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Summary
The construction of shallow tunnels of large diameter for urban underground railways often requires specific actions

aimed to control the ground movements induced by the excavation. This paper focuses on the use of piles as a mitigating
action. Three-dimensional numerical analyses have investigated the possibility of optimising the design of a line of piles,
indicating the crucial role played by their spacing. The analyses show that there is a threshold of the spacing below which
the piles are effective as a means to reduce ground movements induced by shallow tunnelling.

1. Introduction

Tunnelling in urban areas for shallow under-
ground railways construction is commonly per-
formed by using large diameter boring machines
and often requires specific actions aimed to control
the ground movements induced by the excavation.
The effects on existing buildings can be reduced by
means of many techniques. Among others, a line of
piles can be installed between the tunnel and the
buildings to be protected, as recently shown for in-
stance by DI MARIANO et al. [2007].

A few studies have been performed on similar
problems, but they focused mainly on the effects of
shield tunnelling on adjacent existing pile founda-
tions, rather than the use of unloaded piles to mod-
ify the settlement profile. Such studies involved
three-dimensional numerical analyses (e.g. LEE and
NG, 2006) or centrifuge models (e.g. JACOBSZ et al.
2005). As for case histories, the lack of instrumenta-
tion inside piles led to concerns about their re-
sponse to tunnelling. Only recently, PANG et al.
[2006] have presented field measurements of inter-
nal forces in instrumented foundation piles from a
viaduct bridge, in conjunction with the construction
of an underground line in Singapore.

This paper focus on the use of piles as a protec-
tive measure by means of three-dimensional nu-
merical analyses investigating the possibility of op-
timising the design of a line of piles by varying
their spacing. Preliminary indications on such an
option were based on a few centrifuge tests per-
formed at City University London [BILOTTA et al.
2006a].

2. Numerical model

Finite element analyses have been performed by
means of the commercial code Plaxis® 3D Tunnel
v1 [BRINKGREVE and VERMEER, 2001] that has been
developed specifically for the analysis of stress-
strain behaviour of ground and structures around
tunnels. The program allows a three-dimensional fi-
nite element mesh to be generated, based on a re-
petitive geometrical cross section. The mesh of such
a section was 80 m wide and 30 m deep and con-
sisted of linear strain 6-node triangles. This section
was extruded for 3 m along the third axis forming
thirteen adjacent slices of 15-node wedges. The
mesh sides were restrained from moving horizon-
tally and were free to settle, and both horizontal and
vertical displacements were prevented at the base.
The groundwater level was set at the ground level. A
view of the mesh is shown in Figure 1.
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Fig. 1 – Mesh in front view (a) and elevation (b).
Fig. 1 – Reticolo di calcolo: (a) vista frontale, (b) vista 
assonometrica.
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The tunnel (a circular section of diameter D=8
m with 8 m depth of tunnel crown C, i.e. C/D=1)
was modelled as a circular unlined cavity: soon after
the initial lithostatic stress had been activated in the
ground mass, the elements included in the geomet-
ric boundary were removed and the cavity sup-
ported with a system of effective stresses of the same
magnitude and opposite sign of those previously
acting on the same contour. The excavation was
then simulated in several stages, associated with dif-
ferent percentages of stress reduction (Mstage) in un-
drained conditions, and continued up to failure.

The computation was performed in effective
stresses and the soil behaviour was described by
Hardening Soil, a nonlinear elastic-plastic constitu-
tive model with volumetric and deviatoric harden-
ing, implemented in the code [SCHANZ et al., 1999]
and defined by the parameters listed in Table I.

A first reference analysis in greenfield condi-
tions allowed settlement troughs to be computed at
different stress reduction levels. A curve showing
the volume loss V’ at the different stages is shown in
Figure 2. Due to the undrained conditions, V’ is sim-
ply computed as a ratio of the trough volume to the
cavity volume.

Afterwards, a series of analyses were carried out
with rows of piles at different spacing s or a contin-

uous diaphragm wall, at a side of the tunnel, aimed
to reduce the ground movements beyond their po-
sition. Following the results of previously published
work [BILOTTA et al., 2006b] on diaphragm walls
used to reduce ground movements due to tunnel-
ling, a few geometrical factors were set up: the pile
length L= 19 m and their distance from the tunnel
axis d= 8 m; structural elements were assumed to be
of the same weight of the soil and the interface be-
tween the pile and the soil was modelled and acti-
vated assuming the parameter R, a strength reduc-
tion factor for the interface, equal to unity. In the
few case histories available the structural elements
are often represented by small diameter bored piles
grouted by low pressures injections in the ground.
In such cases the effects of the installation should
not be that significant and consequently the analy-
ses were carried out neglecting them.

