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ABSTRACT: The paper describes an efficient and practical method of analysis for estimating the defor-
mation and load distribution of existing pile foundations during the tunnelling process. The method 
involves two separate steps: (1) estimate of the free-field ground movements caused by the tunnel excava-
tion, and (2) analysis of the pile group subjected to the computed free-field ground movements. The first 
step may be carried out using alternative procedures, ranging from empirical methods to 3D numerical 
analyses. The second step is performed by PGROUPN, a computer program for pile-group analysis based 
on a non-linear boundary element solution. Validity of the approach is illustrated through comparison 
with alternative numerical solutions and field measurements. The results indicate that the method is capa-
ble of generating reasonable predictions of pile response for many cases of practical interest, thus offering 
substantial cost savings over a complete 3D analysis of tunnel-soil-pile interaction.

analyses are complex to use for design purposes, 
particularly when non-linear behaviour is to be 
considered. Major difficulties are related to the con-
struction and interpretation of a 3D model (mod-
elling errors are easily overlooked), the high mesh 
dependency, the uncertain in assigning mechanical 
properties to the pile-soil interface elements, the 
interaction with adjacent structures, and the mod-
elling of the excavation sequence. Thus, a complete 
3D analysis is more suited to obtaining benchmark 
solutions (against which simpler analyses can be 
checked) or to obtaining a final design solution 
for major projects, rather than as a practical tool 
for less demanding problems or in the preliminary 
design stages (in which multiple tunnel configura-
tions and scenarios have to be examined).

In order to overcome the above shortcomings, 
simplified approaches have emerged (e.g. Chen 
et al. 1999, Xu & Poulos 2001, Loganathan et al. 
2001, Kitiyodom et al. 2005, Surjadinata et al. 
2006). Such approaches are based on a two-stage 
analysis:

1. evaluation of the free-field ground movements 
caused by the tunnel excavation;

2. analysis of the piles subjected to the computed 
free-field ground movements.

1.1 Estimation of soil movements

Estimation of tunnelling-induced ground move-
ments can be carried out using alternative pro-
cedures, namely, empirical methods, analytical 
expressions, and numerical analyses. Each method 
has its own strengths and weaknesses.

1 INTRODUCTION

One of the major concerns that arise from tunnel-
ling in urban environments is the assessment of the 
likely impact on existing structures. The effects can 
be even more pronounced in the case of piled struc-
tures, as tunnelling could potentially be carried out 
very close to piles. In such cases, a proper assess-
ment of the deformations, forces and moments 
generated in the existing piles by the tunnelling-
induced ground movements becomes crucial.

Current analysis methods to assess the impact 
of tunnelling on existing pile foundations may be 
broadly classified into two categories:

a. Simplified two-stage approaches involving ini-
tial separation of the soil and the pile so that 
the soil movements are first computed and then 
imposed on the piles;

b. Complete (or coupled) numerical analyses 
involving simultaneous modelling of the pile, 
the soil and the tunnel excavation.

The latter category is generally based on three-
dimensional finite element (FEM) or finite differ-
ence (FDM) analyses which provide a complete 
solution for the behaviour of both the soil and the 
pile (e.g. Mroueh & Shahrour 2002). While such 
solutions are the most powerful numerical tool 
currently available, they are very expensive in terms 
of data preparation (pre- and post-processing) and 
computational times. The cost of such analyses 
may become prohibitively high if  non-linear soil 
behaviour and complicated construction sequences 
are to be taken into account. Apart from the com-
putational requirements, complete 3D numerical 
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Empirical methods are based on a Gaussian 
error function (Peck 1969, Mair et al. 1996) and 
are widely employed in engineering practice. The 
main limitations are related to their applicability to 
different tunnel geometries, ground conditions and 
construction techniques, and in the limited infor-
mation they provide about the horizontal move-
ments and subsurface settlements.

In the light of the above limitations, a number 
of closed-form analytical solutions have been pro-
posed (Sagaseta 1987, Verruijt & Booker 1996). In 
particular, the analytical expressions developed by 
Loganathan & Poulos (1998) for the estimation of 
the surface settlements, subsurface settlements and 
horizontal movements have the advantage to take 
into account the various construction methods and 
the non-linear ground movements (due to oval-
shaped gap) around the tunnel-soil interface. Such 
expressions allow rapid estimation of the ground 
deformations by using a simple soil parameter, the 
Poisson’s ratio, and their applicability has been 
successfully verified through comparison with a 
number of case histories.

