
Vol.:(0123456789)

Environmental Earth Sciences (2024) 83:495 
https://doi.org/10.1007/s12665-024-11815-8

ORIGINAL ARTICLE

Analytical solution for evaluating the responses of existing pile caused 
by adjacent tunnel excavation

Zheng Wei1

Received: 26 March 2024 / Accepted: 11 August 2024 / Published online: 22 August 2024 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2024

Abstract
Tunnel excavation in short distance will change the physical equilibrium stress field of stratum and cause adverse effects on 
adjacent existing pile. In this paper, a simplified analytical solution is thus proposed to evaluate the existing pile behaviors due 
to adjacent tunnel excavation. First, tunneling-induced horizontal free field soil movement calculated by a modified Logana-
than’s formula during shield tunnel excavation is presented. Then, consider that the existing pile is a Euler–Bernoulli beam 
resting on the Pasternak foundation model. The differential equation of lateral displacement of existing pile is established 
by combining the coupling condition of soil-pile interaction. Finally, the analytical solution of lateral displacement of the 
existing pile caused by adjacent tunneling is obtained by finite difference method. The reliability of the analytical solution is 
validated by comparing with boundary element program, finite element simulation and field measurements. Parametric stud-
ies are also preformed to estimate the effects of various factors on an existing pile, including the clearance distance, tunnel 
depth, tunnel radius, pile diameter and tunneling-induced soil loss rate. A prediction formula for evaluating the maximum 
lateral displacement of a pile caused by adjacent tunneling was presented, which the deviation rate between predictions and 
the results of published case reports is less than 10%.
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Introduction

Nowadays, the urban metro transit system plays an extremely 
indispensable role in traffic system. Owing to the rapid 
urbanization of China and exploration of underground space 
in many cities (Chiang and Lee 2007; Lu et al. 2020; Luepra-
sert et al. 2020; Ng et al. 2013; Simic-Silva et al. 2020; 
Soomro et al. 2015, 2017; Yoo 2013). The construction of 
subway tunnels will inevitably affect the demand for safety 
and stability of adjacent building foundation structures along 
urban metro lines (Gokuldas et al. 2020; Liu et al. 2014; Ng 
and Lu 2014; Sohaei et al. 2020; Wei 2023; Wei et al. 2022). 
Figure 1 shows the relative position between the existing 
pile and tunnel excavation. The adjacent tunnel engineering 
activities may cause damage risks or even potential adverse 
impacts to the adjacent existing pile. If the induced defor-
mation exceeds the bearing capacity of the existing pile, 

compression bending failure, overall shear failure and pen-
etration failure of the existing pile may subsequently cause 
adverse impacts, which will severely affect the safety and 
stability of the adjacent piles.

A lot of scholars have investigated the mechanical 
responses of the existing pile to construction of a new tun-
nel adjacent it by centrifuge test. Zhang et al. (2022) carried 
out a three-dimensional centrifuge test, including a single 
tunnel construction and twin tunnel construction, to predict 
the effects of existing pile caused by adjacent large-scale 
tunneling. The results performed that interaction mechanism 
is mainly due to relative position between adjacent tunneling 
and existing pile. However, as for parallel tunnel tests, the 
measured displacement of piles caused by the excavation 
of tunnel near the pile toe is about 2.7 times of that caused 
by the excavation of tunnel near the mid-depth of the piles. 
In the report by Lu et al. (2020), centrifuge tests were con-
ducted to predict the interaction mechanism between the 
existing pile and the newly excavated tunnel during excava-
tion of a new tunnel the existing pile. The results showed 
that the unloading effect contributed significantly to the 
redistribution of earth pressure by construction of tunnel. 
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Franza and Marshall (2017) presented a large amount of 
centrifuge tests to predict the influence of the construction 
of tunnel on existing pile by quantifying the responses to 
newly excavated tunnel of axially loaded displacement and 
non-displacement piles. According to the results, it found the 
importance of initial safety factor. Song and Marshall (2020) 
conducted various centrifuge tests to evaluate the influence 
of tunneling on piles in sand and the relationship between 
stress relief caused by tunneling and pile head load changes 
related to connected superstructures.

