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Abstract: The development of foundation excavations in congested urban areas inevitably induces
stress release and soil movements, resulting in additional lateral deflections in adjacent pile foun-
dations, commonly referred to as passive loading piles. Prior research on pile deflection resulting
from nearby excavations primarily focused on single-pile behavior and paid little attention to the
characteristics of pile groups. This paper presents a two-step approach to predicting the behavior of
pile deformation resulting from nearby excavation. Firstly, Mindlin solution in combination with the
double Gauss-Legendre formula is employed to calculate the additional lateral stress acting on the
centerline of the passive pile resulting from nearby excavations. Secondly, the equation governing
the deflection of the passive pile is determined using the Pasternak foundation model and solved
using the finite difference method. On the basis of the Mindlin equation, shielding influence among
piles is developed and applied to the analysis of a laterally loaded passive pile group. Last but
not least, the accuracy of the presented approach is validated by comparing the results from two
published centrifuge model tests with single piles and pile groups, and good agreements are obtained.
Generally, the recommended two-step approach presents effective insight into the interaction between
the excavation, soil, and pile, taking into account the influence of the shielding effect between piles. It
can be applied as an alternative method for the conservation evaluation of the deformation tendency
of pile foundation deformation in the pre-design of nearby excavations.

Keywords: adjacent excavations; pile foundations; additional lateral stress; Pasternak foundation
model; finite difference method

1. Introduction

The repaid development of civil engineering in urban areas has resulted in lateral
movement of soil surrounding the pile foundations of existing buildings due to excavation,
surcharge loading, or other engineering construction activities. Such movements possess
the potential capability to cause significant damage to adjacent pile foundations. It is
important to focus on the further development of excavation-induced ground movement
and adjacent pile deformation, with particular emphasis on excavation-pile interaction
that may trigger the failure and collapse of nearby pile foundations [1–8]. In other words,
excavation for constructing foundations can cause additional lateral loads on existing pile
foundations, leading to additional displacement of the piles. However, the mechanism
method for pile-soil interaction under excavations has been slow to develop. Consequently,
predicting the deformation response of nearby pile foundations resulting from deep ex-
cavation has become crucial in geotechnical engineering to further assess the hazards of
damage to adjacent pile foundations.

The effect of nearby excavations on pile foundations is part of the passive pile issue.
Various methods are employed to assess the impact, including analytical methods, numeri-
cal modeling, field measurements, and experimental modeling. Numerical methods are
widely used to accurately evaluate pile deformation due to deep excavation. However,
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the precision of these predictions is highly dependent on idealized assumptions about
modeling conditions and soil behavior. To comprehensively and effectively understand
the mechanisms governing the pile-soil interaction, it is necessary to consider the time
consumption and modeling complexity of the field observations and modeling tests. The
analytical method provides a speedy and cost-effective response estimation of pile founda-
tions to adjacent excavations based on simplified analytical models. The analytical method
using a two-step approach for pile-soil interaction has undergone the extensive study and
has been validated as an effective method [9–18]. For instance, Poulos et al. [9,10] first
attempted to use the Mindlin formula for the response of piles subjected to soil move-
ment using a two-stage method, simplifying the problem by treating a pile as an elastic
foundation beam. Based on the Winkler foundation model, an analytical solution for the
mechanical response of single piles and pile groups caused by excavation of foundation pits
is derived using the displacement method in a two-stage analysis approach [11–13]. Using
the two-stage analysis method to deduce the analytical solution of pile foundation response
caused by foundation pit excavation based on the image source method and the Winkler
foundation model [14]. Liang et al. [16] proposed predicting the shield tunnel behaviors
associated with adjacent excavation by introducing the Pasternak foundation model and
adopting a two-stage method. Qiu et al. [17] employed the stress release method and the
Winkler foundation model in a two-stage method to analyze the vertical displacement
of adjacent single piles under excavation conditions. Zhang et al. [19] investigated the
pile response caused by the Winkler foundation model and the deformation compatibility
condition resulting from excavation.

Treating an existing pile as a continuous beam supporting a Winkler elastic foundation
is a widely used approach in previous analytical methods. However, the Winkler model has
its limitations, such as failing to take into account the inherent continuity of neighboring
springs, leading to an inaccurate representation of the mechanics of the foundation material
and an incorrect bending moment prediction on the beam. To overcome these shortcomings,
the Pasternak foundation model [20] is employed to simulate pile-soil interaction behaviors,
considering the sequence of adjacent springs and the shearing influence of a layer on the
spring side. Additionally, it is also necessary to take into account the shielding effect
induced by the pile-pile interaction in pile groups.

