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This study addresses the deficiency in existing research on the deformation
calculation of compressive pile groups, which often overlooks the Reinforcement
and Shadowing Effects (RSE) among piles. The concept of RSE within pile groups
is redefined, and an in-depth investigation is conducted on the deformation
calculation theory incorporating RSE. By leveraging the shear deformation
mechanism of coaxial cylindrical shells and the principle of elastic superposition,
a calculation method and corresponding analytical solution for the deformation of
compressive piles considering RSE in pile groups are established and derived. The
validity of the proposed calculation model is verified by comparing it with
measured field data and finite element simulation results. This method overcomes
the limitations of existing approaches that fail to adequately account for the mutual
RSE among piles in a group, thereby more accurately reflecting the actual
mechanical behavior of pile groups and enabling deformation analysis for large-
scale pile groups. Furthermore, we investigate the relationship between key
parameters, such as the length-diameter ratio, spacing-diameter ratio, pile-soil
modulus ratio, and soil Poisson's ratio, and the deformation of pile group through
dimensional analysis and parameter influence studies. The proposed methodology
not only enhances the accuracy of deformation predictions but also offers valuable
insights for the design, construction, and monitoring of pile foundations in
engineering practice.

© 2026 MIM Research Group. All rights reserved.

1. Introduction

In recent years, with the continuous advancement of construction technology for high-rise
buildings, pile group foundations, as an essential form of deep foundation, have been increasingly
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widely adopted in various engineering projects. By focusing on the bearing performance, field and
model tests, and deformation characteristics of compression pile group, research conducted by
numerous scholars [1-16] worldwide has yielded remarkable progress in experimental
investigation, numerical simulation and theoretical analysis.

Nevertheless, the objectively existing RSE among piles results in diverse and complex influencing
factors for the mechanical and deformation responses of pile group, leaving the research on pile
group deformation calculation lagging behind engineering practice. The complexity of pile group
deformation fundamentally originates from the unique RSE. Specifically, the interaction between
adjacent piles through surrounding soils forms a complicated three-dimensional mechanical
system. Establishing a rational calculation model that can accurately reflect this complex
interaction mechanism and balance calculation accuracy and efficiency has long been a core
scientific issue in geotechnical engineering over the past decades.

Scholars at home and abroad have conducted extensive research on the deformation of
compression pile group and developed a variety of calculation theories and methods: (1) The
equivalent pier foundation method specified in current codes, such as Chinese national code
Technical Code for Building Pile Foundations (JG] 94-2008) [17], simplifies the pile group into a
solid deep foundation with a certain size and calculates settlement based on conventional deep
foundation deformation theories; (2) The elastic theory method represented by Poulos and Davis
[18,19] is one of the most widely applied and well-developed theoretical approaches. Based on
Mindlin’s elastic stress solution, this method introduces pile-pile interaction factors to linearly
superimpose the additional settlement induced by adjacent piles, so as to obtain the overall
settlement of pile group; (3) The shear displacement method proposed by Randolph et al. [20].
simplifies the displacement field of pile-side soils, establishes a single-pile deformation model
based on the load transfer theory, and is further extended to pile group analysis via the
superposition principle; (4) Numerical methods [21-25], including the three-dimensional finite
element method (FEM), finite difference method (FDM) and discrete element method (DEM), serve
as the most refined tools for simulating the mechanical and deformation behavior of pile group; (5)
Other analytical approaches [26,27], such as the boundary element method advocated by
Butterfield, the hybrid method developed by Chow, and the variational analysis method for pile
group proposed by Shen, have provided valuable insights into pile group analysis from different
perspectives.

While the aforementioned methods have significantly advanced the theoretical research and
engineering application of pile group analysis, they share a prominent common limitation: the pile-
pile interaction is treated primarily through unidirectional displacement superposition or
empirical correction, without separating the intrinsic Reinforcement Effect from the Shadowing
Effect. In essence, the core bottleneck restricting further progress in current pile group
deformation calculation research is the inability to thoroughly disclose and quantitatively quantify
the underlying physical mechanism of RSE. To this end, it is still challenging to propose an
innovative analytical model that possesses rigorous theoretical foundation, favorable
computational efficiency and strong practical engineering applicability.

Against the above research background, this paper conducts an in-depth study on the deformation
theory of pile group considering the RSE, and proposes a novel analytical method fully
incorporating pile-group RSE. By adopting a simplified mechanical model and reasonable boundary
conditions, an analytical solution for pile group deformation considering mutual RSE interaction is
derived. The proposed method greatly improves the efficiency, rationality and practicability of pile
group deformation calculation, and can provide a novel and effective theoretical support for the
design and analysis of large-scale complex pile group.

