections, each section length
Ah = L/N and a total of M nodes (M = N+1). For the
I-th node of the i-th pile, using the second-order precision
discrete form of the second-order derivative, combined
with Eq. (4), Eq. (19) is transformed into

" E,A
Su, =S C, —>
o ; ) rAh2

Jol+1

(Bu; 0y —28u;, +8u;, ) (22)

E
Let arrepresent 5 L Eq. (22) is changed to
i

rAR

Z odu, . +(2aC,, +1)du,, +

(23

Z 20C; du, Z

Jj=Li#j

00U =

For pile top node 1 and pile end node M, in order
to ensure the second-order discrete precision, two virtual
nodes 0 and M+1 need to be added. The displacement
of these two nodes needs to be solved in combination
with boundary conditions.

If it is assumed that pile top is connected by raft or
bearing platform, under the action of vertical load increment
&P, the displacement increment of each pile is equal,
ie.

(24>

Sul,l =du,, =-+-=0u,,

In addition, the sum of the incremental axial forces
on the top of each pile is equal to the external load:
ON,, +0ON,, +---+08N,, =oP (25

Because oN= EPA(—agzu +0,8T ] , under the mechanical

load, the influence of temperature is not taken into account,
and after discretization with second-order precision
difference, it is substituted into Eq. (25), there is

Zﬂ(f)u‘/qo —du
=1

where = E,A/2Ah.

For the node of the pile end, du; = dwy;, the displace-
ment and reaction force of the pile should meet the Eq.
(21), after the rearrangement:

Z CyyBou =By, — z CypyBou, ., =0
=

Jj=1

12)=0P (26)

Q27
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Equations (23), (24), (26) and (27) can be written
in matrix form:

[K]{8u} ={3F}
where {u} is the displacement column vector of all nodes

of pile group, and the total number of elements are L =
nx(M+2).

{oul" ={{ou}" 6w} .. .{ou,}"]
{Sui }T = {Sui,o ’ 8“1‘ 8”: M+1 }T

where {8F} T is the generalized load vector of pile group,
when under mechanical loads, only 8F, = &P valid in
{8F,} ", the rest of the elements are all 0.

(K] [K:] = [K.]
PRIENNEN RN

6, (K]~ [K.]

Where [K] is a square matrix of LxL; the sub-matrix
[K,;] is a square matrix of order of M + 2, most of the
elements of this matrix are 0, and its non-zero elements
are

K, (I,1-1)=-aC,

ij,l

20C,, +1,i=
K, . (1,I)= 1=2,--
"/ 20C,. i # ]

il

28

(29

(300

3D

K, (I,1+1)=-acC,

ij,l

The constraint condition of equal displacement of
pile top is required:

K, 0.2)-{"

The condition that the sum of axial forces of each
pile is equal to the total load is as follows:

K, (L1)=58 }
K, (L3)=-p

Boundary conditions of pile tip:
K, (M +2,M)= Gy, B

,J =1
Lj=i+1

(32)
(33)

-Li=7
/ (34)

K, (M+2,M+1)=
‘ 0,i# ]

K, (M+2,M+2)=-C,,

3.2 Governing equations and solutions under
temperature load

Under the action of temperature load, the form of
the equilibrium equation remains unchanged. It only needs
to consider the influence of temperature and modify
the submatrix and the load vector locally according to
the boundary conditions.
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For bearing caps with large stiffness, the bottom surface
of bearing caps remains flat after each pile experiences
different temperature loads. If the origin of coordinates
is taken at the center of No.1 pile (see Fig.1), then acc-
ording to the rigid body deformation assumption of the
foundation:

Su,, =0du,, +386,x, +56,y, (35

where 86, 86, are the increments of the rotation angle
of the cap around x and y coordinate axes, respectively.
For the convenience of derivation and solution, one pile
on the x axis and one on the y axis are respectively marked
as No. 2 pile and No. 3 pile. After 86 and 86, are expressed
by displacement of the pile top, we have

_[l_ﬁ_&]&’u —ﬁSuz’l _&5”3,1 +du,, =0 (36)
X, W 2 Y3

, \
il
il

. B

L1 U
L1 O

>

dil

Fig.1 Numbering rules for energy pile

According to Eq. (36), the first row of the sub-matrix
[Kj] is cleared to zero, and is re-assigned as follows:

- o52]
X, N
X,
K (1,2)=——"
2(12) X, i=l~n-3 (37)
K13(1’2):_&
Vs
Kll+3(l’2)7l

(B (8w, —u, , )+ 98T, )x, = 0 (38)

s |l

2(B(Bu,, ~8u,,)+78T;) y, =0

i=1

where y= E Ao, x; and y; are pile cap coordinates.
Equation (38) has only n—3 equations, and 3 additional
equations are needed to solve it. Considering that the
external load of the energy pile is constant, that is, the
resultant force and resultant moment increments of each
pile top reaction force are 0. According to Eq. (2), the

Published by Rock and Soil Mechanics, 2020

axial force is expressed discretely:

The (i = n—2)" row of the matrix [K;] represents
the moment equilibrium condition around the y axis,
there is

K, (L1) = Bx,
K, (1,3)= ~Bx;

The (i = n—1)" row of the matrix [Kj] represents
the moment equilibrium condition around the x axis:

K, ; (L, 1) - ﬂyj
Kn—l,j (1’ 3) = _ﬁy‘/

The (i = n)™ row represents conditions of force
equilibrium:

K,(11)=
w(b1) =4 j:1,~-,n} (41)
K, (1,3)=-4

Considering the influence of temperature, the boundary
condition of pile tip becomes

s, =G, [ B(B1, 00 =810, ) +OAT | (42)
j=1

j=1,-~-,n} (39)

j:1,~~,n} (40)

The boundary conditions have no effect on the elements
in [K] matrix, temperature effects are incorporated in
the load vector. Combined with the boundary condition
of pile top, the load vector is zeroized and assigned as
follows:

n

Fy==2 ATx;,i=n=2
=
n

Fy==2 ATy, i=n-1
=
n

Fy==2 AT, i=n
=1

n
F;,M+2 = _Zcbiij’l =L-,n
Jj=1

(43)

Considering the nonlinear characteristics at the pile—soil
interface, the governing equations were solved by the
mid-point increment method. After the displacement
of the pile, the axial force distribution and shear stress
distribution, etc., could be obtained according to Egs.
(2) and (4).

3.3 Summary of parametric analysis

The main parameters used in this method include
material elastic modulus Ep, pile diameter 7, pile length
/, pile spacing S, coefficient of thermal expansion o,
pile temperature increment AT, soil shear modulus G,
Poisson's ratio v, pile side friction in limit equilibrium
state 17, slip displacement in the limit equilibrium state
s, ultimate pile tip resistance Py, failure stress ratio
between pile side and pile end Ry. These parameters are
in consistent with those from the traditional analysis method
of pile foundation displacement under mechanical load
and can be obtained conveniently.
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4 Cases and validations

4.1 Case 1: Conventional pile group foundation
under mechanical load

This case is taken from the field test results of 9
piles given by O’Neill et al.*?l. The pile is a closed steel
pipe pile with a diameter of 273 mm and a wall thickness
of 9.3 mm. The pile length is 13.1 m. The piles are arranged
in a square with a center spacing of 819 mm. The founda-
tion soil is a hard and over-consolidated clay. The shear
modulus of the foundation soil increases linearly along
the depth, which at the ground surface is 47.9 MPa, and
at the pile tip is 151 MPa. The undrained shear strength
of the soil is 47.9 kPa at the ground surface and 239
kPa at the end of the pile; the side friction resistance of
the pile is taken as 0.34 ¢,. The ultimate bearing capacity
of the pile tip is estimated to be 9 ¢, = 2.15 MPa. The
above parameters are determined according to the sug-
gestions of Chow et al.*]. Under undrained loading condi-
tions, the Poisson's ratio of the soil is assumed to be 0.5.
Take 0.95 of Ry based on experience. The parameters a
and b are determined according to Egs. (7) and (8), and
two cases of sy =2 and 4 mm are considered in the cal-
culation. The parameters f'and g are determined according
to Egs. (14) and (15).

The measured and calculated values of the load—
settlement curves of pile group foundation is compared
as shown in Fig. 2. In this case, the failure displacement
of the contact surface has little effect on the calculation
results. The calculated nonlinear relationship and magnitude
of the load along with the settlement are in good agree-
ment with the measured value, and the results of s¢ =
4 mm are closer.