This paper proposes a two-step approach to investigating excavation-induced pile-soil
interaction in soft clay. First of all, Mindlin solution (Mindlin, 1936) [21] in combination
with the double Gauss-Legendre formula is utilized to calculate the additional lateral stress
acting on the passive pile position induced by excavation. What is more, it employs the
Pasternak foundation model to achieve a simplistic solution for exploring the response
to deflection of adjacent pile resulting from excavation. Moreover, shielding influence
between piles is also developed by applying the Mindlin equation and its application to the
analysis of a laterally loaded passive pile group induced by excavation. Last but not least,
the accuracy of the proposed approach is validated by means of a comparative analysis
with the results from two published centrifuge model tests with single piles and pile groups,
and good agreements are obtained.

2. The Additional Lateral Stress Solution
2.1. Mechanics Model

The sectional view and plan view on the analysis model of the pile-soil induced by
excavation are shown in Figure 1. The computing model’s fundamental assumptions
are as follows: (a) the soil is an elastic half-space, homogeneous, and isotropic; (b) the
excavation sequence and precipitation are ignored; (c) the ground lateral unloading at the
sidewalls surrounding excavation is equal to the application of a triangularly distributed
load βK0γz in the direction of the excavation; (d) the vertical unloading at the excavation’s
base is identical to a rectangular distribution of the corresponding load vertically upwards
σ = γd applied at the excavation’s bottom; (e) the horizontal unloading of sidewall 2© has no
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effect on the existing pile; (f) the additional lateral stress ignores the effects of the existing
pile’s presence.
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Figure 1. Analysis model of pile-soil interaction induced by excavation: (a) sectional view; (b) plan.

2.2. Mindlin Solutions for Additional Lateral Stress

According to Mindlin’s formula [21,22], additional lateral stress due to vertical un-
loading and lateral unloading at point M (x, y, z) on the pile centerline can be expressed
as follows:
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where K0 denotes the lateral pressure coefficient; K0 = µ/(1− µ); β represents the stress loss
rate of the retaining wall [23]; R1
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Owing to the complexity of double integrals in Mindlin’s solutions for additional
lateral stress, a mathematical program is necessarily selected for calculation.

2.3. Method for Calculating the Additional Lateral Stress

The double Gauss-Legendre formula is used to calculate the Mindlin solutions for the
additional lateral stress. Only the permutation method is required for the case where the
endpoints of the interval are constants, [s, t] ∈ [−1, 1] × [−1, 1], namely,

x = b+a+(b−a)s
2 , dx = b−a

2 ds
y = d+c+(d−c)t

2 , dy = d−c
2 dt

jac = (b−a)(d−c)
4 , dxdy = jac× dsdt

(5)

According to the double Gauss-Legendre formula, the integral of the rectangular area
load (a ≤ x ≤ b; c ≤ y ≤ d) can be expressed as:∫ b

a

∫ d
c f (x, y)dxdy = jac×

∫ 1
−1 ds

∫ 1
−1 f

(
b+a+(b−a)s

2 , d+c+(d−c)t
2

)
dt

= jac×∑ m2

i=1 Ai f
(

b+a+(b−a)si
2 , d+c+(d−c)ti

2

) (6)

where (si, ti) is a Gauss node and Ai is the corresponding weighting factor. The nodes and
coefficients of the common Gauss-Legendre formula are presented in Table 1.

Table 1. Nodes and coefficients of the common Gauss-Legendre formula.

Number of Gauss Points
m2 (m × m) Gauss Node (si, ti) Ai

1 (1 × 1) s1= t1 = 0 A1 = 0

4 (2 × 2)

s1 = −(1/3)0.5, t1 = −(1/3)0.5

s2 = (1/3)0.5, t2 = −(1/3)0.5

s3 = (1/3)0.5, t3 = (1/3)0.5

s4 = −(1/3)0.5, t4 = (1/3)0.5

A1 = A2 = A3 = A4 = 1

9 (3 × 3)

s1 = −(3/5)0.5, t1 = −(3/5)0.5

s2 = (3/5)0.5, t2 = −(3/5)0.5

s3 = (3/5)0.5, t3 = (3/5)0.5

s4 = −(3/5)0.5, t4 = (3/5)0.5

s5 = 0, t5 = −(3/5)0.5

s6 = (3/5)0.5, t6 = 0
s7 = 0, t7 = (3/5)0.5

s8 = −(3/5)0.5, t8 = 0
s9 = 0, t9 = 0

A1 = A2 = A3 = A4 = 25/81
A5 = A6 = A7 = A8 = 40/81

A9 = 64/81

The double Gauss-Legendre formula was calculated utilizing MATLAB. The total
additional lateral stress excavation-induced can be solved by the principle of superposition,
which is provided below:

σx = σd
x + σ1

x + σx
3 + σx

4 (7)

3. Analysis Method
3.1. Pasternak Foundation Model

To ensure the continuity of the soil, a two-parameter Pasternak foundation model is
proposed for lateral displacement and internal force of adjacent piles. As shown in Figure 2,
the model assumes the pile to be a continuous elastic foundation beam supporting the
Pasternak foundation model, which adds a shear layer to the Winkler foundation. A layer
of shear is applied on the side of the spring layer to ensure consistency of nearby springs.
It can be described as:

p = ky− G
d2y
dx2 (8)
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where p represents the lateral pressure on the spring, k denotes the coefficient of subgrade
modulus, y represents the lateral displacement of the pile, and G denotes the stiffness of
the shear layer. In the plastic stage, the limit lateral pressure pu can be calculated using the
equation pu = 9SuD, where Su denotes the undrained shear strength of soil.
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The shear stiffness G and the coefficient of subgrade modulus k are crucial parameters
in the two-parameter Pasternak model, and several empirical formulas have been proposed
by various researchers to estimate their values. As for shear stiffness, G, Tanahashi et al. [24]
suggested an empirical formula as follows:

G =
Est

6(1 + µ)
(9)

where Es denotes the elastic modulus of soils, t represents the thickness of the shear layer,
and t = 11D, as recommended by Shi et al. [25].

In addition, Vesic [26] analyzed a lateral beam with infinite length on an elastic foun-
dation using a modified Boit’s formula. The coefficient of subgrade modulus k was related
to the elastic modulus of soil Es and the soil Poisson’s ratio µ, as shown in Equation (10),
which has been adopted by several researchers [12,19,27] for their analyses.

k =
0.65Es

D(1− µ2)

(
EsD4

EI

)1/12

(10)

The model’s fundamental assumptions are described below: (a) take the pile as a
rectangular beam with D as the equivalent width and EI as the stiffness in the longitudinal
direction; (b) take the pile as always in contact with the ground, and the deflection of the
pile is equal to that of the adjacent soil; (c) there is no lateral friction between pile-soil
interface; (d) take the shear layer as producing only shear deformation.

3.2. Analysis of a Single Pile

The equation of equilibrium governing the deflection of a single pile supporting a
Pasternak foundation under additional lateral stress is provided as follows:

EI
d4y
dx4 + Q

d2y
dx2 − GD

d2y
dx2 + kDy = σxD (11)

Note that if the shear stiffness G is zero, the equation of equilibrium governing
degenerates into the commonly known Winkler elastic foundation model.

However, the equation of homogenous difference of the fourth order presented in
Equation (11) poses a challenge when attempting to find a solution. Consequently, it is
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necessary to employ the finite difference method to determine the equilibrium differential
equation with the pile boundary condition. As shown in Equation (12):

αyi−2 + βyi−1 + λyi + βyi+1 + αyi+2 = σxi (12)

where σxi represents the additional lateral stress on the centerline of the pile, {σx} derives
from Equation (7). α

β
λ

 =

 1 0 0
−4 1 0
6 −2 1

{B} (13)

{B} =
{

EI
Dh4

Q−GD
h2 k

}T
(14)

To divide the pile into n + 1 elements of length L, adding an additional 4 virtual
elements at the pile (top nodes −2, −1, and bottom nodes n + 1, n + 2) is shown in
Figure 3a. Figure 3b illustrates the deflected pile deformation resulting from constraints in
the lateral direction.
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Figure 3. Finite difference analysis of the pile: (a) element division; (b) deflection deformation.