2. Analysis Model of RSE
2.1. Deformation Analysis Considering RSE

When a pile settles under loading, it induces changes in the deformation and stress fields of the
surrounding soil. These changes propagate to adjacent piles, inducing additional deformation in
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neighbouring piles, which is equivalent to applying additional loads on them; and vice versa. This
mutual reinforcing and shadowing effect transmitted through the soil medium is defined as the RSE
in this paper. The mutual interaction coefficient will be employed to quantitatively analyse this
effect.

As shown in Fig. 1, the pile group is situated in uniform soil. All piles in the group share identical
properties in terms of material, diameter, and depth, as shown below:

pile i pile j

IIW":)M W Wy
T dwd o w

W o
W

A Saij i

Fig. 1. Schematic diagram of compressive pile group

For axially loaded pile group foundations, the composition of vertical deformation for an arbitrary
pile (pile i or pile j) is analyzed as follows:

e When vertical load P; is applied at the pile top of pile i and pile j does not exist, pile i
generates its own active vertical deformation Sj;

e When pile iis in an unloaded state and vertical load P; acts on the pile top of pile j, the
reinforcement effect of pile j on pile i is considered. The active deformation S;; of pile j will
induce passive vertical deformation §;; in pile i. The calculation method of Sj; is identical to
that of S;;;

e When vertical load P; is applied at the pile top of pile i and pile j is unloaded, the
reinforcement effect of pile i on pile j is considered. The active deformation S;; of pile i will
induce passive vertical deformation Sj; in pile j. Meanwhile, the shadowing effect of pile j on
pile i will produce an attenuation deformation S;;; against the active deformation S;; of pile i,
and the actual deformation of pileiis S;. In addition, the shadowing effect of pile i on pile j
will produce an attenuation deformation S;l against the passive deformation S;; of pile j,

resulting in the actual passive deformation S; of pile j;

e For the condition (2) above, the shadowing effect of pile i on pile j will produce an
attenuation deformation S;; against the active deformation S; of pile j, and the actual

deformation of pile j is S]*] Meanwhile, the shadowing effect of pile j on pile i will produce an
attenuation deformation S;-l against the passive deformation §;; of pile i, resulting in the
actual passive deformation S; of pile i.

According to the above deformation analysis, the final deformation of pile i in the axially loaded
pile group is given by:
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n

S(2=Si2)+ ) Si2) )
=LA
Where;
Sii(2)=Si(2)-Sij1 (2) (2)
Sii(2)=S;(2)-Sij1(2) (3)

Similarly, the final settlement of pile j in the axially loaded pile group is expressed as:

S-S ), S )
where

S;i(2)=S;(2)-S;i1 (2) (5)

Sii(2)=S;i(2)-Sjin (2) (6)

Analysis of the deformation components of pile i and pile j in the aforementioned pile group
demonstrates that mutual reinforcement effect and shadowing effect exist between pile i and pile j
during the deformation process. Existing calculation methods for pile group deformation fail to
fully consider this factor. Based on the fundamental previous research achievements of our
research group [28-33], this paper carries out research on this key scientific issue and solves it.

2.2. Interaction Coefficient Considering RSE

Here, the interaction coefficient Ei]. is introduced. Its physical meaning is as follows: Under the
loading condition of “pile i is present with no load on its top, and the load on the top of pile j is P;”,
considering the interaction between pile i and pile j, the ratio of the deformation of pile i to that of
pile j at the same depth is denoted as Ei].:SE-/S;-. The deduction of Ei]. is presented below.

Under the loading condition where “pile i is present with no load on its top, and the load on the top
of pile j is P;”, when a compressive load acts on pile j, a lateral frictional resistance Tjy(ro) is

generated. The deformation field of the soil mass surrounding pile j can be described as follows:

Tigp(to)r I'm
Sy =T (") (r<ry)
The soil deformation field expression in formula (7) follows the single-pile shear displacement

derivation framework proposed by Randolph and Wroth (1979) [20], which is extended to group-
pile mutual interaction analysis in this work.

Based on the studies conducted by Poulos (1980) [18] and Randolph et al. (1979) [20], the
mathematical expression of r, is given by:

(7)

n=2.5(1-v)l (8)

where vy is the Poisson's ratio of the soil around the pile, and 1 is the embedment depth of the pile.

