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Abstract: A three-dimensional finite element simulation was carried out to investigate the effects of tunnel construction on nearby
pile foundation. The displacement controlled model (DCM) was used to simulate the tunneling-induced volume loss effects. The
numerical model was verified based on the results of a centrifuge test and a set of parametric studies was implemented based on this
model. There is good agreement between the trend of the results of the centrifuge test and the present model. The results of
parametric studies show that the tunnelling-induced pile internal force and deformation depend mainly on the pile—tunnel distance,
the pile length to tunnel depth ratio and the volume loss. Two different zones are separated by a 45° line projected from the tunnel
springline. Within the zone of influence, the pile is subjected to tensile force and large settlement; whereas outside the zone of
influence, dragload and small settlement are induced. It is also established that the impact of tunnelling on a pile group is
substantially smaller as compared with a single pile in the same location with the rear pile in a group, demonstrating a positive pile

group effect.

Key words: finite element analysis; tunnelling; pile foundation; three-dimensional simulation; displacement controlled model

1 Introduction

Scarcity of land and rapid increasing population
have led to frequent exploitation of underground space in
dense urban areas. Unfortunately, many structures exist
long before the tunnels are planned. Thus, it is
increasingly complex and challenging technically to
build underground tunnels which almost inevitably run
close to the piles supporting the existing buildings.
Research on the effects of tunnel construction on nearby
pile foundation began with the laboratory investigation
performed by MORTON and KING [1]. Since then, the
number of researchers carrying out such study has
tremendously increased. Some centrifuge model tests
have emerged (HEGARDEN et al [2]; LOGANATHAN
et al [3]; JACOBSZ et al [4]; ONG et al [5]) and
revealed that significant lateral and vertical forces could
be induced on piles due to nearby tunnel excavations. A
two-stage approach to study the tunnelling-induced pile
response is used (BROMS and PANDEY [6]; CHEN et
al [7]; KITTYODOM et al [8]; SURJADINATA et al [9]).
The finite element analyses by LEE et al [10], MROUEH
and SHAHROUR [11], LEE et al [12], ONG et al [13]
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and CHENG et al [14] have provided valuable insight
and understanding into the various factors that affect the
tunnelling-induced performance of pile foundations.

In the present study, for further understanding of the
tunnel—pile interaction problem, tunnelling-induced piles
responses are proposed to study by a three-dimensional
finite element modelling using H-S (Hardening-Soil)
constitutive model for the soil behaviour. The first part of
the paper presents the details of the numerical model
used in this study. The model has been verified by back
analysis of centrifuge tests carried out by ONG. The
second part presents the results of parametric studies for
single pile responses due to tunnelling. The influences of
the following parameters are assessed: pile—tunnel
distance (X,.), pile length to tunnel depth ratio (L,/Hn)
and volume loss (V). This provides an insight into the
significance of each parameter to the analysis of pile
responses due to tunnelling. Lastly, the results of pile
group study are presented.

2 Numerical modelling

Figure 1 shows the relative location of tunnel and
pile. The Hardening-Soil model was used in finite element
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Fig.1 Relative location of tunnel and pile

analysis. The Hardening-Soil model is an advanced
model for simulating the behavior of different types of
soil, both soft soils and stiff soils (SCHANZ, 1998).
When subjected to primary deviatoric loading, soil
shows a decreasing stiffness and
irreversible plastic strains develop. In the special case of
a drained triaxial test, the observed relationship between
the axial strain and the deviatoric stress can be well
approximated by a hyperbola. The Hardening-Soil model
supersedes the hyperbolic model (DUNCAN and
CHANG, 1970) by including soil dilatancy and by
introducing a yield cap. This model is suitable for
simulating the soil behavior under excavation conditions.

The displacement controlled model (DCM)
proposed by CHENG (2007) was used to simulate the
volume loss effects. The applied displacements in the
DCM were computed based on observations of
convergence patterns around tunnels from centrifuge tests
and field cases. PANG [15] carried out a comprehensive
three-dimensional finite element analysis to investigate a
case history from part of the MRT North East Line in
Singapore. The study has shown that the pile response in
the longitudinal direction is not as substantial as that in
the transverse direction. The pile lateral deflection in the
transverse direction was found to be 2—4 times higher
than the response in the longitudinal direction. Besides,
the bending moment in the transverse direction was
equal or greater than that in the longitudinal direction up
to 5 times. For simplicity, plane strain tunnel model was
adopted in all the subsequent analyses. Figure 2 shows
the tunnel transverse deformation.