The analyses of a single pile’s rotation, bending moment, shear force, and lateral
pressure are as follows:

θi =
1

2h
(yi+1 − yi−1) (15)

Mi =
EI
h2 (yi+1 − 2yi + yi−1) (16)

Fi =
EI
2h3 (yi+2 − 2yi+1 + 2yi−1 − yi−2) +

Q− GD
2h

(yi+1 − yi−1) (17)

(q− p)i =
EI
h4 (yi+2 − 4yi+1 + 6yi − 4yi−1 + yi−2) +

Q− GD
h2 (yi+1 − 2yi + yi−1) (18)

The boundary conditions are set assuming that the pile top and end are free:

y1 − 2y0 + y−1 = 0
EI
2h3 (y2 − 2y1 + 2y−1 − y−2) +

Q−GD
2h (y1 − y−1) = 0

yn+1 − 2yn + yn−1 = 0
EI
2h3 (yn+2 − 2yn+1 + 2yn−1 − yn−2) +

Q−GD
2h (yn+1 − yn−1) = 0

(19)

By combining Equations (12)and (19), the displacement of the individual pile is repre-
sented, and the virtual node is erased:

{y}(n+1)×1 = [K]−1
(n+1)×(n+1)(σx)(n+1)×1 (20)
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where [K]−1 denotes the inverse matrix of [K].

[K] =



λ + 2β + 4α −4α 2α 0
β + 2α λ− α β α

α β λ β α
· · · · · · · · · · · ·

α β λ β α
α β λ− α β + 2α

0 2α −4α λ + 2β + 4α


(n+1)×(n+1)

(21)

3.3. Analysis of a Pile Group

Soil is a continuum medium, and pile-soil interaction generates an additional stress
field in the surrounding soil that affects other piles, resulting in corresponding internal
forces and deformations within the field, known as the shielding effect. The shielding
effect represents one approach to understanding the behavior of piles in pile groups.
Ong et al. [28] conducted an analysis of the shielding effect by centrifuge model testing
and numerical modeling, focusing on pile groups exposed to excavation-induced ground
movements. An empirical soil moderation factor was introduced from the measurement of
free field movements.

In view of the complexity of pile group interaction, an analysis of the reaction between
two piles is conducted first and then extended to the whole pile group by applying the
principle of superposition. Figures 4 and 5 show that x represents the distance between
two points, pile 1 and pile 2, in the X direction of the horizontal plane; pile 1 represents an
acting pile for a lateral force, while pile 2 represents a responding pile for a lateral force
with pile-soil interaction.

Buildings 2023, 13, x FOR PEER REVIEW  8  of  14 
 

3.3. Analysis of a Pile Group 

Soil is a continuum medium, and pile-soil interaction generates an additional stress 

field in the surrounding soil that affects other piles, resulting in corresponding internal 

forces and deformations within the field, known as the shielding effect. The shielding ef-

fect represents one approach to understanding the behavior of piles in pile groups. Ong 

et al. [28] conducted an analysis of the shielding effect by centrifuge model testing and 

numerical modeling,  focusing  on  pile  groups  exposed  to  excavation-induced  ground 

movements. An empirical soil moderation factor was introduced from the measurement 

of free field movements. 

In view of the complexity of pile group  interaction, an analysis of the reaction be-

tween two piles is conducted first and then extended to the whole pile group by applying 

the principle of superposition. Figures 4 Figure 4and 5 show that x represents the distance 

between  two points, pile 1 and pile 2,  in  the X direction of  the horizontal plane; pile 1 

represents an acting pile for a lateral force, while pile 2 represents a responding pile for a 

lateral force with pile-soil interaction. 

 

Figure 4. Computational model for two piles. 

 

Figure 5. Interaction between two piles. 

For the purpose of evaluating the interaction between the two, an equation derived 

from Mindlin’s solution [21] is presented below: 
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For the purpose of evaluating the interaction between the two, an equation derived
from Mindlin’s solution [21] is presented below:

F21 =
n

∑
j=0

F1,jxD
8π(1− µ)

 −
(1−2µ)

R3
1

+ (1−2µ)(5−4µ)

R3
2

− 3x2

R5
1
− 3x2(3−4µ)

R5
2
− 4(1−µ)(1−2µ)

R2(R2+z+h1,j)
2(

3− x2(3R2+z+h1,j)
R2

2(R2+z+h1,j)

)
+

6h1,j
R2

5

(
3h1,j − (3− 2µ)

(
z + h1,j

)
+ 5x2z

R2
2

)
 (22)

where F21 is the additional lateral force on pile 2 generated by the interaction with pile 1, F1,j

is the interaction force at point j on pile 1, h1,j is the depth of F1,j; R1
2 = x2 + y2 + (z − h1,j)2,

and R2
2 = x2 + y2 + (z + h1,j)2.
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The additional lateral deflection of pile 2 can be derived from the shielding effect
of pile 1 under the excavation conditions; correspondingly, the governing equilibrium
equation is provided below:

EI
d4y21

dx4 + Q
d2y21

dx2 − GD
d2y21

dx2 + kDy21 = F21 (23)

where y21 is the additional displacement of pile 2.
Equation (23) can also be stated in the form of a finite difference equation:

y21,i−2 −
(

4− Q−GD
EI h2

)
y21,i−1 +

(
6− 2(Q−GD)

EI h2 + kD
EI h4

)
y21,i −

(
4− Q−GD

EI h2
)

y21,i+1 + y21,i+2 = F21
EI h4 (24)

The final behavior of each individual pile in pile groups can be calculated by summing
the additional lateral deflection to that calculated as an individual pile.