Load /MN
0 1 2 3 4 5 6 7
0 T T T T T T 1
2 -
=)
E 4r
E NS
s 6 A
£ Y
8]
s 8T ===- Measured 1
A e Predicted (s¢= 2 mm) \
10 Predicted (s¢ =4 mm) \
12t

Fig.2 Load-settlement curves of the pile group

Table 1 compares the load shared by each pile under
the action of working load Py, = 2 580 kN. The specific
positions of piles 1 to 3 are shown in Fig. 3. Similar to
the actual measurement results, under the rigid raft con-
nection condition, due to the interaction of the pile group,
the corner piles bear the largest load, the side piles subject
to intermediate load, and the center piles carry the smallest.
Compared with the corner piles, the load on the center
pile is about 7.4% (calculated value) and 9.2% (measured

https://rocksoilmech.researchcommons.org/journal/vol41/iss12/3
DOI: 10.16285/j.rsm.2020.5313

value) smaller.

Table 1 Load distribution on top of the pile group(Case 1)

Pile Measured load /KN Computed load /kN
Pile 1 (Corner) 294 292.9
Pile 2 (Side) 285 284.3
Pile 3 (Center) 267 271.2

The distribution of side friction resistance of each pile
under working load Py and ultimate load P, (5 670 kN)
is plotted in Fig. 3. The results show that the side resis-
tance of the upper part of the pile under working load
is fully exerted and conforms to the general law. Since
the corner piles bear relatively more loads, the side resis-
tance is larger and the center pile bears the smallest
resistance. When the load reaches the limit value, sufficient
shear deformation has occurred on the pile—soil interface,
the side resistance of each pile reaches the limit value,
and the distribution tends to be consistent. Overall, the
difference in shear stress at the pile—soil interface in the
pile group foundation is not too large, and it is feasible
to ignore the difference of each pile when analyzing the
working characteristics of the pile group under mechanical
load. In the foundation of energy pile group, however,
the deformation and side resistance of the piles are not
the same if only part of the piles are energy piles. At this
time, the method proposed in this paper will have better
adaptability.

Side friction /kPa

60 80

-=-=--Pile 1-P,,

Depth /m

Fig.3 Shear stress distribution on the shaft

4.2 Case 2: Energy pile group under integral
variable temperature condition

Rotta et al.'*1” studied the deformation characteristics
of the energy pile group foundation under only the tem-
perature load, and gave a design diagram of the interaction
factor of the double energy pile system. This section uses
the method proposed in this paper to do the prediction.
In the calculation, two pile lengths, L =25 m and L =
50 m, are considered. The diameter D = 1 m, the pile
elastic modulus E = 30 GPa, the pile linear expansion
coefficient is 10> “C™!, and the temperature increment
is 10 ‘C. The shear modulus of the soil is 30 MPa, and
the Poisson's ratio is 0.3. The pile side friction resistance
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is obtained empirically, which is 80 kPa, the ultimate
resistance of the pile tip is 720 kPa, Rris 0.9, and sr is
4 mm. The parameters a, b, f and g are determined
according to Egs. (7), (8), (14), and (15), respectively.

The calculated results of the interaction factor (2
between this method and the Rotta’s method!” are
compared as illustrated in Fig. 4. The definition of £
is as follows: for 2 piles i and j, the uplift deformation
at the top of pile j caused by elevating temperature of
the pile is u;, and the top deformation of the pile i in a
single pile foundation under the same temperature incre-
ment is u;, then 2= wj/u;. It can be seen from the figure
that the calculated values of the two methods are in good
agreement. When L/D = 25 and L/D = 50, the maximum
values of (2are around 0.13 and 0.30, respectively and
they decrease with the normalized pile spacing S/D
increases (S is the distance between the centers of the
piles, and D is the diameter of the piles) until they stabilize.
Note that the Rotta’s method cannot consider the influence
of the nonlinear shear characteristics of the pile—soil
interface. If the side friction resistance is taken as 30 kPa,
according to Eq.(7), the parameters on the pile—soil contact
surface change accordingly, and the corresponding cal-
culated results are shown by the dashed line in Fig. 4
(marked as this paper method-2), which indicates that
after the strength of the pile—soil interface decreases,
the mutual influence factor decreases. The larger the L/D,
the lower the £2.
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--=-- Loria(L/D = 50)
05 F O This paper method (L/D = 50)

— - - This paper method—2(L/D= 50)
04 F Loria(L/D = 25)
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~ - . : _ — 95
Q 03 kE ‘o ) -~ - This paper method—2(L/D = 25-2)
0.2
0.1
OO 1 1 1 1 1 1 1 ]
1.0 15 20 25 30 35 40 45 50

S/D

Fig.4 Relationship between the interaction factor and the
normalized pile spacing