Based on formula (7), the deformations at a depth of z for pile j and pile i induced by Tj,(r,) are
respectively:
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Sz =200 () (<)
S 0
Tjo(T0)T0 T’ (9)
Sij(Z) = G—SlTl (Q) (T < Tm)
In accordance with the shear deformation mechanism of coaxial cylindrical shells [19,20,32], the
lateral frictional resistance at the location of pile i induced by Tj, can be formulated as:

_ Tjo(ro)ro

T, = 20070 10

5= (10)
Meanwhile, due to the mutual shadowing effect between pile i and pile j, this effect respectively
restrains the surrounding soil of pile j and pile i from further shear deformation. This passive
action induces a corresponding attenuation displacement at the positions of pile i and pile j,

respectively:

Sin(@ =ZLm(2) (<)

Gs Saij To [11)
_ T'()Tjo ) T
Su(z) ="y (—”j) r<r)
Gs Saij Saij

Thus, under this working condition, after fully considering the reinforcement effect and shadowing
effect of pile i on pile j, the actual displacement field induced by pile j is given by:

* _ _ ToTjo m ToTjo To m
5jj(2) = $j(2) = Sju(z) ==~ n (g) — g_}_ln (g) (12)
Similarly, the actual deformation field of pile i is given by:
x « ToTjo Tm ToTjo To Tm
S3.(2) = Si:(2) — Sty (2) = ln< ) _ D% To 4y, (—) (13)
Y Y bt Gs Saij Gs Saij To

Based on the definition of the interaction coefficient, the subsequent expressions can be derived
from formulas (12) and (13):

ToTjo m )\ _ To_ Tm JTm ) _ o Tm
_ S;j(z) _ Gs [ln (Saij> Saij In (To )] _ in <5aij> Saij In (To)

i =y = = (r<n, (14
S;(@) Tt [m (rﬂ) _ T, (m)] In (r_m) _ o, (T_m>
Gs To Saij aij To aij Saij
By introducing the interaction coefficient, formula (1) is transformed into:
Si(z) = S;i(2) + X1, Sij (2) = Sii(2) + X1, §ij Sj(2)
i)

= 5;i(2) + Xj=1,j=i )Sj*j(z)

To
ln(rr—’:)—% ln(;T"l}j
3. Deformation Calculation of Two Loading Conditions

3.1. S;; Calculation

Under the loading condition where “pile j is present with no load on its top, and the load on the top
of pile i is P,”, the lateral frictional resistance of the soil around pile i at a depth of z is Tj4(ry). The
deformation field induced by t;¢(r,) at a depth of z is as follows:

5.(2) = TioTo In (r?m) (r< Tm)} (16)

Gs
Si(z) =0 (r =ny)
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According to the shear deformation mechanism of coaxial cylindrical shells, the frictional resistance
Tio (1) of the soil surrounding pile i is transmitted in the form of shear stress in the radial direction.
At the same depth of pile j:
TioTo

T.. o

ji (17)

Saij
In the formula above, the Tj; is the side friction resistance of pile j caused by pile i. At this point, the
pile j will generate an equal and opposite amount of side friction resistance tj;. Substituting the
formula (17) into the formula (16), the deformation field of the soil surrounding pile i caused by T;;
can be obtained:
— Totio 7oy (T

Sijn(z) = Suy | G In ( . ) (r< rm)}

Siii(z) =0 (r=rny)
Taking into account the RSE between pile i and pile j, the deformation at a depth of z at the location
of pile i induced by P, is as follows:

(18)

S4(2) = Su(@) = Sy (2) = "2 1n () - S in (22| (19)

aij Saij
Based on formula (19), the equivalent spring stiffness of the pile-soil system for pile i can be
formulated as:

271G

ksii = (
T T T 20)
m(ﬁ)-ﬁ_ ln(ﬁ)
The governing differential equation for pile i is presented below:
da’sji(z) *
EpAp— 5 — ksiiSii(2) = 0 (21)

Based on the loading condition where "pile j is present with no load on its top, and the load on the
top of pile i is P,", the boundary conditions for formula (21) are as follows:

dsSk
B, ii(2) _p
dz lz=0 (22)
g, i@,
pip —, |lz=1 = —kpS;i(2)] 2=

For pile i, the expression for the equivalent stiffness coefficient of the soil at its pile tip is [32]:

__ 8mEy(1-vy)

=_"Ts Vs) 23
O (1+vg) (i +o) (23)
3(3-4vs)  8(1-vg)?-(3-4vg) 21%(5-8vy) 2412
where k= > t— /2 K= — 32T T S57Z "
To (4r5/9+417) (4r5/9+417) (4r5/9+41)
By solving the above Equations (21) and (22):
Sii(2) = cietii” + cpe it (24)
_ | Ksii _ 21Gg _ Pie il (1-kpii/Ksii)
where A;; = EpAp’ ksii = In(Fm)_ T 1, (Im G = 2[EpApAii sinh(Aji1)+kp cosh(A;il)]’
n(3)-5oIn( 52

c = PieMii! (1+kp Aii /Ksii)
2 7 2[EpAphii sinh(Aji])+kp cosh(AyiD)]
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3.2. S;ki Calculation

