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Analyses of pile foundations subjected to ground movements

induced by tunnelling

P. Kitiyodom, T. Masumoto & K. Kawaguchi

Kanazawa University, Kanazawa, Japan

ABSTRACT: In this paper, a three-dimensional simplified analytical method is presented for the deformation
analysis of piled raft foundations subjected to ground movements induced by tunnelling. In the method, a hybrid
model is employed in which the flexible raft is modelled as thin plates, the piles as elastic beams, and the soil
is treated as interactive springs. The interactions between structural members are modelled based on Mindlin’s
solutions for both vertical and lateral forces.

1 INTRODUCTION

Considering current trends toward the limit state
design or performance based design in the area of foun-
dation engineering, precise estimation of the deforma-
tion of a pile foundation and of the stresses of their
structural members is an important issue in the frame-
work of these new design criteria. As a preliminary
routine design tool of a piled raft foundation sub-
jected to external loading (vertical, lateral and moment
loads), a computer program PRAB (Piled Raft Anal-
ysis with Batter piles) has been developed by the
authors (Kitiyodom & Matsumoto, 2002, 2003a). In
Kitiyodom & Matsumoto (2003b), the program was
extended to accommodate three-dimensional simpli-
fied analysis of piled raft foundations subjected to
ground movements.

In an urban environment, many buildings are sup-
ported by pile foundations. Due to a lack of available
space, the number of underground constructions such
as tunnels is increasing. Tunnelling may cause ground
movements, which in turn impose axial and lateral
forces on the existing pile foundations resulting in
extra deformations of the foundations. Some research
on the analysis of pile foundations subjected to ground
movements induced by tunnelling has been done. Chen
et al. (1999) analysed the responses of single piles by
de-coupled loading in two dimensions. Xu & Poulos
(2001) and Loganathan et al. (2001) employed a three-
dimensional coupled boundary element approach to
analyse the responses of vertical piles subjected to
ground movements induced by tunnelling. However,
in their works only single piles and pile groups were
considered, and the method can give only elastic solu-
tions of the problems. A complete three-dimensional
analysis of a foundation system subjected to ground

movements induced by tunnelling can be carried out
by a finite element analysis, for instance, the work
of Mroueh & Shahrour (2002). However, a three-
dimensional finite element analysis is rather time-
consuming, and is more suited to obtaining solutions of
a detailed analysis for the final design of a foundation,
rather than as a preliminary routine design tool.

This paper presents an extension of the computer
program PRAB, in order to incorporate the problem of
piled raft foundations subjected to ground movements
induced by tunnelling. With an aim to examine the
validity of the extended PRAB, the results calculated
using PRAB are compared with the solutions calcu-
lated using boundary element method (Logonathan
et al., 2001; Xu & Poulos, 2001) and with the solu-
tions calculated using more rigorous analysis program
FLAC3D (Itasca, 2002). Reasonable agreements are
found between these solutions.

2 METHOD OF ANALYSIS

2.1 Analysis of piled raft responses

Figure 1 illustrates the analytical model for piled raft
foundations employed in this study. The flexible raft is
modelled as thin plates, the piles as elastic beams, and
the soil is treated as interactive springs.The interaction
between structural members, which are pile-soil-pile
interaction, pile-soil-raft interaction and raft-soil-raft
interaction, are calculated based on Mindlin’s solutions
(Mindlin, 1936) for both vertical and lateral forces.

The load-displacement relationship of the piles and
that of the raft can be written in matrix form as
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Figure 1. Plate-beam-spring modelling of a piled raft.

where [Kp] is the pile stiffness matrix, [Kr] the raft
stiffness matrix, {w} the displacement vector, and {P}
is the internal force vector.

Since the soil is a continuous material, the defor-
mations of individual structural member nodes will
induce additional deformations of other structural
member nodes. The relative displacement of the soil
at the structure member-soil interface, wi − w0i, at a
particular node i due to interaction forces acting on
itself and at other nodes in the piled raft system can be
written in the following discrete form:

where wi is the soil deformation at the structure
member-soil interface at node i, w0i is the soil defor-
mation at node i due to the free-field ground movement
induced by tunnelling, aij is the soil flexibility coef-
ficient denoting the deformation at node i due to a
unit load acting at node j, and n is the total number of
nodes in the piled raft system. Equation 3 is rewritten
in the following matrix form considering all degrees
of freedom at each node:

where [A] is the soil flexibility matrix.
The diagonal coefficients of [A] are determined by

inverting the soil spring stiffness matrix [Ks]. The
details of the soil spring stiffness values can be found
in Kitiyodom & Matsumoto (2002, 2003a). The
off-diagonal non-zero coefficients in the matrix [A]
represent structural member-soil-structural member
interactions and are calculated based on Mindlin’s
solutions for both vertical and lateral forces.

For further use, Equation 4 is rewritten as

where [C] = [A]−1.
Finally, from Equations 1, 2 and 5, we get

where [K] is the global stiffness of the piled raft.
The vector [C]{w0} represents the nodal forces act-

ing on the piled raft induced by the ground movements.
This set of equations can be solved for the vertical
and lateral ground movements induced by tunnelling
to give the settlements, deflections and rotations from
which the axial forces, the shear forces and the bending
moments can be obtained.