simultaneously

3 Reference example

3.1 Presentation
The reference example concerns the centrifuge tests

Fig.2 Deformation of tunnel cross-section

carried out by ONG to verify the numerical model
presented above. Unless otherwise stated, the test results
are presented in prototype scale hereinafter. The tunnel
diameter and cover depth are equal to Dy,=6 m and
H.,=15 m, respectively. The behaviour of the tunnel
lining is assumed to be governed by a linear-elastic
relation with elastic modulus £=200 GPa and a Poisson
ratio 1=0.2. The pile length and width are equal to L,=
22 m and D,.=1.2 m. The axial stiffness and bending
stiffness of the pile are equal to £4=36 400 MN and E/=
3 970 MN'm’, respectively. The distance between the
pile axis and the tunnel centre is equal to Xpi=6 m. The
soil behaviour is supposed to be governed by H-S
Table 1 summarizes the

constitutive  model.

characteristics of the soil.

Table 1 Parameters of soil

Parameter Value
Soil weight above phreatic level, j/unsm/(kN'mﬂ) 16
Soil weight below phreatic level, ,/(KN-m ) 18
Secant stiffness in standard drained
triaxial test, E5' /MPa 1.49
Tangent stiffness for primary oedometer
loading, £™%/MPa 1.49
Unloading and reloading stiffness, £ /MPa 4.47
Power for stress-level dependency of stiffness, m 1
Reference pressure, p™/kPa 100
Poisson ratio for unloading-reloading, v 0.2
Kj-value for normal consolidation, K 0.609
Permeability, &/(m-s ") 2x107°
Cohesion, ¢../kPa 3
Friction angle, ¢/(°) 23
Dilatancy angle, w/(°) 0
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Due to symmetry, only one-half of the centrifuge
setup was modelled. The finite element mesh shown in
Fig.3 has an overall dimension similar to the centrifuge
container size, i.e. length of 26 m, width of 20 m and
height of 28 m. It is assumed that no horizontal or
vertical displacement at the bottom boundary as it is
beyond the influence of tunnel excavation. The mesh
sides were restrained from moving laterally but free to
settle. The right-hand boundary was the line of symmetry.
The ground water level was at the ground surface. Pile
and tunnel were simulated by solid element and tunnel
model, respectively. The volume 3.3%
according to the centrifuge tests.

loss was
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Fig.3 Three-dimensional finite element mesh

v

3.2 Numerical analysis results

Figure 4 shows the comparison of computed
tunnelling-induced axial force, bending moment and
lateral deflection with the experimental data. The pile
lateral deflection is similar to the observations from the
centrifuge test. Generally, the numerical results over-

Axial force/kN

Bending momet/(kN-m)

predict both the axial force and bending moments.
However, the variation trends of induced pile axial force
and bending moments along its length are similar to the
test results. Multiple parametric study has been
conducted and it is found that with the adjustment of soil
parameters, it is not able to match all the axial forces,
bending moments and lateral pile deflections, and the
presented results are the best comprised results. It is
suspected that the model pile surface is much smoother
than that of actual pile since a smooth Perspex coating
had been used on the model pile surface to protect the
installed strain gauges. As such, the model pile responses
due to soil lateral pressure become smaller than the
actual piles with a generally much roughened pile
surface. And the reported volume loss in this work may
be larger than the actual volume loss in the test. However,
it should be noted that the numerical predictions
generally over-estimate the pile responses and are thus
on the conservative side which is safe from a design
point of view. Subsequently, a set of parametric studies is
implemented using the finite element model mentioned
above.

4 Parametric studies

A set of parametric studies was carried out by
varying the normalised tunnel-pile distance (Xyiie/Dgn),
pile length to tunnel depth ratio (Ly/H,) and tunnel
volume loss (V7). The 3-D FE model as described in
Sections 2 and 3 was adopted, i.e. plane strain tunnel and
H-S model for soil. Unless otherwise specified, V. of 1%
was assigned and the soil was modelled as soft clay.
Besides, the pile was considered stress free prior to
tunnelling (i.e. without working load at the pile head).
Furthermore, it is difficult to assign an appropriate
loading to the pile since the pile length is to be varied in
the parametric studies. Figure 5 shows the geometry and

Lateral deflection/mm
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Fig.4 Comparison of results between finite element analysis and tests: (a) Pile axial force; (b) Pile bending moment; (c) Pile lateral

deflection
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Fig.5 Pile base position investigated in parametric studies

pile position investigated. Xpiie/Dwn of 1.0, 1.5 and 2.0
and L,/Hy, of 0.6, 0.8, 1.0 and 1.4 were investigated.
These positions were arranged in a way to cover the
zones of influence differentiated by lines projecting 45°
from the tunnel springline. Pile diameter and stiffness of
1.2 m and 23 GPa were assumed throughout the analyses
unless specified, respectively.