In the same way, under the loading condition where "pile i is present with no load on its top, and
the load on the top of pile j is P;", the actual deformation of pile j that takes into account the mutual

RSE between pile i and pile j is as follows:

* — Ajjz -Ajjz
Sjj(z) = cze”ii* + ce” i (25)
Ksjj 2mGs P 1! (1=knAy; /Ksis)
where }\]] = , kS]] = ,C3 = - A
EpAp ln(r_m)_ ro ;. Fm Z[EpApljj sinh(Aji))+kp COSh()\jjl)]
ro/ Saij \Saij

Aisl
c, = Pje™] (1+kb}\jj/ksjj)
4 7 2[EpApAjj sinh(Aj) +kp cosh(AD)]

3.3. Deformation Analytical Solutions of Pile Group

Taking into account the mutual RSE between pile i and pile j, the final deformation of pile i can be
obtained by the formula (15):

Si(2)=Si1(2) + Xj=1,j2: Sij(2) =Sii(2) + Lj=1,j2i i S (2)
'm To ™m 26
ln(—> ———In (—) ( )

Saij) Saij \To
T 0 T
n(i2)- 3832
Given that the downward compressive load P on the top of the pile cap is ascertained, and assuming

the pile cap is a flexible platform, the deformation of the pile can be calculated using the following
equations(S,;<ry):

=5;i(2) + Xj=1jzi

P
P~— (sisn) } @)
z=0)

In the case of a rigid pile cap, the deformation of the pile can be determined by applying the
following equations(S,;<ry,):

Si(z=0)=S;(z=0)  (1<i<n)

4. Examples
4.1 Example 1

The Plum Valley Bridge spans the valley of the Plum Valley, the bridge length is 1031.86m,
the arrangement of spans is as follows: 7x32m prestressed concrete beams, (72+3x128+72) m
prestressed concrete continuous rigid frame composite system, and 8x32m
prestressed concrete beams. The main pier of the composite system is transverse circular arc
hollow pier, the highest pier is 107M_ Due to the highly complex geological conditions at the site
and the low bearing capacity of the soil and rock mass, the large friction pile group is adopted in
the composite system, in which the pile number is 16~50, the pile length is 20m~40m, the
maximum cap size is 18.1mx37.6mx5m.

Three artificial bored piles close to the bridge are chosen as prototype test piles. These piles have
a diameter of 1.5m, and the concrete strength grade of the pile body is C20. The details of the test
piles are as follows: The 10# pile cap has 50 piles with a length of 40 m; the 11# pile cap has 32
piles with a length of 37m; the 12# pile cap has 16 piles with a length of 28 m. The design
parameters of the pile caps are presented in Table 1, and the layout of the pile foundation is shown
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in Fig. 2. The relative elevation between 11# pile cap and 12# pile cap is 80m, and there are more
than 70 meters of artificial slope. The maximum loading capacity of the test pile is 12824.70kN, and
the test load is divided into 13 steps. The unloading load per level is twice of the load increment
per level.

Table 1. Parameters of pile caps

Pilecap  Number Pile Pile Pile Size of pile Strength grade
number  ofpiles length(m) diameter(m) spacing(m) cap(m3) of concrete
12i£“e 4x4 28 1.50 3.90 14.2x14.2x4.0 20
11i£ﬂe 4x8 37 1.50 3.90 14.2x29.8x5.0 C20
10?3‘;”‘* 5x10 40 1.50 3.90 18.1x37.6x5.0 20
125 390 590 390 125 125 390 , 390 390 . 390 390 . 390 . 390 {25
Lot st
o ol o & o o ola o o o
= | & = ; ) B \ B ) ) =
~ _ _ ~ _ M~ % %
o olo O Ho o o olo o O O
(e
d-—+—"3 g Fr——m——— T — 2 S
o OO O 1 D D o L Ol
E ) . |12f#pi1e(:fp % § | 11# pile cap §
< e | SR e s S oo OO | oD O Ol
2% 390 | 390 | 390 125 2% 390 | 390 | 390 | 390 | 390 | 390 | 390 {2f
1420 2980
(a) (b)
125 390 , 390 , 390 . 390 390 _ 390 . 390 . 390 . 390 129
4o o o o olo o o o o
5 | 5
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oo o o olo o o o o=
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|
=0 C o O oo Cc o o Qs
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o0 O 0 O 010 O O O O
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3760

(c)
Fig. 2. Layout of pile foundation. (a) 12# pile cap; (b) 11# pile cap; (c) 10# pile cap