The field measurement is an important and straightfor-
ward method for evaluating the interaction between existing 
pile and adjacent tunneling. Jacobsz et al. (2006) described 
the measured results of existing piles supporting a road 
bridge beneath the UK Channel Tunnel Rail Link (CTRL) 
during the construction of new tunnel beneath them. It is 
showed that pile displacement happened when a new tun-
nel was excavated beneath it. Williamson (2014) reported 
and analyzed the deformation of existing pile and greenfield 
ground surface settlements due to tunnels excavation for the 
Cross rail project by Earth Pressure Balance Machine in 
London. Selemetas et al. (2017) reported the responses of 
the friction piles and end-bearing piles due to newly tunnel 
construction for the CTRL project in London. The observed 
data indicated that the pile deformation was fairly small due 
to low volume losses during construction of a new tunnel.

Lee (2012) reported a various of numerical analyses to 
predict the influence of various factors, such as the center-
line mechanical distributions on the pile and pile displace-
ment, relative shear settlement between pile and the soil dur-
ing construction of a new tunnel. According to the analyses 

results, it is easy to understand that shear stresses along the 
pile are severely affected with the changes of relative shear 
stiffness due to tunneling. Jongpradist et al. (2013) con-
ducted lots of elastic–plastic numerical analyses to study the 
problem of tunneling nearby existing pile and the influence 
zones generated by the artificial data of pile responses from 
tunneling. Zidan and Ramadan (2015) carried out several 
finite element analyses to study the effects of face pressure, 
tunnel boring machine, pile caps and final tunnel lining on 
existing pile.

When relative space position between tunnel and exist-
ing pile or geological condition is changed, the previous 
approaches (centrifuge test, field measurement, numerical 
analyses cannot quickly and directly estimate the responses 
of the pile to the construction of tunnel. Thus, the analytical 
solution that can be proposed to directly evaluate the pile 
response due to adjacent tunneling is urgently required. Wei 
et al. (2022) performed an analytical solution to evaluate the 
responses of existing pile. In their method, the existing pile 
is based on Euler–Bernoulli model hypothesis on a discon-
tinuous Winkler model that is used to estimate pile-ground 
mechanical characteristics, as shown in Fig. 2a. Zhang et al. 
(2018) showed an analytical solution to investigate the prob-
lem of tunneling adjacent pipe and the relationship between 

Fig. 1   Excavation tunnel and existing pile models

(a) Winkler model        (b) Pasternak model

Fig. 2   Winkler model and Pasternak model. a Winkler model, b Pas-
ternak model
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lateral soil and displacement of pile in Pasternak foundation, 
as shown in Fig. 2b.

In this paper, an analytical solution is proposed to predict 
lateral displacement of a pile associated with the adjacent 
tunneling. The excavation induced horizontal free field soil 
movement acting on the existing pile is estimated via the 
modified Loganathan’s formula (Loganathan et al. 1998), 
ignoring the presence of the pile. In proposed model, the 
existing pile is assumed as an elastic Euler–Bernoulli 
model on the Pasternak model (1954). A higher order dif-
ferential equation for horizontal displacement of pile due to 
the tunneling-induced horizontal free field soil movement, 
combined with the finite difference method, is proposed for 
estimating the interaction mechanisms between surrounding 
soil and existing pile. The reliability of proposed analytical 
solution is validated by comparing it with the results from 
boundary element program, finite element simulation and 
field measurement. Parametric studies are also preformed 
to evaluate the influences of various factors on an existing 
pile, including the clearance distance, tunnel depth, tunnel 
radius, pile diameter and tunneling-induced soil loss rate. 
Finally, a prediction formula for evaluating the maximum 
lateral displacement of the existing pile caused by adjacent 
tunneling is presented.

