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Three-dimensional analyses of piled raft foundations subjected to

ground movements induced by tunnelling

T. Masumoto, P. Kitiyodom & K. Kawaguchi

Kanazawa University, Kanazawa, Japan

ABSTRACT: In an urban environment, many buildings are supported by pile foundations. Recently, the number
of underground constructions nearby buildings is increasing. In this paper, three-dimensional analyses of pile
foundations subjected to ground movements induced by tunnelling are carried out. Analyses are carried out for
single piles, a pile group as well as a piled raft. The analysis results including deformations, bending moments,
shear forces and axial forces along the piles are presented and compared.

1 INTRODUCTION

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 tunnelling 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.

From the experiments and the analyses (e.g.
Horikoshi et al., 2003a, b and Matsumoto et al.,
2004a, b), it was found that the performance of piled
raft foundations subjected to active loading (vertical,
horizontal and moment loads) is better than that of
free-standing pile group foundations. However, piled
rafts may not always be efficient when subjected
to passive loading (ground movements induced by
tunnelling).

Some research was carried out on three-dimensional
analysis of a foundation system subjected to ground
movements induced by tunnelling (e.g. Chen et al.,
1999; Xu & Poulos, 2001 and Loganathan et al., 2001).
However, in their work only single piles or pile groups
were considered.

In this paper, analyses of single piles, a pile group
as well as a piled raft were carried out using explicit
finite-difference program FLAC3D (Itasca, 2002) and
the extended PRAB (Kitiyodom et al., 2005).

2 METHOD OF ANALYSIS

Three-dimensional analyses of pile foundations sub-
jected to ground movements induced by tunnelling
are carried out using explicit finite-difference program
FLAC3D and the extended PRAB. Rigorous analysis

such as FLAC3D requires a lot of time and effort.
On the other hand, simplified analysis using PRAB
requires less time for calculation.

The problem considered in this work is shown in
Figure 1, 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 lateral deflections and vertical settlements
of the foundation.

Three types of calculation were carried out in this
paper.

(1) Full analysis using FLAC3D.
(2) Analysis using PRAB with the free-field ground

movements calculated by the closedform analyti-
cal solutions presented by Loganathan & Poulos
(1998).

(3) Analysis using PRAB with the free-field ground
movements calculated by FLAC3D.

Tunnel

L

R

H

d

z

x Pile foundation

Figure 1. Pile foundation adjacent to tunnelling.
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Table 1. Material properties used in analyses.

Property Value

Soil

Young’s modulus 2.4 × 104 kPa
Poisson’s ratio 0.5

Density 2 ton/m3

Pile

Young’s modulus 3 × 107 kPa
Poisson’s ratio 0.25

Cross sectional area 0.196 m2

Exposed perimeter 1.57 m

Second moment of inertia 3.07 × 10−3 m2

Polar moment of inertia 6.14 × 10−3 m2

Raft (Piled raft analysis only)

Young’s modulus 3 × 107 kPa
Poisson’s ratio 0.25
Thickness 0.5 m

Tunnelling
Depth of the tunnel horizontal axis 20 m
Radius 3 m

Note that these types of analysis are designated as
FLAC3D, PRAB (L & P) and PRAB (FLAC) in this
paper.

3 ANALYSIS CONDITIONS

In this particular paper, only elastic responses of soil
and pile foundations are concerned. The soil and the
piles were treated as elastic homogenous materials in
the analysis. The soil, the pile and the raft properties
are summarized in Table 1. All analyses were car-
ried out using these properties. In the analyses using
FLAC3D, the piles are modelled as ‘Pile Structural
Elements’ and the raft as ‘Shell Structural Elements’.
For details of these structural elements, reference is
made to Itasca (2002).

4 ANALYSIS RESULTS

In the previous sections, the methods of analyses and
analysis conditions were presented. In this section, a
parametric analysis and comparative analysis of single
piles, a pile group and a piled raft subjected to ground
movements induced by tunnelling are conducted.

4.1 Tunnelling-induced ground movements

Three types of calculation were carried out in this
paper. In the full analysis using FLAC3D, both the
tunnel and the foundation are fully modelled. So the
responses of the foundation subjected to ground move-
ments induced by tunnelling can be directly obtained.
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Figure 2. Computed deformation of the tunnel after
excavation.

On the other hand, in the calculation using PRAB,
the input of free-field ground movement profiles is
necessary. These ground movement profiles can be
calculated by using FLAC3D or by using the closed
form analytical equation presented by Loganathan &
Poulos (1998).

A tunnel with a radius of 3 m is located at a depth
of 20 m (tunnel horizontal axis level). In the analysis
using FLAC3D, the size and the boundary conditions
of the model used in this paper are the same with those
used in Kitiyodom et al. (2005).