The bridge is situated in a tectonic erosion Canyon landform. Based on the geological survey report,
the characteristic parameters of the soil-rock in the field pile group are listed in Table 2,
where R, ¢, @, and y denote the uniaxial compressive strength, cohesion, internal friction angle,
and bulk density of the soil (rock), respectively.
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Table 2. Parameters of field rocks and soils

Distribution layer

Name of soil layer Rc(kPa)  c(kPa) ©(0)  y(kN/m?) thickness(m)
Sand clay 180 18 15 19 0~-10
Carbonaceous shale W2-1 350 — 40 23 -10~-30
Carbonaceous shale W2-2 400 — 45 24 -30~

Table 3. Calculation parameter values for rock and soil

Name of soil layer E(MPa) c(kPa) ©(0) v y(kN/  Distribution layer

m3) thickness(m)
Sand clay 450 18 15 0.4 19 0~-10
Carbonaceous shale W2-1 4050 — 40 0.25 23 -10~-30
Carbonaceous shale W2-2 4500 — 45 0.25 24 -30~

Note: the thickness of the distribution layer is measured starting from the bottom of the pile cap.

AR 3
“‘i‘““_\\\\\\\\\\\\\\\\\\m

N

(a) (b)

Fig. 3. Three-dimensional finite element analysis model. (a) Grid division; (b) Pile foundation
and pile cap

Table 4. Deformation calculation results of test piles (mm)

Load 10# pile cap 11# pile cap 12# pile cap
(kN) Sm 8¢ Sm 8¢ Sm Sc of 5p

986.52 0.170 0.181 0.010 0.015 0.180 0.186 0.183 0.298
1973.04 0.288 0.302 0.085 0.088 0.380 0.387 0.384 0.424
2959.56 0.493 0.501 0.197 0.202 0.575 0.581 0.576 0.614
3946.48 0.685 0.693 0.312 0.327 0.790 0.807 0.802 0.983
4932.60 0.903 0.940 0.432 0.439 0.973 1.021 0.992 1.236
5919.12 1.224 1.285 0.572 0.583 1.293 1.305 1.301 1.438
6905.64 1.536 1.573 0.735 0.742 1.488 1.492 1.494 1.674
7892.16 1.856 1.872 0.858 0.862 1.758 1.762 1.776 1.849
8878.68 2.209 2.231 0.978 0.993 2.108 2.210 2.239 2.405
9865.20 2.573 2.586 1.109 1.112 2.320 2431 2.576 2.714
10851.72 2.944 2.992 1.273 1.284 2.675 2.708 2.873 3.015
11838.24 3.329 3411 1.443 1.531 2.950 3.041 3.254 3.838
12824.70 3.739 3.757 1.632 1.732 3.410 3.562 3.793 4.298

Note: 6m, 6c and & represent the measured deformation, the theoretical calculation value, and the results of FEM,
respectively; 6, denotes the result calculated via Poulos’s elastic theory method [18,19].
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To compare the finite element calculation results with the theoretical and field test results, a
numerical simulation of the 12# pile cap is conducted. The finite element model is illustrated in Fig.
3. The pile cap and piles have a strength grade of C20, with an elastic modulus E,=25.5GPa, a
Poisson's ratio of 0.17, and a bulk density y=25kN/m3. The calculation parameters for the
theoretical and finite element methods are presented in Table 3, where Eg,. ¢, @, vs. Yy denote
the modulus, cohesion, internal friction angle, Poisson's ratio, and bulk density of the rock and soil,
respectively. In theoretical analysis, the pile cap is typically assumed to be rigid. In practice, when
a pile cap satisfies the punching shear strength requirements, its behavior generally approximates
that of a rigid plate [29,32]. The calculation results are shown in Table 4.

A comprehensive evaluation of the test and computational data presented above yields the
following findings:

e Theoretically calculated deformation values are observed to be marginally higher than the
measured values, with the discrepancy remaining within a relatively confined range
(typically not exceeding 10%). This phenomenon is attributed to the assumption of pile-tip
elasticity [32] used in deriving the theoretical model, which introduces a degree of
conservatism when calculating pile-tip settlement. However, the overall deviation is
negligible, suggesting that the model's conservatism remains within an acceptable range for
engineering applications. In addition, the settlement results calculated by Poulos’s elastic
theory method (8p) are generally larger than the measured values, the simplified theoretical
values and the finite element results, showing relatively obvious deviation from the
measured deformation data.