After the interaction factor of two piles is obtained,
the pile top deformation of each pile in pile group foun-
dation can be calculated by the superposition principle.
Because the interaction factor method does not consider
the action of pile cap, it can only calculate the free condition.
It is necessary to use the average deformation of all piles
to represent the displacement of pile group. Figure 5 shows
the normalized deformation u/D of a 5x5 pile group
foundation. For comparison, the results of 3D finite element
analysis are also presented. As shown in the figure, the
displacement of pile group calculated by the interaction
factor method is larger than that calculated by the finite

Published by Rock and Soil Mechanics, 2020

element method. When the distance between pile centers
is small, the error between the interaction factor method
and the finite element method is obvious. This is because
in pile group foundation, the deformation of pile body
will decrease with the same temperature increment due
to the influence of the stiffness of adjacent piles, which
is not reflected in the interaction factor method.

Another characteristic of this method is that it can
consider the constrained condition of pile top displacement
and can be used in the case of pile top with rigid cap.
Figure 6 compares the deformation distribution of 5 piles
in diagonal with and without cap when S/D=3. When
the pile top is free, the deformation of pile in the corner
is the smallest, while pile in the center shows the largest
deformation, with a difference of about 10%. When the
piles are connected through the cap, the displacement
of corner piles increases and that of the center piles
decreases, which reflects the interaction between pile—
cap—pile. Considering this effect is very important to
analyze the working characteristics of energy pile group
foundations.
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i 3D finite element analysis
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Fig.5 Normalized displacement of a 5x5 energy pile group
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Fig.6 Normalized pile displacement along the diagonal of a
5x5 energy group(S/D = 3)

4.3 Case 3: Energy pile group foundation with local
piles subjected to temperature change

Ng et al.'” conducted a centrifuge test on a 2x2 pile
group foundation. The centrifugal acceleration is 60 g.
Hollow steel pile is used in test, with a length of 550 mm,
an external cross section of 20 mmx20 mm and a wall
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thickness of 1.6 mm. The surface of the pile body is coated
with 1.5 mm thick epoxy resin layer. The pile top is con-
nected by 25 mm thick aluminum slab. The test first applied
a mechanical load of 2.64 kN to the pile group foundation,
and then cyclically changed the temperature of a pile with
a temperature range of £7 C for a total of 10 cycles.
Numerical simulation was carried out under the pro-
totype model, and the elastic modulus of sand was taken

empirically as®*!

E =60000D,,/0;/100 (44)

where o) =Koy'z is the effective small principal stress
(kPa); ' is the effective unit weight, taking 9.5 kN/m?;
K is the horizontal earth pressure coefficient. The pile
tip resistance is calculated by Nyo|, Ng is the bearing
capacity coefficient. For soil with a friction angle of 31°,
20 may be taken for Ngy. The pile side friction strength
is calculated by o} and &, J is the pile—soil interface
friction angle, which is empirically taken as 0.8¢' = 25°.
The parameters a, b, fand g can be determined according
to the method in section 2.2, R = 0.9, sy = 4 mm. The
elastic modulus of the steel pile is 206 GPa, and the thermal
expansion coefficient is 1.5x107> 'CL,

For sand foundations, it is generally considered that
there is a critical depth®, and the side friction resistance
and end resistance of the pile below the critical depth
will no longer change. The critical depths in loose sand
and dense sand are 15 and 20 times the side length B,
respectively. In this case, 20 m is used, that is, the side
friction resistance and end resistance of the pile at a
depth below 20 m will no longer change.

Since the literature!'?! does not give enough information,
the horizontal earth pressure coefficient is determined
by inversion of the ultimate bearing capacity. Figure 7
shows the simulation results of the load—settlement curve
of a single pile under different values of Ko. When Ko
is set to 0.4, the ultimate bearing capacity determined
according to the inflection point is closer to the 4 752 kN
(prototype) given by Ng et al.l!?], therefore, this paper
takes Ko = 0.4 in the subsequent analysis.
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Fig.7 Predicted load—settlement of the single pile

Figure 8 shows the change of the pile top displacement
of each pile during the 10 cycles of temperature. The

https://rocksoilmech.researchcommons.org/journal/vol41/iss12/3
DOI: 10.16285/j.rsm.2020.5313

negative displacement in the figure represents the upward
deformation. In the pile group foundation, only the pile
1 experienced temperature changes. During the first cycle
of heating, the pile body was heated and expanded and
the pile top was lifted by 1.5 mm. Under the rigid cap
connection, the uplift of pile 1 causes the adjacent pile
2 and pile 3 to deform upward, but the pile 4 at the diagonal
position shows downward displacement. The displacement
directions of pile 1 and pile 4 are always opposite during
the entire subsequent temperature change process, which
means that the raft is deformed by rotation.