4.1 Pile settlement

Figure 6 shows the settlement of piles at various
L,/Hy, and constant X;i/Dy,, of 1.0. For comparison, the
greenfield soil settlement (without pile) at the same
location is also plotted in the same figure. It can be seen
that the settlement of piles in the zone of influence i.e.
L,/Hy, of 0.6 and 0.8 is higher than the greenfield
surface settlement. The pile settlement reduces
tremendously when the pile length is increased (i.e.
Ly/Hyn of 1.0 and 1.4). In this case, the pile head
settlement becomes less than the greenfield surface
settlement owing to the support from ‘toe effect’ (i.e. pile
length extending outside the zone of influence) and the
high axial stiffness of pile. Looking closely into all the
results, it can be concluded that the line that differentiates
the two behaviours is projected at an angle of 45° from
the tunnel springline (Fig.5). The zone of influence is
defined by the pile settlement greater or equal to soil
surface settlement; whereas the pile settlement is less
than the oil surface settlement outside the zone of
influence. This is similar to the field observation by
KAALBERG et al [16] and SELEMETAS et al [17].

The magnitude of pile head settlement is observed
to vary significantly with Xyie/Dun, Ly/Hun and Vi, as
shown in Fig.7. The figure represents the parameters
which correspond to a pile settlement of 1% pile
diameter. Within 1% pile diameter, which is widely used
in the piling industry, the pile shaft friction is likely to be
fully mobilised. The volume loss is found to be
increasingly proportional to Xjiie/Diun and Ly/Hyn. For

Pile settlement/mm
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-15} L —

‘ o— L, /Hyy=0.6
ol o—L/H,,=0.8
d s—L/Hyy=1.0
v—LJH,=1.4

-5 — Soil settlement

Fig.6 Pile settlement profile at various Ly/H,,, ratio
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Fig.7 Variation of V', with X;/Dy,, and Ly/Hy, to obtain pile
settlement of one percent pile diameter

Ly/Hy, beyond 1.0, the pile settlement becomes less
significant and requires higher volume loss to give the
same settlement. The results for L,/H,,, of 2.0 and 3.0 are
not plotted as they are generally out of the range of
practical volume loss. For a typical 1.2 m diameter pile
with Xie/Dyn of 1 and tunnel volume loss controlled
below 1.5%, the pile settlement is generally less than 1%
of the pile diameter (i.e. 12 mm).

4.2 Pile axial force

Figure 8 shows the distribution of axial force in
piles at various L,/Hy, and constant Xi/Dy, of 1.0.
Generally, both compressive and tensile forces can be
induced in a pile due to tunnelling, depending on the pile
base location relative to the zone of influence. For a pile
base located within the zone of influence (Fig.5), the pile
is mainly subjected to tensile force (Fig.8). This is due
to the relative movement between the pile and the soil
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Fig.10 Pile lateral deflections at various Ly/Hy, (a) and Xpiie/Dyyn (b)

around it. However, when the pile base is located outside
the zone of influence, negative skin friction is developed
along the upper pile shaft and leads to dragload (i.e.
compressive force) in the pile. This can be observed by
an increasing compressive force along the upper pile
shaft. In order to support the dragload, positive skin
friction is developed in the lower pile shaft. Furthermore,
the base resistance will be mobilised if the positive skin
friction is fully mobilised.

Figure 9 shows the variation of maximum axial
force with L,/Hy,, Xpite/Dywn and V. Generally, the axial
force increases proportionally to the increase of L,/Hy,
and V.. Despite that, the axial force increases as Xpiie/Diun
reduces. This is obvious as the soil movement is larger at
the position nearer to the tunnel distance.

4.3 Pile lateral deflection
Figure 10(a) shows the pile lateral deflection at
various L,/Hy, and Xpiie/Dyn of 1.0. As can be observed
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that, the whole pile, with pile base in the zone of
influence (L,/Hyx<1.0), moves in the same direction (i.e.
toward the tunnel). However, the pile head moves
laterally more than the pile tip, with pile base outside the
zone of influence, because the upper portion of the
model tunnel has a larger magnitude of over-cut than that
of the lower portion. In this case, the pile deflection
increases as the Ly/H,y, increases.