e The pile-soil system exhibits elastic behavior during the initial four to five load levels, a
phenomenon referred to as the elastic stage. At this stage, the discrepancy between the
theoretical and measured values is negligible. Concurrently, the FEM calculation results
demonstrate a substantial degree of concordance with the measured values. There is
virtually no discernible difference among the three, indicating the consistency of the
theoretical method, numerical method, and measured results during the elastic stage; the
RSE theoretical model demonstrates excellent applicability in the elastic stage. By contrast,
the settlement values solved by Poulos’s elastic theory deviate visibly from the test
measurements even in the elastic loading phase.

e As the load level increases, the soil transitions to the elastoplastic stage, and the finite
element calculation results become increasingly aligned with the measured values,
particularly at maximum load (12824.70 kN). The discrepancy between the FEM result of
3.793 mm for Pile Cap No. 12 and the measured value of 3.410 mm is less significant than the
discrepancy between the theoretical value of 3.562 mm and the measured value. The Poulos
elastic theory yields a calculated settlement of 4.298 mm under the maximum load, which
produces the largest deviation from the measured value among all computational methods.
This comparison highlights the notable advantages of the finite element method in
considering material nonlinearity and interfacial contact nonlinearity of the pile-soil system.
Meanwhile, it indirectly verifies that the rational selection of geotechnical parameters
(especially soil nonlinear parameters) can greatly improve the accuracy of numerical
calculation.

4.2 Example 2

To investigate the compressive bearing characteristics of pile group with rigid pile caps, a series of
model tests were conducted in soft soil and silt soil foundations respectively [34]. In the soft soil
scenario, the model piles were made of seamless steel pipes with a specification of $100mm X
4mm. The elastic modulus of the model piles was setat 2.1 x 10°MPa, and the bottoms of the model
piles were welded to tapered head plates. The model piles were pre-drilled before being driven by
the static pressure method. The soil conditions of the foundation were as follows: the soil above a
depth of 4.0m was soft- plastic silty clay, and the soil below 4.0m was soft-plastic muddy silty clay.
The soil parameters used for the deformation calculation of the pile group model in the soft soil
foundation were: a shear modulus of 3MPa and a Poisson's ratio of 0.35. In the silt soil, the model
piles were similar to the engineering prototype piles. A series of tests with varying design

10
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parameters (pile length, pile diameter, pile spacing) were carried out within the range of the
bearing capacity eigenvalues of the pile group model (P < P, /2, where P, is the standard value of
the ultimate bearing capacity of the pile group model). The soil conditions of the silt foundation
were: the soil above a depth of 8.0m was slightly compacted~medium dense silt soil, and the soil
below 8.0m was plastic~soft plastic silty clay. The soil parameters for the deformation calculation
of the pile group model in the silt soil foundation were: an elastic modulus of the model pile of
2.0 X 10*MPa, a soil shear modulus of 8MPa, and a Poisson's ratio of 0.30. In this example, the
deformation of the pile group model calculated by the theoretical method of this paper was
compared with that obtained by the method of the Technical Code for Building Pile Foundations
(JGJ94 - 2008) [17] and the method proposed by Zhao et al [34]. The results are presented in Table
5.

Table 5. Deformation calculation results of pile group (mm)

Soil type silt soil soft soil

Numbering G11 G16 G17 G18 G9B
d(mm) 330 250 250 250 100

1/d 14 18 18 18 45

Sa/d 3 3 4 6 4
n 3x3 3x3 3x3 3x3 4x4

Measured value S(mm) 6.0 4.1 3.2 34 2.8
Method specified in GB 50007 S, (mm) 6.7 4.7 4.0 3.7 3.1
Method of Zhao et al. S; (mm) 8.2 7.8 5.2 3.9 4.4
Proposed method S;(mm) 6.4 4.5 3.8 3.7 2.9
S,/S 1.12 1.15 1.25 1.09 1.11
S3/S 1.07 1.10 1.19 1.09 1.04

Analysis of the calculated and tested results reveals the following:

e The pile-group deformation derived from the theoretical method is close to the measured
deformation, yet slightly larger than the experimental deformation. The primary reason for
this discrepancy is that the pile-end deformation is calculated using solutions of elasticity
theory [31,32].

e The pile-group deformation obtained by the theoretical method proposed in this paper is
smaller than that calculated in accordance with the current Chinese national code Technical
Code for Building Pile Foundations (JGJ 94-2008) [17]. The reason is that the current Chinese
national code adopts the layered summation method based on the equivalent pier foundation
assumption, and fails to consider the RSE among piles within the pile group.

e [tis evident that the interaction coefficient for pile-to-pile interaction within the pile group,
introduced in this paper, overcomes the limitations of existing methods, which either fail to
consider or do not adequately account for the mutual RSE of piles [32]. The theoretical
method proposed in this paper aligns with the actual engineering characteristics of pile

group.