While empirical and analytical methods pro-
vide a simple and practical means of estimating 
tunnelling-induced ground movements, numeri-
cal analyses (generally based on FEM or FDM) 
provide the most powerful tool to carry out such 
predictions because of their ability to consider the 
ground heterogeneity, soil nonlinearity, advanced 
soil models, 3D effects, complex foundation and 
tunnel geometries, the interaction with surround-
ing structures, and the excavation method and 
sequence. However, even though favourable com-
parisons with measured ground movements have 
been reported (e.g. Lee et al. 1994, Surjadinata 
et al. 2006), finite element models are often known 
to over-predict the width and to under-predict the 
gradient of the settlement trough (e.g. Chen et al. 
1999, Pound 2003). To obtain better predictions, 
it is often necessary to use advanced soil models 
and to carefully select the corresponding model 
parameters. Moreover, the designer should bear in 
mind the complexity and high computational costs 
involved, particularly if  non-linear soil behaviour 
and 3D effects have to be taken into account.

1.2 Analysis of pile response

The second step of the procedure is usually carried 
out by a boundary element (BEM) analysis of the 
single pile or the pile group subjected to the vertical 
and lateral tunnelling-induced soil movements eval-
uated using any of the methods described above. 
Current analysis methods are mainly restricted to 
purely elastic analyses or to single isolated piles 
(e.g. Chen et al. 1999, Xu & Poulos 2001, Kitiyo-
dom et al. 2005). It is indeed generally assumed that 

group interaction effects are beneficial to the pile 
response as compared to single isolated piles, i.e. 
group effects lead to a reduction of the deforma-
tions, forces and moments induced in the piles.

2 PGROUPN ANALYSIS

The proposed analysis is based on the two-step 
approach described above and is carried out within 
PGROUPN (Basile 2003, 2010a), a completely 
general computer program for pile-group analysis 
employing a boundary element (BEM) formula-
tion. The originality of the analysis lies in its ability 
to model both the effects of group interaction and 
soil nonlinearity at the pile-soil interface.

Use of a non-linear soil model is of basic impor-
tance in design as it avoids exaggeration of stresses 
at pile group corners (a common limitation of 
purely linear models), thereby reducing conse-
quent high loads and moments. Benefits of this 
include an improved understanding of pile group 
behaviour and thus more effective design tech-
niques. The analysis involves negligible computa-
tional costs (both in terms of data preparation and 
computer execution times) and is widely adopted 
in pile design through the software Repute (Bond 
& Basile, 2010).

In this paper, the PGROUPN analysis, originally 
developed for direct applied loading at the pile cap 
level, has been extended to deal with externally 
imposed ground movements in both the vertical 
and lateral directions. It is noted that the extended 
analysis may be employed not only in the tunnelling 
case described herein but in many circumstances in 
which pile foundations are subjected to “passive” 
loadings arising from vertical and/or horizontal 
movements of the surrounding ground. Examples 
include slope movement, excavation, consolida-
tion of clay, swelling or shrinking of an expansive 
clay, cavity development, construction of adjacent 
piles or buildings, and kinematic effects induced by 
earthquakes (Basile 2010b).

A description of the theoretical formulation 
of the PGROUPN analysis for the case of direct 
applied (“active”) loading has been presented else-
where (Basile 2003). The modelling of the pile-soil 
interaction problem in “active” and “passive” piles 
is quite similar and hence only a brief  description 
of the passive case is given below. The program 
makes use of the traditional Mindlin solution to 
perform a complete analysis of the group (i.e. the 
simultaneous influence of all the elements of all 
the piles within the group is considered), thereby 
overcoming the limitations of interaction factor 
and Winkler models.

The analysis employs a sub-structuring tech-
nique in which the piles and the surrounding soil 
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are considered separately and then compatibility 
and equilibrium conditions at the pile-soil inter-
face are imposed.