Figure 2 shows the original configuration of the
tunnel and the configuration of the tunnel after excava-
tion. It can be seen from the figure that the tunnel was
compressed in the direction of the centre of the tunnel.
The equivalent average ground loss, ε0, is calculated as

where R is the original tunnel radius and r is the tunnel
radius after excavation.

Figure 3 shows the computed free-field lateral and
vertical ground movement profiles induced by tun-
nelling at the lateral distances, x = 4.5 and 6.9 m, from
the tunnel axis (see Fig. 1). The free-field ground
movement profiles calculated using the closed form
solution of Loganathan & Poulos (1998) are also
shown in the figure. It can be seen from the figure
that there is a good agreement between both solutions.

4.2 Single piles

Analyses were conducted for single piles subjected to
ground movements induced by tunnelling.

Figure 4 shows the problem analysed. The ranges
of the parameters were set at 17 up to 23 m for the pile
embedment length. The pile diameter was set at 0.5 m,
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Figure 3. Computed free-field ground movement profiles.
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Figure 4. Problem analysed (single pile at x = 4.5 m).

the tunnel radius at 3 m and the equivalent average
ground loss at 4.69% as stated before.

Figure 5 shows the responses of a single pile with a
pile embedment length L = 17 m (pile tip at the tunnel
crown level) subjected to ground movements induced
by tunnelling. A comparison of the induced lateral
deflection of the pile is shown in Figure 5(a).Although
it can be seen that the lateral deflection in PRAB
(L & P) solution is higher than that in the others, there
is a good agreement between FLAC3D and PRAB
(FLAC) solutions, and it can be seen that the maximum
lateral deflection occurs at the depth of the pile tip.

Figure 5(b) shows a comparison of the induced ver-
tical movement profiles of the pile. Although it can be
seen that the vertical movement in PRAB (L & P) solu-
tion is higher than that in the other solutions, a good
agreement can be seen again between FLAC3D and
PRAB (FLAC) solutions. Figure 5(c) shows a com-
parison of the induced bending moment profiles of
the pile. The bending moment profiles in all solutions
are in good agreement.

Figure 5(d) shows a comparison of the induced axial
force profiles of the pile. It can be seen that the axial
force profile in PRAB (FLAC) solution match very
well with that in FLAC3D solution.

Figures 6 and 7 show the responses of single piles
subjected to ground movements induced by tunnelling,
for the cases with the pile embedment length L = 20 m

15

10

5

0
-40 -30 -20 -10 0

Lateral deflection of pile (mm)

D
ep

th
 (

m
)

15

10

5

0
0 10 20 30 40 50

Vertical movement of pile (mm)

D
ep

th
 (

m
)

FLAC 3D
PRAB (L & P)
PRAB (FLAC)

FLAC 3D
PRAB (L & P)
PRAB (FLAC)

(a) Lateral deflection (b) Vertical movement

15

10

5

0
-100 0 100 200 300

FLAC 3D
PRAB (L & P)
PRAB (FLAC)

Bending Moment of pile (kNm)

D
ep

th
 (

m
)

15

10

5

0
-500 0 500 1000 1500

FLAC 3D
PRAB (L & P)
PRAB (FLAC)

Axial force (kN)

D
ep

th
 (

m
)

(c) Bending moment (d) Axial force

Figure 5. Responses of single pile with L = 17 m.
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Figure 6. Responses of single pile with L = 20 m.

(pile tip at the tunnel axis level) and 23 m (pile tip at
the tunnel invert level), respectively. It can be seen that
except for axial force profile, there is a good agree-
ment between FLAC3D and PRAB (FLAC) solutions
for lateral deflection, vertical movement and bend-
ing moment profiles. Although the pile responses in
PRAB (L & P) solution are a bit of higher than those
of the other solutions, the shape of response profiles
is almost the same.
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Figure 7. Responses of single pile with L = 23 m.
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Figure 8. Problem analysed (single pile at x = 6.9 m).

Figure 8 shows the problem analysed for a single
pile with L = 20 m located at x = 6.9 m.The other anal-
ysis conditions were set to be the same as the previous
single pile analyses.

Figure 9 shows the response of the single pile sub-
jected to ground movements induced by tunnelling.
Although PRAB (FLAC) a little bit underestimates the
axial force profile, there are good agreements between
FLAC3D and PRAB (FLAC) solutions for the lateral
deflection, vertical movement and bending moment
profiles.

4.3 Pile group and piled raft

Figure 10 illustrates the problem of existing 2 × 2
squared pile group and piled raft foundations sub-
jected to ground movements induced by tunnelling.
The square raft has dimensions of 4.8 m in breadth
and length, and 0.5 m in thickness. The tunnel radius
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Figure 9. Responses of single pile at x = 6.9 m.
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Figure 10. Problem analysed (pile group and piled raft).

R = 3 m, the pile diameter d = 0.5 m, the lateral dis-
tance of the ‘front’ pile from tunnel axis xF = 4.5 m
and the lateral distance of the ‘back’ pile from tunnel
axis xB = 6.9 m.