Analytical solution

Tunneling‑induced horizontal free field soil 
movement

Loganathan et al. (2000) provided a method for evaluating 
the tunneling-induced horizontal free field soil movement at 
the pile location. By further combing with Sagasta’s expres-
sion (Sagaseta 1987) of soil loss rate along the excavation 
direction, Zhang (2006) presented a solution of tunneling-
induced horizontal free field soil movement u at the pile 
location by considering the spatial effects. In order to calcu-
late the horizontal free field soil movement u along the exist-
ing pile more applicable, the three-dimensional coordinate 
system is applied in the proposed model, as shown in the 
Fig. 1 and Fig. 3.
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where, u is the horizontal free field soil movement caused 
by adjacent tunneling; V1 is the soil loss rate, R is excavation 
radius of tunnel, H is buried depth of the tunnel from the 
ground surface, and � is the Poisson’s ratio of surrounding 
soils in the calculation.

Pile responses to horizontal free field soil 
movement

The horizontal free field soil movement at the pile location 
caused by the adjacent tunneling is calculated through the 
modified Loganathan’s method in Sect. 2.1, ignoring the 
presence of the existing pile. Then, the pile-soil interaction 
due to the horizontal free field soil movement is estimated 
base on the two-parameters Pasternak foundation model 
(1954). Figure 3 shows the prediction model of the existing 
pile responses to tunnel excavation.

To overcome the shortcoming of nonconnection in the 
single-parameter foundation model, Pasternak (1954) 
derived a shear layer on top of nonconnected discrete 
springs to consider the interaction behaviors between 

Fig. 3   The Interaction mechanisms between existing pile and tunnel
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adjacent discontinuous springs. The interaction can be 
presented in the following form:

where, p is the pressure at the top of the spring layer in the 
Pasternak model, k and Gc are foundation reaction coefficient 
and shear stiffness, respectively. w(x) is the lateral displace-
ment of existing pile.

The general assumption of proposed model is that the 
existing pile remains contacting with the surrounding 
soils after bending and soil-pile relative movement is not 
involved in the proposed model. Moreover, the analysis 
solution takes isotropic elastic material of soil into account 
and the creep behavior of soil is not involved in the pro-
posed model.

Figure 4 shows the unit force analysis of the existing 
pile. According to the material mechanics, the equilibrium 
equation of the unit is as follows:

Static balance:

Moment balance:

where, D is pile outer diameter; Q and M represent shear 
force and bending moment acting on the unit of the existing 
pile; dx is the unit width of the existing pile; dQ and dM are 
shear and bending moment increments along the dx direc-
tion, respectively; q(x) is the foundation reaction acting on 
the existing pile.
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Moreover, the relationship between the internal force 
and lateral displacement of the existing pile based on the 
Euler–Bernoulli theory can be expressed as follows:

where M and Q donate bending moment and shearing force 
of the pile, respectively; and EI is the equivalent bending 
stiffness.

According to the Pasternak foundation model (1954), 
the interaction between the pile and the foundation can be 
expressed as

where, k and Gc are foundation reaction coefficient and shear 
stiffness, respectively.

Substituting Eqs. (4)–(7) into Eq. (3),the equilibrium equa-
tion for the lateral displacement of existing pile resting on the 
Pasternak model subjected to the tunneling-induced horizontal 
free field soil movement u(x) can be expressed as follows:

Equation (8) is the higher order equilibrium differential 
equation and it is no easy to estimate it directly. For simplify-
ing the calculation more rationally, the finite difference method 
is recommended to solve Eq. (8) numerically. Equation (8) can 
be obtained in the following:

Assuming that both ends of the pile are free, namely:

According to the principle of finite difference theory:
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Fig. 4   Unit force analysis
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Combined with Eqs. (12)–(15), four new expressions for the 
horizontal displacement of virtual elements can be obtained 
as follows:

Combined with Eqs. (16)–(19), Eq. (9) can be further writ-
ten as the following matrix equation:

In the formula, 
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 are the stiffness matrix; 
{w} and {u} represents the lateral displacement column vector 
of existing pile and the tunneling-induced horizontal free field 
soil movement column vector, respectively.

The stiffness matrix in Eq. (20) can be written as follows:
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By calculating the unloading load, the horizontal dis-
placement of the existing pile due to adjacent tunneling can 
be acquired. Combining Eqs. (21)–(25), the horizontal dis-
placement of the existing pile due to adjacent tunneling can 
be solved.