2.1 Soil domain

The soil displacements, arising both from the 
stresses caused by pile-soil interaction and the 
external source of ground movement, may be 
expressed as:

{ }us [ ]GsG { }tst { }ueu
 

(1)

where us are the soil displacements, ts are the soil 
stresses, Gs is the soil flexibility matrix obtained 
from Mindlin’s (1936) solution, and ue are the 
external soil movements. It is noted that Mindlin’s 
solution is strictly applicable to homogeneous soil 
conditions. In practice, however, this limitation is 
not strictly adhered to, and the influence of soil 
non-homogeneity is often approximated using the 
average value of soil modulus at the influencing 
and influenced pile nodes.

2.2 Pile domain

If  the piles are assumed to act as simple beam-col-
umns which are fixed at their heads to the pile cap, 
the pile displacements may be written as:

GpG{ }up
⎡⎣ ⎤⎦⎤⎤{ }tpt

 
(2)

where up are the pile displacements, tp are the pile 
stresses, and Gp is a matrix of coefficients obtained 
from the elementary (Bernoulli-Euler) beam theory.

2.3 Limiting stress and non-linear soil behaviour

It is essential to ensure that the stress state at the 
pile-soil interface does not violate the yield crite-
ria. This can be achieved by specifying the limiting 
stress at the pile-soil interface using the classi-
cal equations (refer to Basile, 2003). Non-linear 

response of the soil is modelled by assuming that 
the soil Young’s modulus varies with the stress level 
at the pile-soil interface according to the common 
hyperbolic stress-strain law:
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where Etan is the tangent soil modulus, Ei is the ini-
tial tangent soil modulus, Rf is the hyperbolic curve-
fitting constant, t is the pile-soil stress and tlim is 
the limiting value of pile-soil stress. Thus, the soil 
and pile equations described above for the linear 
response are solved incrementally using the modi-
fied values of soil Young’s modulus of Equation 3, 
while enforcing the conditions of yield, equilibrium 
and compatibility at the pile-soil interface.

3 NUMERICAL RESULTS

Validity of the approach is verified through com-
parison with published results from alternative 
numerical analyses. Attention will be focused on the 
effects of group interaction and soil nonlinearity.

3.1 Comparison with Kitiyodom et al. (2005)

The accuracy of the PGROUPN analysis is 
assessed for the case of an existing single pile adja-
cent to a tunnel under construction, as illustrated 
in Figure 1.

The free-field tunnelling-induced soil movement 
profiles to be input into the pile analysis have been 
calculated using the analytical expressions of Loga-
nathan & Poulos (1998), as shown in Figure 1. It 
can be seen that the soil movements increase with 
increasing ground loss ratio (ε), as expected. The 
vertical ground movements increase gradually with 
depth to a maximum located near the tunnel crown 
(at 17 m depth). Below this level, the vertical ground 
movements decrease rapidly while the lateral ground 
movements become dominant. Below the tunnel 
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Figure 1. Single-pile problem analysed and computed free-field ground movements.
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invert (at 23 m depth), both vertical and lateral 
ground movements quickly decrease with depth.

Figure 2 compares the (elastic) pile response 
calculated with PGROUPN with that predicted by 
alternative numerical approaches. The computer 
program PRAB (Kitiyodom et al. 2005) is based 
on a hybrid model which combines a load-transfer 
analysis for single-pile response with a Mindlin-
based BEM analysis to evaluate pile-soil-pile inter-
action. A more rigorous boundary element analysis 
is performed by the code GEPAN (Xu & Poulos 
2001) in which the cylindrical elements at the pile-
soil interface are in turn divided into partly cylin-
drical or annular sub-elements. Both programs are 
however restricted to the linear elastic range.