Discrete piles were modelled as elastic plates of
rectangular transverse section with given flexural
and axial stiffness per unit width (EI and EA), as
shown in Table II: each pile had a finite width b
equal to the width of the corresponding slice of
mesh. All the slices of mesh had b=0.25 m, apart
from the front and rear slice, both of which were of
a half width. Three different values of the ratio s/b
were modelled (i.e. 3, 6, 12) and a diaphragm wall
(i.e. a 3m wide single plate), as shown in Figure 3.

Tab. I – Soil parameters for Hardening Soil.
Tab. I – Parametri costitutivi per il modello Hardening Soil.

Parameter Value

g 17.5 kN/m3

E50,ref (for pref = 100 kPa) 8 MPa

Eur,ref (for pref = 100 kPa) 3·E50,ref MPa

Eoed,ref (for pref = 100 kPa) 1.1·E50,ref MPa

Cohesion c’ 0.001 kPa

Friction angle φ’ 23° -

Dilatancy angle 0° -

Poisson’s ratio νur 0.2 -

Power m 1 -

Tensile strength 0 kPa

Failure ratio qfail/qasy 0.9 -

Fig. 2 – Volume loss in greenfield analysis.
Fig. 2 – Perdita di volume nelle analisi in ‘greenfield’.

Tab. II – Structural element characteristics.
Tab. II – Caratteristiche degli elementi strutturali.

L
(m)

b
(m)

EI
(kNm2/m)

EA
(kN/m)

υ s/b

piles
20

0.25
5.9·104 1.43·107 0.25

3; 6; 12

diaphragm wall 3 -
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3. Ground and structural displacements

3.1. Greenfield conditions

The surface settlements of the greenfield mesh
were calculated at several stages and were compared
to classical Gaussian fitting curves at the same vol-
ume loss. As the deformation occurs in undrained
conditions, it was assumed that the algebraic volume
of the settlement trough, i.e. calculated by consider-
ing the area lying below the heaving part of the pro-
file as negative, was equal to the volume of soil which
moved inside the geometric contour of the cavity
(i.e. the so-called “volume loss”). In Figure 4, a com-
parison between the surface profiles of non-dimen-
sional settlement S/Smax, at V’=0.24% and V’=6.4%

shows a notable difference: as soon as the collapse
was approached, the numerical model predicted a
narrower trough than at low unloading levels and
the heave at wider lateral extents almost disap-
peared. In fact, the distance i of the point of inflec-
tion of a Gaussian curve, which fitted the computed
trough in the range of ±2i from the tunnel axis de-
creased with V’. GRANT [1998] inspected the varia-
tion of i with the volume loss in centrifuge tests of
tunnelling in clay and showed that the distance i de-
creased up to V’=2% and was stable on a typical
value between V’=2% and V’=20%. The parameter
K= i/(C+D/2) was computed and it is plotted along
V’ in Fig. 5 and compared with a range of typical val-
ues from site measurements, which is shaded light
grey in the figure [BILOTTA et al., 2002]. Soon after

Fig. 3 – Configurations of structural elements.
Fig. 3 – Configurazioni degli elementi strutturali.

Fig. 4 – Comparison between settlement troughs at different volume losses V’.
Fig. 4 – Confronto tra le curve di subsidenza a differenti valori di perdita di volume V’.
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reaching V’=1%, the value of K falls inside the typi-
cal range and its variation with V’ becomes smaller.

The greenfield displacement vectors around the
tunnel at ΣMstage=0.33 are shown in Figure 6.

3.2. Surface settlements

The effect of the line of piles on the settlements
induced by tunnel excavation can be noticed in
Figure 7 where the settlement troughs of the nu-
merical mesh in the different geometrical configu-
rations are compared. These curves represent a ver-
tical section of the surface trough at the front of the
mesh. All the curves refer to the same amount of
volume loss, V’=0.5%. Such values occurred for
slightly different stress releases, ranging from
ΣM stage = 0.3 for the greenfield condition to

Fig. 5 – Parameter K=i/zo vs V’.
Fig. 5 – Parametro K=i/zo in funzione di V’.

Fig. 6 – Vectors of displacement in greenfield conditions at ΣMstage=0.33.
Fig. 6 – Vettori di spostamento in condizioni di ‘greenfield’ a ΣMstage=0.33.