Parameters of soil foundation

The subgrade modulus coefficient k is deduced by Vesic 
(1961). The shear stiffness Gc of shear layer of soil founda-
tion in the Pasternak model was recommended by Tanahashi 
(2004).

where, � is the Poisson’s ratio of the soil, Es is elastic modu-
lus of soil, and t  is thickness of shear layer of Pasternak 
model.
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Verification

Boundary element simulation

Xu and Poulos (2001) provides a boundary element program 
to analyze the impact of adjacent tunneling on the exist-
ing pile. To simplify calculation and establish a simplified 
model, the surrounding soil and the existing pile are made 
of a single material of elastic body. The diameter, length 
and elastic modulus of pile are 0.5 m, 25 m and 24 MPa. 
Excavation of the tunnel diameter is directly taken as 6 m. 
The clearance distance between tunnel and existing pile is as 
close as 4.5 m. The excavated tunnel centerline is buried at 
the depth of 20 m. Assuming boundary conditions are free 
at the top and end of the existing pile.

Figure 5 shows the comparison of lateral displacements 
of pile calculated by the simplified analytical solution and 
the calculation results of the boundary element method. It 
can be shown in Fig. 5 that maximum lateral displacement 
of pile occurs above the tunnel centerline, with a maximum 
lateral displacement of 9.1 mm. The overall lateral displace-
ment trend of the existing pile is general agreement with 
the simulation results, although the predicted result slightly 
overestimated the maximum values for the pile. It appears 
that the excavated soil will inevitably cause local reduction 
of the soil-pile relative stiffness, which cannot be directly 
applied in the proposed model.

Finite element simulation

Mu et al. (2012) used finite element simulation to calcu-
late the lateral displacement effects of tunnel excavation on 

Fig. 5   Comparison of the 
boundary element program and 
calculated lateral displacement 
due to tunnel excavation

Fig. 6   Comparison of the 
finite element simulation and 
calculated lateral displacement 
of the existing pile due to tunnel 
excavation
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adjacent existing pile. The model assumes that the diameter, 
length and elastic modulus of existing pile body are 0.8 m, 
25 m and 10 GPa. To simplify the calculation, the average 
elastic modulus, the Poisson’s ratio and Cohesive force are 
taken as 18 MPa, 0.5 and 15 kPa. Diameter of excavated 
tunnel is 6 m, buried depth of tunnel centerline is 20 m, and 
the clearance distance between existing pile centerline and 
excavation tunnel centerline is 4.5 m.

Figure 6 shows the comparison between analytical solu-
tion of lateral displacement of the existing pile and finite 
element simulation results. Maximum lateral displacement 
of the existing pile is 9.3 mm. The difference between the 
analytical solution and the finite element calculation results 
is less than 5%, and a general consistent trend between ana-
lytical solution of lateral displacement of existing pile and 
finite element simulation results is observed. Therefore, the 
predicted method offers a conservative solution of lateral 
displacement of the existing pile under the influence of 
nearby tunneling activities.

Field measurement

Lee et al. (2004) provides monitoring data on lateral dis-
placement of the existing pile during tunnel construction. 
The tunnel excavation is carried out in two stages, with a 
buried depth of 15 m below the ground surface. In the first 
stage, the excavation diameter of tunnel is 4.5 m. The tun-
neling-induced soil loss rate is 1.5%. In the second stage, the 
excavation diameter of tunnel is 8.25 m. The induced soil 
loss rate is 0.5%. The elastic modulus of soil foundation is 
54 MPa, and the Poisson’s ratio is 0.5; the diameter, length 
and modulus of the existing pile are 1.2 m, 28 m and 30 GPa, 
respectively.

Figure 7 shows the comparison between analytical solu-
tion for calculating the lateral displacement of pile and 

monitoring data results. The calculated lateral displace-
ment trend of the existing pile in the Fig. 7 remains basi-
cally consistent with the monitoring data. Pile maximum 
lateral displacement is 11.25 mm, and pile maximum lateral 
displacement of monitoring data is 10.1 m, within the allow-
able range. The reason for these overestimated results may 
be attributed to fact that tunnel stiffening, which utilized 
prior to construction and would alleviate adverse impacts 
on the existing pile, are not related to the results predicted.