Figure 10(b) shows the pile lateral deflection at
various tunnel—pile distances (Xj;e). Generally, the shape
of pile lateral deflection is highly dependent on the
distance between the tunnel and the pile. At various
distances to tunnel, the maximum deflection point occurs
at the pile head. The lateral deflection progressively
becomes smaller as the distance increases.

4.4 Pile bending moment

Figure 11 shows the bending moments of piles at
various Ly/Hy, and constant Xpie/Dyn of 1.0. In term of
magnitude, the tunnelling-induced bending moment
increases with L,/H,,. For the pile base located outside
the zone of influence, the bending moment is greater
compared with the pile base located within the zone of
influence. This is caused by the restraining effect of pile
length extended outside the zone of influence. The pile is
restrained from large soil movement and in turn, induces
a large bending moment.

Further analyses show that the bending moment can
reach a constant value and be independent of L,/H,
when Xje/Dyy is greater than 1.0 or volume loss is small
(i.e. V1=1%). However, this is only applicable to Ly/H,
ratio greater than 1.0. These can be observed in Fig.12
which shows the results of maximum bending moment
plotted against L,/Hy,. Generally, very little change in
maximum bending moment can be noted for L,/Hy,
between 1.0 and 2.0.
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Fig.11 Pile bending moment at various Ly/Hy, (V1.=1.0%, Dy=
1.2 m, Xpilc/Dtunzl)

4.5 Effect of pile group

Assuming pile diameter of 1.2 m, length of 21 m
and tunnel volume loss of 1%, analyses were carried out
on pile group to study the group effect. Figure 13 shows
the group composed of 2x2 piles with a spacing S=
0.5Dy,. The front piles (i.e. number I and II piles in
Fig.13(b)) and rear piles (i.e. number III and IV piles in
Fig.13(b)) were located at a distance X=1.0Dy, and
Xpie=1.5Dy, from the tunnel centre, respectively.

Figures 14(a) and (b) show a comparison of the
response of the pile group to that of single piles located
at equal horizontal distance from the tunnel centre. It is
observed that the internal forces generated in the pile
group are lower than those induced in single piles. This
result shows a positive group effect, which is particularly
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Fig.12 Variations of maximum bending moment in pile with L,/H,,, and V1: (a) Dyie=1.2 m, Xpiie/Dyn=1.0; (b) Dpire=1.2 m, X/ Dyyy=

2.0
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Fig.13 Layout of pile group: (a) Cross-section; (b) Top view
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Fig.14 Tunnel construction adjacent to ‘free-head’ group of piles: (a) Axial force; (b) Bending moment

important for rear piles, and reductions of about 65% of
the maximum axial force and about 50% of the
maximum bending moment are observed. The group
effect is less important for the front piles, and a reduction
of about 15% of the maximum axial force and an
insignificant reduction of the bending moment are
observed.

5 Conclusions

1) A three-dimensional finite element technique
using the displacement controlled model (DCM) to
simulate the volume loss effect is presented, which
provides an efficient analysis of tunnelling-induced pile
responses through the back analysis of a centrifuge test.

2) There is a line that separates the two different
zones which is projected at an angle of 45° from the
tunnel springline. The zone of influence is defined by the
pile settlement greater or equal to the soil surface
settlement; whereas the pile settlement is less than the
soil surface settlement outside the zone of influence.

3) Both the compressive and tensile forces can be

induced in a stress-free pile (i.e. without working load at
pile head) due to tunnelling, depending on the pile base
location. For a pile base located within the zone of
influence, the pile is mainly subjected to tensile force.
When the pile base is located outside the zone of
influence, negative skin friction is developed along the
upper pile shaft and leads to dragload (i.e. compressive
force) in the pile. Generally, the axial force increases
proportionally to the increase of L,/Hy,, and V. Despite
that, the axial force increases as Xpiie/Dyn reduces.

4) The whole pile, with pile base in the zone of
influence (Ly/Hun<1.0), moves in the same direction.
However, the pile head moves laterally more than the
pile tip, with the pile base outside the zone of influence.
Besides, analyses show that the bending moment can
reach a constant value and be independent of L,/Hy,
when the Xj/Dy, is greater than 1.0 or volume loss is
small (i.e. 1% or less). However, this is only applicable
when the L,/H,,, ratio is greater than 1.0.

5) The responses of pile are found to be smaller in
pile group compared with single pile, which indicates a
positive group effect, particularly in rear piles.
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