An excellent agreement between analyses is 
observed in Figure 2. The lateral pile deflections 
are very similar to the soil deflections (reflecting 
the relatively small lateral stiffness of the pile), with 
the maximum value occurring just above the tunnel 
axis level. The bending moment profile has a double 
curvature, with the maximum also occurring just 
above the tunnel axis level. The pile settlements are 
relatively uniform along the entire shaft (reflecting 
the relatively large axial stiffness of the pile), with 
the pile-head settlement which is less than the max-
imum vertical soil movement. Compressive axial 
force (i.e. a drag force) is induced in the pile due 

to the downward vertical ground movements in the 
upper portion of the pile (i.e. above approximately 
the tunnel axis). Such downward vertical ground 
movements also result in negative skin friction in 
the upper portion of the pile. In the lower portion 
of the pile (i.e. below approximately the tunnel 
axis), a decrease of the compressive axial force is 
noted, due to the upward movement of the soil in 
this zone. The maximum axial force is observed in 
the section located just above the tunnel axis level. 
Finally, as expected, larger movements, forces and 
moments are developed with increasing ε, thus 
emphasising the importance of minimising ground 
loss during tunnel excavation.

The effects of group interaction in the linear elas-
tic range are examined for the problem illustrated 
in Figure 3, where an existing fixed-head 2 × 2 pile 
group is located in proximity of a tunnel under con-
struction. The tunnelling-induced ground move-
ments have again been estimated using the solutions 
of Loganathan & Poulos (1998) for a ground loss 
ratio of 1%. The pile cap is considered to be fully 
rigid and free-standing, i.e. no interaction between 
the cap and the ground is considered. This is a rea-
sonable assumption for this type of problems, as 
shown by Mroueh & Shahrour (2002).

Figures 4–5 compare the pile-group response 
obtained from PGROUPN, PRAB and GEPAN 
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Figure 2. Comparison of single-pile response.
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(as reported by Loganathan et al. 2001), showing 
a favourable agreement between analyses. Both the 
front-pile and the back-pile results are shown in 
the figures. As expected, the deformations, axial 
force and bending moment of the front pile (closer 
to tunnel) are higher than for the back pile.

In order to compare the pile behaviours both 
as single isolated pile and within the group, the 
figures also show the responses of identical sin-
gle piles located at an equal horizontal distance 
from the tunnel centreline (i.e. x = 4.5, 6.9 m). It is 
observed that the lateral deformation and bending 
moment profiles for single piles are similar to those 
of the corresponding piles in the group (except for 
a difference in bending moment near the pile-head 

due to the fixity condition). The maximum bend-
ing moment occurs in the front pile at about the 
tunnel axis level and is 14% lower than that of the 
corresponding single pile, whereas the maximum 
bending moment in the back pile is 23% higher 
than that of the corresponding single pile.

Pile-to-pile interaction effects appear to be 
more significant in the evaluation of the pile set-
tlement and axial force profiles. In particular, the 
effects of group interaction lead to a reduction of 
the maximum axial force of 27% in the front pile 
and of 48% in the back pile, as compared to the 
corresponding single pile (i.e. a beneficial effect). 
The above results demonstrate the importance of 
considering pile-to-pile interaction effects in order 
to obtain a more realistic prediction of pile-group 
behaviour.

A practical feature of the proposed approach 
is that the tunnelling-induced ground movements 
to be input into the pile-group analysis can be 
calculated using any suitable method. For exam-
ple, the PGROUPN boundary element analysis 
may be used in combination with a separate 3D 
finite element or finite difference analysis, with the 
free-field ground movements predicted by FEM 
(or FDM) and the pile-group response to these 
ground movements predicted by PGROUPN. This 
allows the adoption of a more powerful tool for the 
prediction of the free-field ground movements as 
compared to available analytical solutions, thereby 
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Figure 3. Pile-group problem analysed.
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Figure 5. Comparison of pile-group response for back pile.

enabling consideration of such aspects as the 
ground heterogeneity, soil nonlinearity, advanced 
soil models, 3D effects, complex tunnel geometries, 
and the excavation sequence.