Note that usually in an analysis of pile foundation
subjected to vertical loading using hybrid model (e.g.
Chow, 1987; Clancy & Randolph, 1993; Kitiyodom &
Matsumoto, 2002, 2003a), Mindlin’s solutions were
employed to model the interaction between the piles
in a group. The interaction in the vertical direction
between the nodes in the same pile was neglected due
to the use of t −z curve (Chow, 1987) or the influential
pile radius rm (Clancy & Randolph, 1993; Kitiyodom
& Matsumoto, 2002, 2003a) to determine the stiffness
of the vertical soil spring at each pile node. However
in the case of the foundation subjected to passive load-
ing (soil movement), Mindlin’s solutions are also used
to calculate the forces acting on the pile induced by
the ground movements (see Eq. 6). It was shown in
Kitiyodom et al. (2004) that the vertical displacement
of the pile subjected to ground movement calculated
without considering the interaction between the nodes
in the same pile matches well with the results of bound-
ary element method. However, the calculated axial
forces along pile without considering the interaction
between the nodes in the same pile are much smaller
than that calculated by boundary element method.

In this work, for the case of pile foundation sub-
jected to passive loading, the interaction between the
nodes in the same pile as well as the vertical soil
spring stiffness at the pile shaft nodes and pile base
node are calculated using the integral method proposed
by Poulos & Davis (1980). Equivalent point forces
acting at the nodal points were used to calculate the
interaction between nodes in different piles.

2.2 Tunnelling-induced ground movements

The problem considered in this work is shown in Fig-
ure 2 where an existing pile foundation is located
adjacent to a tunnel under construction. Tunnelling
generally will induce ground movements in both ver-
tical and lateral directions. These ground movements
will cause vertical settlements and lateral deflections
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Figure 2. Pile foundation adjacent to tunnelling.

in the piles. The responses of the pile foundation
subjected to the free-field ground movements can
be calculated using the method described earlier in
Section 2.1.There are many methods to obtain the free-
field ground movements induced by tunnelling, e.g.
site measurement, empirical method, and analytical
method. However in the case that there is no adequate
detailed site information to warrant the use of either the
empirical method or a complex finite element method,
simple closed form analytical solutions, such as those
given by Sagaseta (1987), Verruijt & Booker (1996),
and Loganathan & Poulos (1998), may be useful. In
this work, in the comparison analysis with boundary
element method (BEM), surface settlements, subsur-
face settlements and lateral deformations of the ground
induced by tunnelling are calculated by means of
Equations 7 to 9 based on the closed form analytical
solutions given by Loganathan & Poulos (1998).

where Uz=0 is the ground surface settlement, Uz the
subsurface settlement, Ux the lateral soil movement, R
the tunnel radius, z the depth below the ground surface,
H the depth of tunnel horizontal axis level, νs the soil
Poisson’s ratio, ε0 the average ground loss ratio, and x
is the lateral distance from the tunnel centreline.

 L = 25 m

R = 3 m

H = 20 m
d = 0.5 m

z 

x = 4.5 m

Ep = 30000 MPa

Es = 24 MPa

νs = 0.5

Figure 3. Problem analysed (single pile).

The equivalent average ground loss ratio, ε0, is
defined as

where g is the gap parameter and can be estimated as
follows (Lee et al., 1992):

where Gp is the physical gap (usually the difference
between the maximum outside diameter of the tun-
nelling machine and the outside diameter of the lining
for a circular tunnel), U ∗

3D the elastoplastic deforma-
tion into the tunnel face, and ω is the work-manship
factor.

3 ACCURACY OF THE PROPOSED METHOD

In order to ensure the validity of the proposed method,
the results calculated using the extended PRAB were
compared with the results calculated using BEM and
FLAC3D.

3.1 Comparison analysis with BEM

Xu & Poulos (2001) demonstrates the elastic responses
of a single pile in the problem as shown in Figure 3.
Figure 4 shows the computed free-field lateral and
vertical ground movement profiles induced by tun-
nelling, corresponding to three ground loss ratios ε0

of 1, 2.5 and 5% and for a distance x = 4.5 m. The free-
field ground movement profiles are calculated using
Equations 7 to 9. It can be seen that the ground move-
ments increase with increasing the ground loss ratio.
The vertical ground movements increase gradually
with depth to the tunnel crown (H = 17 m). Below this
level the vertical ground movements decrease rapidly
and the lateral ground movements become dominant
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Figure 4. Computed free-field ground movement at x =

4.5 m.
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Figure 5. Responses of single pile located at x = 4.5 m.

(Fig. 4(a)). Both vertical and lateral ground move-
ments decrease below the tunnel invert (H = 23 m).

Figure 5 shows the single pile responses calcu-
lated using the proposed method compared with the
responses from the boundary element method by Xu &
Poulos (2001). The results of PRAB without consid-
ering of the vertical interaction between the nodes in
the same pile (Kitiyodom et al., 2004) are also shown
in the figure. It can be seen that the results obtained
from the extended PRAB match very well with the
results from the boundary element method for all
cases.