Fig. 7 – Comparison of settlement troughs in different configurations at V’=0.5%.
Fig. 7 – Confronto tra profili di subsidenza di configurazioni diverse, a V’=0.5%.
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ΣMstage=0.33 for the continuous diaphragm wall. It
is worth focusing on the settlements in the area at
the right of the line of piles or wall, where the build-
ing to protect could be located. Such settlements de-
creased, compared to the greenfield profile, by de-
creasing the spacing between piles until the limit
condition of a continuous diaphragm wall. These
results suggest that the true effectiveness of the piles
in reducing settlements occurred only for small
spacings, whereas isolated piles cannot benefit from
any “group effect”.

3.3. Horizontal displacements of the piles and the dia-
phragm wall

The horizontal displacements of the vertical
structures are shown in Figure 8. They were com-
pared for the same amount of stress release
(ΣMstage=0.33): this means that they did not occur
exactly at the same volume loss, but at that stage of
the analysis when it was roughly very close to
V’=0.5%.

As the excavation is relatively shallow, the pile
deformed shape tends to follow that of the green-
field soil at the pile location, but the inflection is
smaller in comparison due to pile stiffness and spac-
ing. It is evident that the horizontal displacements
of the diaphragm wall were much lower than those
of the single pile (s/b=12) near to the surface, being
about one third at the top. Nevertheless, it should
be noticed that the difference decreases with depth
so that the protection of buried structures, rather
than shallow ones, would be probably quite limited,
without much difference between the efficiency of
discrete piles and of a continuous diaphragm wall.

At the depth of the tunnel, the horizontal dis-
placements are directed away from it, as a conse-
quence of the arching around the cavity. A band of
compressed soil developed as soon as the stress re-
lease at the tunnel boundary progressed: it can be
observed as a darker zone in Figure 9 where the ex-
cess pore pressure shadings in greenfield conditions
are shown at ΣMstage=0.33. In Figure 10 the distri-

Fig. 8 – Horizontal displacements of piles.
Fig. 8 – Spostamenti orizzontali dei pali.

Fig. 9 – Distribution of excess pore pressures in greenfield conditions at ΣMstage=0.33.
Fig. 9 – Distribuzione delle sovrapressioni neutre in condizioni di ‘greenfield’ a ΣMstage=0.33.

Fig. 10 – Integration points undergoing deviatoric hard-
ening in greenfield conditions at ΣMstage=0.33.
Fig. 10 – Punti di integrazione in cui si manifesta incrudimento
deviatorico in condizioni di ‘greenfield’ a ΣMstage=0.33.
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bution of the integration points undergoing devia-
toric hardening in greenfield conditions at ΣM-
stage=0.33 is also shown. Positive excess pore pres-
sure (in dark grey in Fig. 9) indicates tendency to
compress, according to the fact that the soil is not
dilatant. In comparison, the position of the piles,
also shown in the Figure, is such as to justify the out-
ward direction of the horizontal displacements
along the pile axis at the tunnel depth and the de-
formed shape of the piles. As this is a consequence
of the particular stress path and history, such pat-
tern of deformation cannot be generalised to all
ground conditions: several Authors (e.g., SAMASEK-
ERA and EISENSTEIN, 1992; URCIUOLI et al., 1996) have
investigated the distribution of pore pressure
around tunnel excavations in different ground con-
ditions by varying influencing factors such as the
OCR and the drainage at the tunnel boundary.

4. Efficiency of the protecting measure

The effectiveness of a vertical structural element
used for mitigating ground movements induced by
tunnelling, can be expressed by an efficiency pa-
rameter proposed for diaphragm walls [BILOTTA,
2008], as follows:

(1)

According to Figura 11, Sref is the surface settle-
ment in the greenfield conditions at the same loca-
tion of the piles (or diaphragm wall) and Sbp is the
settlement of the ground surface immediately be-
yond the line of piles (or wall). In the analyses, Sbp was
calculated on the node belonging to the interface el-
ement and the element of soil in contact with it.

The efficiency η was calculated for the set of soil
and structural parameters shown in Tables I and II:
a relative stiffness between soil and structure can be

defined as , which in this case is equal to

4.6·10-3. A number of analyses have been also per-
formed by changing the value of EI and E50,ref in or-
der to inspect the influence of the pile-soil relative
stiffness. Therefore the efficiency has been calcu-

lated for = 4.6·10-2 and 2.7·10-1 also. The

diameter D has been used only to express the rela-
tive stiffness in non-dimensional form, but it was not
changed in this study. A few more spacings between
the piles have also been considered in order to plot
more continuous curves.