The foundation tilting obtained by Ng et al.l'?! is
shown in Fig. 9. The tilting in the figure is defined as
the ratio of the settlement difference between the tops
of pile 1 and pile 4 to the horizontal distance. A negative
tilting means clockwise rotation around the line of piles
2 and 3. Since the simplified method in this paper does
not consider the specific change process of temperature,
only the range of temperature change is considered.
Figure 9 only compares the calculated value with the
actually measured value at the end of the temperature
increase or decrease. Overall all, the calculated results
of the tilting value are in good agreement with the measured
results, and both increase gradually with the progress
of the temperature cycles, and the increasing rate gradually
decreases. The calculated and measured values of the
maximum tilting are far less than 0.002 (shown by the
dotted line in the figure), which is the tilting control standard
of the towering structure foundation, and will not have
much impact on normal use of pile ground.
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The inconsistency of pile displacement will cause
the redistribution of load on the pile top. The axial force
distributions of each pile at the end of mechanical loading
(before temperature rise) and after the first temperature
rise are plotted in Fig. 10. The amount of axial force
change caused by the temperature rise is also plotted
in Fig. 10. For the four piles in square foundations, the
distribution of the axial force of each pile along the pile
length is the same after mechanical loading, showing
the characteristics of typical friction piles. After the tem-
perature rises, the pile 1 (energy pile) expands, and the
top and tip of the pile deform upward and downward,
respectively. Under the constraints of the other three
ordinary piles, the upward displacement of the top of
pile 1 is restricted, and the axial force on the top of the
pile is increased by 505 kN (21% of the mechanical load).
In addition, due to the restraint of the soil on the side
of the pile, the friction of the soil at the upper part of
the pile is reduced, and the friction of the soil at the
lower part is increased. The position where the axial force
of the No. 1 pile changes the most is about 15 m depth.
The pile top displacement pattern is shown in Fig. §, the
pile top raft tilts after the temperature rises, the pile 4
is compressed downward, and the pile top load increases.
Due to the requirement of moment balance, the axial force
increment at the top of pile 4 will be consistent with
pile 1. However, it should be pointed out that the change
in axial force of pile 4 is mainly determined by the com-
pression of the pile top. The change in axial force gradually
decreases along the length of the pile, which is different
from the convex distribution of axial force change in
pile 1. In order to meet the balance condition, the load
change values of pile 2 and pile 3 are opposite to that
of pile 1. Based on the distribution of axial force change,
we can conclude that the two piles are subjected to a
pulling action, and the pile top load decreases during
the heating process.
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Energy
Fig.10 Profiles of the axial force

Figure 11 shows the load variation on pile top with
number of temperature cycles. Consistent with the actual
measured value, the increase in temperature reduces the
load on pile 2 while the decrease in temperature increases
the load. As the temperature cycle progresses, the settlement
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of pile 1 gradually increases (see Fig. 8), making the load
on pile 2 gradually increases. The maximum increase in
temperature is about 33.8% during the temperature change,
and an increase of 7% after completion of the temperature
cycle.
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Fig.11 Change of the applied load at the pile head

5 Conclusions

(1) In this paper, the hyperbolic model is used to reflect
the relative slip displacement between pile and soil, the
shear displacement method is used to model the transfer
of shear stress in the soil, and the interaction between
pile groups is considered. A simplified analysis method
for the working characteristics of energy pile group
foundation under coupled thermal—mechanical load is
established.

(2) Compared with the interaction factor method,
the proposed method can directly calculate the displace-
ments and axial forces of all piles by considering the
non-linearity of the pile—soil interface, the constraint
conditions at the top of the pile and the position of the
energy pile. Compared with the data in the literature,
the proposed method can reasonably simulate the major
working characteristics of energy pile group foundation,
and has clear physical meaning and simple calculation
features.

(3) The pile group effect of energy pile foundation
is mainly due to the interaction of pile—soil and pile—raft.
If only energy piles are presented locally, the pile-raft
effect often plays a controlling role. With the development
of differential deformation among piles, the foundation
inclines and the pile top load redistributes. In the process
of heating up, the load on the top of energy pile increases,
while the load on the top of non-energy pile decreases.

(4) This method does not consider the influence of
temperature change on the mechanical behaviors of soil
and pile—soil interface. For cohesive soil whose mechanical
properties change distinctly with temperature, the app-
licability of this method needs to be further studied.
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