The combined approach therefore provides a 
practical compromise for many design situations, 
overcoming the need for a complete 3D FEM/
FDM analysis of tunnel-soil-pile interaction 
which is limited by the high computational costs 
and complexity involved, particularly if  non-lin-
ear soil behaviour and complicated construction 
sequences are to be taken into account. As reported 
by Surjadinata et al. (2006), the execution time of 
a boundary element analysis is a mere fraction 
(approximately 1/1000th) of the time needed for a 
complete 3D finite element analysis. A key advan-
tage of the combined approach is that only a single 
3D FEM/FDM analysis for each tunnel configura-
tion is required, independent of the multitude of 
configurations of pile foundations that may be of 
interest. The free-field tunnelling-induced ground 
movements generated by the FEM/FDM analysis 
are then input into a number of separate and inex-
pensive PGROUPN analyses of the existing pile 
foundations. The combined approach therefore 
has the potential to generate economical predic-
tions for many practical cases, enabling engineers 
to investigate many more cases than are viable at 
present by a complete 3D FEM or FDM analy-

sis and allowing parametric studies to be readily 
performed.

In order to illustrate an application of the com-
bined approach, the 2 × 2 pile group of Figure 3 
has been analysed using the free-field tunnelling-
induced ground movements computed by the finite 
difference program FLAC3D (Itasca 2002) for a 
computed ground loss ratio of 4.69%, as reported 
in Figure 6. The ground movements calculated by 
the analytical expressions of Loganathan & Poulos 
(1998) are also shown in the figure; these will be used 
as input into the PGROUPN and PRAB analyses.

Figure 7 compares the front-pile response 
obtained from PGROUPN, PRAB and a complete 
FLAC3D analysis of the tunnel-soil-pile prob-
lem, as reported by Kitiyodom et al. (2005). It is 
observed that, although the shape of the defor-
mation, axial force and bending moment profiles 
are similar, the maximum values predicted by 
PGROUPN (and PRAB) are higher than those 
predicted by FLAC3D.

Similar findings were reported by Loganathan 
et al. (2001) based on a comparison between 
FLAC3D and a boundary element analysis (simi-
lar to PGROUPN). Finally, it is noted that a closer 
agreement with FLAC3D is obtained using a 
combined approach in which the free-field ground 
movements from FLAC3D are input into the 
PGROUPN analysis.
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3.2 Comparison with Chen et al. (1999)

The effects of non-linear soil behaviour at the 
pile-soil interface are examined for the single-pile 
problem analysed in the linear elastic range in 
Figures 1–2. The input data and free-field ground 
movements due to tunnelling are those shown in 
Figure 1, while the additional parameter required 
for the non-linear analysis is the soil undrained shear 
strength (Cu) of 60 kPa, resulting in a limiting skin 
friction of 48 kPa, and limiting end-bearing and lat-
eral pile-soil pressures both equal to 540 kPa.

In order to directly compare the results with the 
boundary element solution of Chen et al. (1999), 
which adopts an elastic-perfectly plastic interface 
model, the PGROUPN analyses have been carried 

out using zero values for Rf in Equation 3. Such an 
assumption implies that the effects of soil nonline-
arity are only caused by plastic yielding at the pile-
soil interface, while the dependence of soil stiffness 
on the stress level is disregarded.

Figure 8 shows a favourable agreement between 
the pile responses predicted by Chen et al. (1999) 
and PGROUPN for two ground loss ratios (ε) of 
1% (a common design value) and 5% (an extreme 
value). It is crucial to observe the difference in pile 
response between the non-linear analyses of Fig-
ure 8 and the preceding linear analyses of Figure 2. 
The lateral deformation and bending moment 
profiles are nearly identical for both the linear 
and non-linear analyses, thereby indicating that 

0

5

10

15

20

25

-50 -40 -30 -20 -10 0

Lateral ground movement (mm)

D
e

p
th

 (
m

)

Loganathan & Poulos,
1998 (x=4.5m)

FLAC3D (x=4.5m)

Loganathan & Poulos,
1998 (x=6.9m)

FLAC3D (x=6.9m)

Tunnel axis

0

5

10

15

20

25

-20 -10 0 10 20 30 40 50

Vertical ground movement (mm)

D
e

p
th

 (
m

)

Loganathan & Poulos,
1998 (x=4.5m)

FLAC3D (x=4.5m)

Loganathan & Poulos,
1998 (x=6.9m)

FLAC3D (x=6.9m)

Tunnel axis

Figure 6. Comparison of computed free-field ground movements.