From above discussion, the feasibility of analytical solu-
tion is validated by comparisons with boundary element 
simulation, finite element simulation and a well-documented 
measurement case history. It implies that the proposed ana-
lytical solution adopted in the study provides a rapid and 
reliable solution for estimating responses of the existing pile 
to adjacent tunneling.

Parametric analyses

For predicting impacts of adjacent tunneling on the exist-
ing pile, parametric analyses are demonstrated to validate 
its effectiveness of the influences of various factors on 
the existing pile, including clearance distance, tunnel 
buried depth, excavation tunnel radius, pile diameter and 
tunneling-induced soil loss rate.

Generally, the tunnel excavation is supposed to pass 
the pile perpendicularly; It is noted that the tunnel burial 
depth below the ground surface, tunnel excavation radius, 
and the induced soil loss rate are 18 m, 3 m, and 1%, 
and the clearance distance between tunnel centerline and 
horizontal center of the existing pile is taken as 6 m. The 
surrounding soil where the tunnel and pile are located is 
homogeneous, Poisson’s ratio and elastic modulus of sur-
rounding soil are 0.5 and 24 MPa, respectively. Besides, 

Fig. 7   Comparison of the field 
measurement and calculated 
lateral displacement due to tun-
nel excavation
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assumed elastic modulus of pile is 30 GPa, and the diam-
eter and length of the existing pile are taken as 1 m and 
25 m, respectively.

Clearance distance

Figure 8 shows the relationship between variation of maxi-
mum lateral displacement of the existing pile and the dif-
ferent clearance distances. Various tunnel buried depths 
are analyzed to evaluate effects of clearance distances on 
lateral displacement of the existing pile. At each tunnel bur-
ied depth, maximum lateral displacement generated at the 
intersection point significantly decreases with an increase in 
the clearance distances. By developing clearance distances 

from 3.5 to 6 m, the maximum lateral displacement of the 
existing pile is reduced by up to 39–46%.

Tunnel buried depth

Figure 9 shows the relationship between the maximum 
lateral displacement of the existing pile and the tunnel 
buried depth below the ground surface. At each clearance 
distance, induced lateral displacement increases gradu-
ally with an increase in tunnel buried depth. It indicated 
that increasing the tunnel buried depth will insignificantly 
alleviate the existing pile lateral displacement induced by 
adjacent tunneling. It is also showed that a nearer pile 
endures significantly larger lateral deformation than those 
of a farther one.

Fig. 8   Pile maximum lateral 
displacement with different 
clearance distance

Fig. 9   Pile maximum lateral 
displacement with different tun-
nel buried depth
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Tunnel excavation radius

Figure  10 shows maximum lateral displacement of the 
existing pile due to various tunnel excavation radius. At 
each excavation radius, the induced maximum displace-
ment of the existing pile increases significantly when the 
tunnel excavation radius varies from 3 to 4.2 m. At each 
tunnel excavation radius, induced lateral displacement of 
farther pile is substantially smaller than that of nearer pile. 
It appears that discrepancy will be induced by two reasons: 
less excavation caused by unloading effect on a far pile and 
large pile-soil stiffness of a far pile. It is observed that trends 
of lateral displacement of the existing pile are thoroughly 
parallel to each other.

Pile diameter

Figure 11 shows the relationship between maximum lat-
eral displacement of the existing pile and pile diameter. It 
is observed that lateral displacement of the existing pile 
increases gradually with increasing of the pile diameter. It is 
because that larger pile diameter provides much greater dis-
turbance to the formation. At each pile diameter, by increas-
ing the clearance distance to 6 m, the maximum pile lateral 
displacement rapidly decreases. From inspection of Fig. 11, 
increasing pile diameter and clearance distance will both 
validly reduce lateral displacement of existing pile when 
subjected to tunnel construction. By further increasing pile 
diameter, lateral displacement of existing pile of all four 
clearance distances seem to tend towards parallelism.