5. Analysis of Influencing Factors Based on RSE

Numerous studies [2,4,6,9,32] have shown that the deformation of pile group is controlled not only
by the load, pile geometric and material parameters, but also significantly affected by the internal
RSE within the pile group. Main influencing factors include: the total load P, pile length I, pile
radius ry, pile spacing S,;;, elastic modulus of the pile body E,,, shear modulus G(alternatively,E
can be used, with the conversion relation E;=2(1+v)Gs), and soil Poisson's ratio v,. For a pile-group
foundation with a specific number of piles, the relationship governing the pile-group deformation
can be expressed as:

S¢ = f1(P, Saij' 7o, L, G, E,, Vs) (29)
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in the above formula, the dependent variables and the respective variables are expressed as:

L,MLT™2 L L L,ML™YT2, ML™1T~2,0 (30)

After the dimensional analysis, there are two independent dimensions in the above formula,
namely L and MT~2. Here, using r, to eliminate the dimensional L, and using G, to eliminate the
dimensional MT 2, which can be obtained:

Se . P 1 Sw E,

2 ] ] y A~ 2 Us
To Gsro To 7o Gs

(31)

In the elastic working state, the deformation is proportional to the load, so the formula above can
be converted to:

1 1S, E
s = (2, ) (32)
P/Gs1oS; o 1o Gs

where the physical meaning of P/(GsrySg) can be understood as the deformation stiffness
parameter of pile group.

According to the theoretical calculation method of pile group deformation proposed in this paper,
we assume that there is a pile group (rectangular layout of 3 X 3) in homogeneous soil, and based
on the assumption above, the influence research of length-diameter ratio l/r(, spacing-diameter
ratio S/, pile-soil modulus ratio E;,/Gs and Poisson's ratio of soil ug on deformation stiffness
parameter of pile group P/(GgrySg) is carried out. In the calculation, the pile cap is assumed to be
completely rigid, of course, it can also assume fully flexible. In the actual project, when the pile cap
meets the pile's anti punching and bending strength condition, the pile cap is closed to the rigid
assumption in ordinary circumstances.

5.1. Length-Diameter Ratio

When the pile spacing Syj; = 51, the pile-soil modulus ratio Ep /Gs = 5000, and the soil Poisson's

ratio vg= 0.40, the relationship between the stiffness parameter of the pile group P/(GsrySg) and
the length-diameter ratio 1/r is illustrated in Fig. 4.
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Fig. 4. Effect of 1/ry on Sg
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As shown, P/(GsrgSg) rises as the length-diameter ratio 1/r, increases. That is, when the pile
diameter r, remains constant, an increase in pile length 1 can effectively enhance the pile group's
resistance to deformation. When the pile length 1 is unchanged, increasing the pile diameter ry can
boost the pile group's deformation resistance. This is because for the same pile length, the pile-side
area and pile body stiffness increase with an increase in pile diameter r,. In other words, when
other influencing factors are fixed, the pile group deformation S; decreases as 1/r, increases, and
an increase in pile length 1 is beneficial for increasing the bearing capacity and reducing the

12



Chen and Zhou et al. / Research on Engineering Structures & Materials x(x) (xxxx) xX-Xx

deformation of the pile foundation. The reason is that RSE affects the superposition of soil stress,
and thereby amplifies or weakens the additional deformation effect of RSE. Therefore, in the design
of compressive pile group under specific geological conditions, when the pile diameter of the group
satisfies the checks for compressive strength, bearing capacity of the pile group, and allowable
deformation of the pile group, conducting computational analysis and selecting a length-diameter
ratio 1/r, suitable for the actual engineering requirements serves as a measure for optimizing the
design of compressive pile group.

5.2. Spacing-Diameter Ratio

When the pile length 1 = 30r, the pile-soil modulus ratio Ep/Gg = 5000, and the soil Poisson's
ratio vg= 0.40, the relationship between the stiffness parameter of the pile group P/(GgrySg) and
the spacing-diameter ratio S;;/r, is shown in Fig. 5.

o
=
o
ﬁi—
S
w2
= 2t
Ol—‘
& /
=3
1 1 1 |
1 2 3 4 5 6

Saij/ro
Fig. 5. Effect of S,jj/ro on Sg

As can be observed, P/(GsrySg) increases as the spacing-diameter ratio S,;;/ry grows, indicating
that the pile group's resistance to deformation is enhanced. When other influencing factors are
fixed, the pile group deformation S; decreases with an increase in the spacing-diameter
ratio S,jj/ro. This is because a larger pile spacing S,;; weakens the mutual RSE among piles in the
pile group. Consequently, in the design of pile group, when engineering conditions allow, besides
increasing the length-diameter ratio 1/ry to control pile group deformation Sg, increasing the
spacing-diameter ratio S;;/r, is also an effective measure.