0

5

10

15

20

25

30

-50 -40 -30 -20 -10 0

Lateral deflection of pile (mm)

D
e
p

th
 (

m
)

PGROUPN

PRAB

FLAC3D

PGROUPN (ground
displ from FLAC3D)

FRONT

Tunnel axis

0

5

10

15

20

25

30

-500 0 500 1000 1500

Bending moment (kNm)

D
e
p

th
 (

m
)

PGROUPN

PRAB

FLAC3D

PGROUPN (ground
displ from FLAC3D)

FRONT

Tunnel axis

0

5

10

15

20

25

30

0 10 20 30

Vertical movement of pile (mm)

D
e
p

th
 (

m
)

PGROUPN

PRAB

FLAC3D

PGROUPN (ground
displ from FLAC3D)

FRONT

Tunnel axis

0

5

10

15

20

25

30

-2000 0 2000 4000 6000

Axial force (kN)

D
e
p

th
 (

m
)

PGROUPN

PRAB

FLAC3D

PGROUPN (ground
displ from FLAC3D)

FRONT

Tunnel axis

Figure 7. Comparison of pile-group response for front pile.
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the limiting lateral pile-soil pressures were never 
reached along the pile.

However, the effects of soil nonlinearity play 
a significant role in the evaluation of the axial 
response (in particular the axial force distribution); 
for the case of ε = 5%, the limiting skin friction is 
nearly fully mobilised along the pile, thereby caus-
ing slippage at the pile-soil interface. Soil nonlin-
earity effects lead to a reduction of the maximum 
axial force of 29% for ε = 1% and of 82% for ε = 5%, 
as compared to the corresponding linear analysis. 
If  a non-linear soil model with stress-dependent 
soil stiffness (i.e. with not zero values of Rf in Equ. 
3), such reductions of maximum axial force would 
become even more significant, specifically 43% for 
ε = 1% and 83% for ε = 5%. It may also be observed 
that, in the non-linear analysis, both compressive 
and tensile axial forces are induced in the pile, with 
the compressive force in this case being larger. 
The above results demonstrate the importance of 
considering non-linear soil behaviour in order to 
obtain a more realistic and, in this case, economi-
cal prediction of pile behaviour.

With regard to the pile capacities, these have 
been estimated by Chen et al. (1999) using the tra-
ditional global factor-of-safety approach, i.e. an 
allowable axial pile capacity of 796 kN for com-
pression and 754 kN for tension, and an allowable 
bending moment of 250 kNm in the top half  of the 
pile and 175 kNm in the bottom half. It is noted 
that both the developed axial forces and bending 
moments are considerable, especially considering 

that they are solely induced by tunnelling without 
taking into account those induced by other type of 
loading at the pile-head (e.g. from the superstruc-
ture). In fact, the maximum axial force and bend-
ing moment reach the allowable values for the 5% 
ground loss ratio.

In order to assess both the effects of pile-to-pile 
interaction and soil nonlinearity, the single-pile 
problem analysed in Figure 8 is extended to the case 
of a fixed-head 3 × 3 pile group. The piles have a 
centre-to-centre spacing of three pile diameters and 
the tunnelling-induced ground movements have been 
derived from the analytical solutions of Loganathan 
& Poulos (1998) for a ground loss ratio of 1%.

Figure 9 reports the PGROUPN predictions of 
bending moment and axial force for Pile 1, i.e. the 
most heavily loaded pile in the group. The predic-
tions for an identical single pile located at an equal 
horizontal distance from the tunnel (i.e. x = 4.5 m) 
are also shown for comparison. There are no differ-
ences in the bending moment profiles between linear 
and non-linear analyses for both the single pile and 
the pile in the group. However, as already noted in 
the comparison of Figure 4, group effects lead to a 
reduction of the maximum bending moment of 15% 
in Pile 1 as compared to the single isolated pile.