In the case of the analysis of pile group by using
FLAC3D, a gap of 0.1 m between the raft base and
the ground surface was incorporated in the model. On
the other hand, in the analysis of pile group by using
PRAB, the stiffnesses of the vertical and lateral soil
springs at the raft base were set at 0.

Note that only the analysis results using FLAC3D
and PRAB (FLAC) are shown below. In figures, (F)
and (B) denote the response of the front and the back
piles, respectively.
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Figure 11. Responses of pile group.

Figure 11 shows comparisons of the responses of
the front and the back piles in the pile group. It can
be seen from the figure that there is a good agree-
ment between the calculated results using FLAC3D
and PRAB (FLAC) for all aspects.

A comparison of the induced lateral deflection pro-
file of the piles is shown in Figure 11(a). It can be seen
that the lateral deflection of the front pile is higher than
that of the back pile in both solutions, and the maxi-
mum lateral deflection occurs at the depth of the pile
tip, which equals to the tunnel horizontal axis level.

Figure 11(b) shows a comparison of the induced
vertical movement profiles of the piles in the pile
group. It can be seen that the vertical movement of the
front pile is slightly higher than that of the back pile.

Figure 11(c) shows a comparison of the induced
bending moment profiles of the piles in the pile group.
It can be seen that the bending moments of the front
and the back piles are identical in the upper pile sec-
tions until a depth of 12 m which is located at 2.6R
higher than the tunnel horizontal axis level. Below this
depth, the bending moments in the front pile are higher
than those in the back pile. Besides, axial forces of the
front and the back piles rapidly increase below this
depth as shown in Figure 11(d).

In this paper, in order to compare the performance
of the piled raft subjected to the ground movements
induced by tunnelling with that of the pile group, the
problem as shown in Figure 10 is analysed again with
the consideration of the raft base resistance.

Figure 12 shows comparisons of the responses of
the piles in the piled raft. It can be seen again from
the figure that there are good agreements between
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Figure 12. Responses of piled raft.
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Figure 13. Comparison of the lateral deflection of a pile at
equal distance from the tunnel axis.

the solutions calculated using FLAC3D and PRAB
(FLAC) for all aspects in the analysis of the piled raft.

It can be seen from Figures 11 and 12 that the
responses of the piles in the pile group and the piled
raft are similar. In order to investigate the effect of the
raft base resistance in more details, the responses of the
front and the back piles calculated using full FLAC3D
analysis are compared below. Note that the responses
of the single piles are also shown in the figures.

Figure 13 shows comparisons of the lateral deflec-
tions of the piles in the piled raft and the pile group, and
the single piles. It can be seen that the lateral deflec-
tions of the piles in the piled raft and the pile group,
and the single pile are almost identical.

Figure 14 shows comparisons of the vertical move-
ments of the piles in the piled raft and the pile group,
and the single piles. It can be seen that the vertical
movements of the piles in the piled raft are a little bit
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higher than those in the pile group. However, the ver-
tical movements of the piles in the pile group and the
piled raft are smaller than those of the single piles.

Figure 15 shows comparisons of the bending
moments of the piles in the piled raft and the pile group,
and the single piles. It can be seen that the bending
moments profiles of the piles in the piled raft and those
in the pile group are almost the same. The maximum
bending moments of the front piles in both founda-
tions are smaller than that of the corresponding single
pile. In contrast, the maximum bending moments of
the back piles in both foundations are higher than that
of the corresponding single pile.

Figure 16 shows comparisons of the axial force pro-
files of the piles in the piled raft and the pile group,

and the single piles. It can be seen that the maximum
axial forces in all cases are almost the same. The axial
forces at the pile heads in the cases of the pile group
and the single piles are almost zero. However, in the
case of the piles in the piled raft, the axial tensile forces
are found near the pile head in the front pile while rel-
atively high axial compressive forces are induced near
the pile head in the back pile. This is thought to be the
effect of the raft base resistance in the piled raft.

5 CONCLUSIONS

In this paper, three-dimensional deformation analyses
of single piles, a pile group and a piled raft subjected to
ground movements induced by tunnelling were carried
out using FLAC3D and PRAB.

The lateral and vertical free-field ground movement
profiles induced by tunnelling computed using simple
closed form solutions by Loganathan & Poulos (1998)
shows a reasonable agreement with those computed
using FLAC3D.

It was found that the pile responses calculated using
PRAB along with the free-field ground movement pro-
files calculated using FLAC3D match well with those
calculated in full FLAC3D analysis.

It was also demonstrated in the analysis results that
the responses of the piled raft may not always be effi-
cient when subjected to ground movements induced
by tunnelling.

The advantage of the use of PRAB in analysis of
pile responses due to tunnelling is that the calculation
time of PRAB is much less than that of full FLAC3D
analysis. The proposed type of analysis method may
be useful in routine design.
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