Loganathan et al. (2001) demonstrates the elastic
responses of a pile group to the ground movements
induced by tunnelling with the ground loss ratio ε0 of
1% as shown in Figure 6.

Figure 7 shows the pile group responses calcu-
lated using the proposed method compared with the
responses from the boundary element method by

 L = 25m

 R = 3m

 H = 20m 
 d = 0.8m 

 z 

 x = 4.5m

Ep = 30000 MPa

Es = 24 MPa

νp = 0.25

νs = 0.5

 s = 2.4m
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Figure 6. Problem analysed (pile group).
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Figure 7. Responses of pile group.

Loganathan et al. (2001). Both the front pile and back
pile responses are shown in the figure. It can be seen
again that the results calculated using the extended
PRAB match very well with the results from the
boundary element method.

3.2 Comparison analysis with FLAC3D

FLAC3D is a three-dimensional explicit finite-
difference program for engineering mechanics com-
putation (Itasca, 2002). In this paper, FLAC3D was
employed to calculate the responses of the single
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Figure 9. Computed free-field ground movement at x =

4.5 m.

pile subjected to ground movements induced by tun-
nelling. The problem shown in Figure 3 was analysed
again. The soil and the pile were treated as elastic
homogenous materials in the analysis.

Analysis of the single pile responses to tunnelling
was carried out twice. In the first analysis, the pile was
modelled as solid elements as shown in Figure 8. Con-
sidering the condition of plane symmetry, one-half of
the entire system was modelled. The top of the model
(at z = 0 m) is a free surface. The base of the model
(at z = 40 m) is fixed in the z-direction, and roller
boundaries are imposed on the sides of the model (at
|x| = 20 m, y = 0 m and y = 20 m). In the other analy-
sis, the whole pile was modelled using ‘Pile Structural
Elements’(Itasca, 2002), and was located at the middle
of the model (at y = 10 m).After the gravitational equi-
librium was reached, the tunnel excavation was carried
out by removing the specified tunnel grid geometry.

Figure 9 shows the free-field (no pile) lateral and
vertical ground movement profiles induced by tun-
nelling computed by FLAC3D. Comparing the size of
the tunnel after excavation with the origin one, it was
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Figure 10. Computed responses of single pile.

found that the equivalent average undrained ground
loss, ε0, for this particular problem is 4.69%. The
ground movement profiles calculated by the closed
form analytical solutions by Loganathan & Poulos
(1998) are also shown in the figures. It can be seen
from the figures that although there are some differ-
ences between the solutions, the shape of the free-field
ground movements are almost identical.

In order to verify the proposed method, PRAB was
also employed to calculate the responses of the single
pile subjected to ground movements induced by tun-
nelling as shown in Figure 3. The free-field ground
movement profiles calculated by FLAC3D were used
in the analysis. Figure 10 shows the single pile
responses calculated using the proposed method com-
pared with the responses calculated using FLAC3D.
Both the calculated results of FLAC3D where the
pile was modelled as solid elements and those where
the pile was modelled as pile structural elements are
shown in the figures.

It can be seen from Figure 10 that the results cal-
culated using the proposed method match very well
with the results calculated by FLAC3D where the pile
was modelled as pile structural elements (SEL) for all
cases. In the cases of the vertical movements of pile and
the axial forces along the pile, the results of the anal-
yses which modelled the pile as beam elements match
very well with those of the analysis which modelled the
pile as solid elements. However, the lateral deflections
of pile and the bending moments along pile calculated
using the analysis which modelled the pile as solid
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Figure 11. Soil movements at the distances away from pile.

elements are smaller than those calculated using the
analyses which modelled the pile as beam elements.

Furthermore, PRAB can be used to calculate the
soil movements in any directions at any points away
from the pile. Nodal forces acting at each pile nodes

in all directions are calculated first. After that, the
soil movements in any directions at any points can
be obtained using Mindlin’s solutions for both verti-
cal and lateral forces. In order to verify this analysis
routine, the problem shown in Figure 3 was analysed
again. The soil movement profiles at two locations
calculated using PRAB were compared with those cal-
culated using FLAC3D. The first location is at 2.4 m
away from the pile (6.9 m away from the tunnel) in
x-direction. The other location is at 2.0 m away from
the pile in y-direction.

Figure 11 shows the soil movement profiles in
x, y and z directions at two locations calculated
using PRAB compared with those calculated using
FLAC3D. It can be seen from the figure that the results
calculated using the proposed method match very well
with those calculated using FLAC3D.

4 CONCLUSIONS

A simplified analytical method has been proposed for
the analysis of the deformation and the load distri-
bution of pile foundations subjected to ground move-
ments induced by tunnelling. The proposed method
was verified through comparisons with the results
calculated from BEM and FLAC3D.

Furthermore, the proposed method can be used to
calculate the soil movements in any directions at any
points away from the foundation.

More comparative and parametric analyses of sin-
gle piles, pile group and piled raft subjected to ground
movement induced by tunnelling can be found in
Kawaguchi et al. (2005).
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