4. Verification
4.1. Individual Pile

Ong et al. [29] presented a set of centrifuge experiments in standard kaolin clay to
evaluate the lateral displacement on a nearby individual pile behind the retaining wall
induced by excavation. Within the soft clay, the retaining wall was embedded to a depth
of 8 m and subjected to an excavation of 1.2 m. The model pile was constructed from a
12.6 mm wide hollow aluminum tube. The bending rigidity EI of the prototype pile was
measured to be 2.2 × 105 kN·m2, equivalent to a pile of 600 mm diameter. In this context,
the majority of the parameters required were also employed by Ong et al. [29]. Notice
that the measured values in Figure 6 are the results of the centrifuge tests, and the present
solution is the result of the analytical approach in the paper. Figure 6 presents the calculated
lateral deformation of the free-headed pile compared with the measured results, with the
distance between the face of excavation and the pile center being 1 m, 3 m, 5 m, and 7 m,
and it is shown that the computed results correspond well with the measured results.

4.2. Group Piles

Ong et al. [28] also presented a number of centrifuge model experiments on pile
groups in clayey. Several tests were carried out in different pile head conditions at different
distances, as shown in Table 2. The pile center-to-center spacing was 2 m, and the excavation
face to the front pile centerline distance was 1 m and 3 m, respectively. What is more, the
pile-pile interaction under excavation was beneficial to the response of the group piles.
Specifically, the pile-soil interaction of a single pile under excavation induced an additional
lateral stress field that prevented further stresses and deformations of the other piles in
the groups.
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4.2.1. Free-Head 2-Pile Group

Figure 7a,b demonstrates the comparison of lateral displacement curves between
the present solution and measured results for free-head 2 piles with Test 8 and Test 10,
respectively. It is pointed out that the analysis reveals satisfactory agreement between
the computed and measured values. The investigation also observed that the impact
of pile-pile interaction on Test 8 is greater compared to Test 10, taking into account the
shielding influence of the front piles on the rear piles. Furthermore, the front pile is closer
to the retaining wall, which gives a more pronounced response to the rear pile. Therefore,
maintaining an appropriate clearance of retaining walls to piles can effectively reduce the
lateral displacement of the piles induced by excavation.
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4.2.2. Capped-Head 2-Pile Group

Figure 8a,b illustrates a comparison of lateral displacement curves between the present
solution and measured results for capped-head 2 piles with Test 9 and Test 11, respectively.
It can be derived from the comparison that the computed pile displacements are a bit
lower than the measured values. Moreover, the group of capped piles in Test 9 is closer to
excavation, resulting in larger soil movement magnitudes and greater interaction between
the piles.
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4.2.3. 4-Pile Group

The larger 4-pile group is expected to have a more pronounced shielding influence
and soil arching effects, leading to sharper reductions in the piles’ lateral deflection under
excavation. The profile of lateral deflection for the 4 pile groups with Test 12 and Test 13
are presented in Figure 9, and it is evident that the computed lateral displacement of the
capped-head pile groups is underpredicted, whereas good agreement can be achieved with
the free-head pile groups. Furthermore, note that the presence of a capped head provides a
greater restraint than a free head on pile lateral displacement.
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5. Conclusions

This study aimed to explore a simplified analytical approach to the lateral dis-placement
of adjacent pile foundations induced by excavation in clayey. The main conclusions are
presented as follows:

(1) Employing a two-step approach and Pasternak foundation model, and the mechan-
ical response of passive piles was solved using the finite difference method.

(2) The double Gauss-Legendre formula was used to calculate the Mindlin solu-tions
for the additional lateral stress. The advantage is that the relevant parameters can be
determined by consulting the table and the results can be easily calculated.

(3) For pile groups, the Mindlin equation was used to develop the pile-pile interac-tion
between the piles, taking into account the shielding effect of the front piles on the rear piles.

(4) The proposed approach was validated by the existing centrifugal model tests,
which demonstrated its potential as a conservative approach for estimating pile foun-
dation deformation during the preliminary design phase of adjacent excavations.
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