5.3. Pile-Soil Modulus Ratio

When the pile spacing S,j; = 5r¢, pile length 1 =30r,, and soil Poisson's ratio vgs=0.40, the
relationship between the stiffness parameter of the pile group P/(GsrySg) and the pile-soil
modulus ratio E;, /G is presented in Table 6.

Table 6. Calculation parameter values for rock and soil

Ep/Gs 150 400 800 3000
P/(GsroSc) 74.3 98.1 103.6 126.8

Analyzing the data, it can be seen that P/(Gsr(S¢) increases as the pile-soil modulus ratio E,/
Gs rises. This implies that the pile group's resistance to deformation is enhanced. Therefore,
increasing the strength grade of concrete or the amount of concrete reinforcing bars can improve
the pile group's ability to resist deformation. The reason is that in soft soil, the greater the pile
stiffness, the more significant the contribution of the pile-pile RSE in the pile group to deformation
resistance. However, as E;, /G increases (with the pile being considered infinitely rigid relative to
the soil), the impact of E;, /Gs on P/(GsrS¢) significantly diminishes according to the calculation
results. Thus, simply increasing the pile strength yields limited effects at this stage; it is more
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advisable to improve the soil properties around the pile through measures such as pile end grouting
and pile side reinforcement.

6. Conclusions

This study has delved into the deformation calculation of compressive pile groups with
consideration of RSE. A novel analytical method, which aligns with the synergistic working
behaviour of pile groups in actual projects, has been proposed and employed for case analysis and
parameter investigation. The main conclusions obtained in this study are as follows:

In view of the deficiency that existing research fails to distinguish the bidirectional RSE
among piles, this study redefines the concept of RSE for pile groups. Unlike existing
interaction-factor methods that treat pile-pile interaction as a unidirectional displacement
superposition, the proposed method, based on the shear deformation mechanism of coaxial
cylindrical shells, establishes an analytical framework that simultaneously captures both the
reinforcement and shadowing components. The introduced pile-pile interaction coefficient
€ij provides a mechanistic rather than empirical quantification of RSE, alleviating key
limitations of conventional analytical frameworks in reflecting the actual mechanical
response of pile groups.

The theoretical calculation method for pile group deformation considering the RSE proposed
in this paper shows a high consistency between the calculated results and measured values
in the elastic working stage, which verifies the accuracy and reliability of the method and can
be directly applied to the prediction of pile foundation deformation in engineering design.
Meanwhile, the theoretical calculated values are slightly larger than the measured ones,
indicating that the calculation model possesses a certain degree of conservatism, which is
more conducive to ensuring engineering safety.

By adopting the proposed theoretical method, the influencing factors based on the RSE of pile
group are analyzed. The results show that the length-diameter ratio, spacing-diameter ratio,
pile-soil modulus ratio all affect the deformation stiffness of pile group by changing the pile-
pile RSE. Increasing the length-diameter ratio and reasonably enlarging the spacing-
diameter ratio can enhance the RSE and improve the deformation resistance of pile group.
Simply increasing the pile modulus has a limit in characterizing the RSE, and improving the
soil properties around piles is the fundamental way to regulate the RSE and optimize the
deformation performance of pile group.

The proposed theoretical method exhibits good applicability to pile group with different pile
layout forms and under various load levels, and is particularly suitable for the rapid
deformation analysis of large-scale pile groups. Comparison with finite element calculation
results shows that the method achieves reliable calculation accuracy in the elastic stage with
higher computational efficiency, making it more convenient for popularization and
application in practical engineering.

Further research can couple the theoretical model in this study with the algorithm
considering pile-soil nonlinearity. On the premise of guaranteeing computational efficiency,
the calculation accuracy under high load levels can be further improved, providing a more
comprehensive theoretical support for the deformation calculation of pile group under
various construction conditions and geological environments.

Nomenclature

The following symbols are used in this article:
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Ap = Cross-sectional area of the pile;
p = Elastic modulus of the pile;
E, = Elastic modulus of the soil;
G, = Shear modulus of the soil;
1 = Embedment depth of the pile;
ky, = Equivalent stiffness coefficient of pile-tip soil;
k, = Equivalent spring stiffness of pile-soil system;
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P = Load;

r = Distance from the pile's axis (horizontal);

rg = Pile radius;

r,, = Influence radius of shear deformation;

S = Pile shaft deformation;

S, = Axial distance between piles;

Vp = Poisson's ratio of the pile;

vy = Poisson’s ratio of the soil;

& = Pile-pile interaction coefficient;

t = Lateral frictional resistance.
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