As previously observed, the effects of soil non-
linearity and group interaction play a more sig-
nificant role in the evaluation of the axial force 
distribution, leading to a substantial reduction of 
the maximum values obtained from a linear analy-
sis of the single isolated pile.
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4 CASE HISTORY

Validity of the approach is assessed through com-
parison with a case history reported by Lee et al. 
(1994) in which the lateral pile displacements were 
measured. The tunnel was excavated for the Angel 
Underground Station in London and involved two 
construction stages, i.e. a pilot tunnel of 4.5 m 
diameter, followed by an enlargement to 8.25 m 
diameter. Measured pile deflections were reported 
for a pile that had a diameter of 1.2 m and was 
located 5.7 m away from the tunnel. At the pile 
location, the depth of the tunnel axis level was 
approximately 15 m. Measured ground loss ratios 
were 1.5% for the pilot tunnel and 0.5% for the 
tunnel enlargement. The existing pile foundations 
were embedded in 28 m of London Clay underlain 
by the Woolwich and Reading beds. Ground inves-
tigation data showed that the average undrained 
shear strength of the London Clay increased line-
arly from about 50 kPa at the top to about 220 kPa 
at the bottom. To ensure consistency between 
analyses, the soil stiffness is derived from the cor-
relation Es/Cu = 400, the pile Young’s modulus is 
35 GPa, and the pile is analysed as a single fixed-
head pile. The free-field tunnelling-induced ground 

movements are estimated by applying the solutions 
of Loganathan & Poulos (1998) to each construc-
tion stage, with the final ground response obtained 
by superposition.

Figure 10 shows a comparison of the pile lateral 
deflections, including the results from the two-stage 
approaches of Chen et al. (1999), based on BEM, 
and of Surjadinata et al. (2006), which adopts a 
combined 3D FEM-BEM approach. Also shown 
are the predictions from a complete 2D FEM anal-
ysis by Lee et al. (1994). A favourable agreement 
between profiles is found, except for a general over-
prediction of the finite element analysis. The above 
results lend further confidence in the application 
of simplified two-stage approaches in design.

5 CONCLUSIONS

A practical method of analysis for estimating the 
deformations, loads and moments induced on exist-
ing pile foundations during the tunnelling excava-
tion has been suggested. The method is based on 
a two-stage approach: (1) estimate of the free-field 
tunnelling-induced ground movements, and (2) 
analysis of the pile group subjected to the computed 
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 free-field ground movements. The first step may be 
carried out using alternative procedures, ranging 
from empirical methods and closed-form analyti-
cal solutions to 3D numerical analyses. The sec-
ond step is performed by PGROUPN, a computer 
program for pile-group analysis based on a non-
linear boundary element solution. Validity of the 
approach has been assessed by comparison with 
alternative numerical solutions and a published 
case history. Based on the results presented in the 
paper, a number of considerations may be made:

• The proposed approach is capable of generating 
reasonable predictions of pile-group response 
for many design cases, thus offering a practical 
compromise between the limitations of current 
analysis methods (mainly restricted to the linear 
elastic range or to single-pile response) and the 
complexity and time-consuming nature of com-
plete 3D analyses of tunnel-soil-pile interaction. 
Due to the negligible computational costs (both 
in terms of data preparation and computer 
execution times), a large number of cases can be 
analysed efficiently, enabling parametric studies 
to be readily performed.

• Group interaction effects have an influence on 
the pile-group deformations and load distribu-
tion. In particular, the effects of pile-to-pile 
interaction lead to a reduction (i.e. a benefi-
cial effect) of the maximum values of bending 
moment and, especially, axial force in the most 
heavily loaded pile of the group, as compared to 
a single isolated pile located at an equal horizon-
tal distance from the tunnel centerline.

• Soil nonlinearity effects generate a significant 
reduction of the maximum axial force in the pile, 
as compared to a linear elastic analysis, thereby 
allowing a more realistic and economical predic-
tion of pile-group response.

• The general characteristics of tunnelling-induced 
pile behaviour predicted by two-stage analyses 
are found to be similar to those from complete 
3D analyses of tunnel-soil-pile interaction, with 
the two-stage analyses generally over-predicting 
the maximum values of pile displacements, forces 
and moments (i.e. on the conservative side).

• Two-stage combined approaches, in which the 
free-field ground movements are predicted by 
a rigorous FEM or FDM analysis and the pile-
group response is predicted by a relatively simple 
BEM analysis (such as PGROUPN), have the 
potential to generate economical predictions for 
many cases of practical interest, thus represent-
ing a major saving over the cost of conducting a 
complete 3D FEM or FDM analysis.
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