Fig. 10   Pile maximum lateral 
displacement with different tun-
nel radius

Fig. 11   Pile maximum lateral 
displacement with different pile 
diameter
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Soil loss rate

Figure 12 shows the relationship between maximum lateral 
displacement of pile and soil loss rate. Six tunnel buried 
depths are applied to estimate the tunneling-induced influ-
ence on the existing pile. Due to the larger soil loss rate 
acting on the pile, at each tunnel buried depth, pile lateral 
displacement increases linearly with an increase in tun-
neling-induced soil loss rate, as expected. As the tunnel bur-
ied depth is decreased, the maximum pile lateral displace-
ment is remarkably reduced. Moreover, the maximum pile 
lateral displacement difference between the shallow tunnel 
excavation and deep tunnel excavation significantly increases 
with increasing tunneling-induced soil loss rate.

Prediction formula

Development of prediction formula

According to the above discussion, the maximum lateral 
displacement of the existing pile is approximately linearly 
increasing with tunnel excavation radius and tunneling-
induced soil loss rate. Moreover, induced maximum pile 
lateral displacement gradually increases with increasing 
tunnel depth and pile diameter. As the clearance distance 
is increased, induced maximum pile lateral displacement 
is significantly reduced. Therefore, a simplified prediction 
formula can be established to predict maximum lateral 
displacement of pile due to adjacent tunnel excavation.

(28)
f = �1R

�2 (�3 + �4H + �5H
2)�6x

�7

0
(�8 + �9D + �10D

2)V1

In the formula (28), �1 , �2 , �3 , �4 , �5 , �6 , �7 , �8 , �9 , �10 
are the correlation coefficients. The coefficient values of 
formula (28) for predicting maximum lateral displacement 
of pile obtained are shown in Table 1.

Verification of prediction formula

To gain a greater validating of the applicability of the pre-
diction formula previous conducted, the applicability of 
the prediction formula has been verified by comparison 
with several published case reports for the problem of tun-
neling effects on existing pile. As illustrated in Table 2, 
the values from prediction formula slightly offset towards 
the results of selected case reports. Nevertheless, general 
consistent trends are generated by prediction formula and 
predictions are all within reasonable range, which the 
deviation rate between predictions and the results of pub-
lished case reports is less than 10%.

Conclusions

Analytical solution for evaluating the existing pile responses 
to tunnel construction has been proposed. The crucial con-
clusions can be presented:

(1) In the proposed model, the horizontal free field soil 
movement caused by adjacent tunneling at the pile location 
is estimated using a modified Loganathan’s formula. The 
pile is assumed as an elastic Euler–Bernoulli model resting 
on Pasternak soil foundation model. The equation of force 
equilibrium for lateral displacement of a pile subjected to 
the tunneling-induced horizontal free field soil movement is 
derived to evaluate the problem of soil-pile interaction. The 
applicability of analytical solution is validated by Bound-
ary element program, Finite element simulation and a field 
measurement case.

Fig. 12   Pile maximum lateral displacement with different soil loss 
rate

Table 1   Coefficient values of 
formula (28)

Coefficient Values

�
1

0.3494
�
2

2.0378
�
3

16.0939
�
4

0.7617
�
5

− 0.0161
�
6

0.6988
�
7

− 1.0281
�
8

0.7079
�
9

0.1146
�
10

− 0.0362
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(2) According to the parametric analyses, the maximum 
lateral displacement of pile is approximately linearly increas-
ing with tunnel excavation radius and tunneling-induced 
soil loss rate. Induced pile maximum lateral deformation 
gradually increases with increasing tunnel depth and pile 
diameter. As the clearance distance is increased, the induced 
pile maximum lateral displacement is significantly reduced.

(3) A prediction formula for estimating maximum lateral 
displacement parameter of pile due to tunnel excavation is 
provided. The applicability of proposed formula has been 
verified through published cases, which the deviation rate 
between predictions and the results of published case reports 
is less than 10%.
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