In Figure 12, such curves of efficiency are plotted
for V’=0.5%. The efficiency of the piles was high and
relatively constant for small values of spacing: be-

tween 0.65 and 0.75 for s/b<2 and =4.6·10-

3. On the other hand, it was very low (around 0.2) for
s/b>6, almost independently of the relative stiffness.
A decay of efficiency for intermediate values of spac-
ing (2<s/b<6) can be observed also. Considering the
large range of variation inspected for the relative

stiffness between soil and pile, it can also be

concluded that such a quantity, even if influencing
the problem, is not the main issue of concern.

5. Internal forces in piles

The piles in the mesh are simultaneously sub-
jected to vertical and lateral soil movements: this is
a typical condition for piles located close to a tun-
nel excavation, as discussed by LEUNG [2006]. In
Figure 13, non dimensional profiles of axial force
and bending moment along both the discrete pile
(s /b=12) and the continuous diaphragm wall are
shown, as calculated at a stage of the analysis. The

Fig. 11 – Definition of piles efficiency in limiting surface
settlements.
Fig. 11 – Definizione di efficienza dei pali nel limitare i cedimen-
ti in superficie.

Fig. 12 – Efficiency vs normalized spacing at different rel-
ative stiffness (V’=0.5%).
Fig. 12 – Efficienza vs interasse normalizzato per differenti rigi-
dezze relative (V’=0.5%).
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axial force N induced in the vertical structure by the
stress release in the cavity increased downwards up
to about 13 m, i.e. about the tunnel springline, due
to the vertical movement of the soil above. The pro-
file of surface settlements (cf Fig. 7) shows that the
pile head settled less than the soil around it, indicat-
ing that the tendency of the soil to drag the pile
down developed downward shear stresses at the soil-
structure interface. Such “negative skin friction”
loaded the pile axially up to a neutral point where
the relative vertical movement between the soil and
the structural element inverted its sign. Below the
tunnel springline the soil settled much less and
“positive skin friction” developed around the pile
shaft, therefore the axial load was gradually trans-
mitted to the ground. The value of axial load at the
tip of the pile (or diaphragm wall) is negligible, as it
“floated” in the soil rather than resting on a hard
stratum. A different profile of axial force would have
been expected for a shorter pile, as shown by other
Authors (e.g. JACOBSZ et al. 2005; LEE and NG 2006)
establishing that reduction in base load due to the
stress release in the cavity is compensated by load
transfer to the pile shaft and a consequent variation
of the axial load distribution along the pile axis.

The high axial stiffness of the vertical element is
evident as even the single pile (s/b=12) settled al-
most uniformly along its axis: for EA=1.43·10+7

kN/m, the relative vertical displacement between
the head and the tip was around 0.2 mm over 19 m
length, with a maximum axial strain of 24 ·10-6, cor-
responding to a maximum axial load Nmax = 85 kN.

The profile of bending moments (Fig. 13b) is
consistent with the deflected shape of piles and dia-
phragm wall shown in Figure 8 and the values at the
pile head and tip are zero as they were not re-
strained. It has already been remarked that the in-
flection of piles is very dependent on the initial stress
state and history and on the drainage condition at
the tunnel boundary. Recent work by ONG et al.
[2006] in the centrifuge has shown that the profile of

bending moments is also affected by the way the ex-
cavation process is simulated: modelling the over-
cut of tunnel increases the inward displacements of
the ground, whereas modelling the ovalization of the
tunnel lining can increase the outward components
of displacement. In fact, the general displacement
pattern in greenfield conditions is, in practice,
strongly affected by the tunnelling technique.
Therefore, the profiles of bending moment shown in
the figure are peculiar to this numerical model. Nev-
ertheless, it can be remarked that the spacing be-
tween piles did not affect the profiles greatly.

It can be interesting also to observe the values of
maximum bending moment at different relative
stiffness (ΣMstage=0.33), as shown in Figure 14. By
increasing the flexural stiffness of the structural ele-
ment, the maximum bending moment increased
less than linearly: this would suggest a noticeable re-
duction of maximum pile bending with the increase
of relative stiffness between soil and structure.
Whereas the influence of the spacing between piles
on maximum bending moment was negligible at low
pile stiffness, it increased as soon as the piles were
more rigid. It is worth noticing that the maximum
bending moment shown in the figure for the dia-
phragm wall was computed on a slice of width b, i.e.
equal to the width of the piles. Hence, even if a sin-
gle discrete pile underwent larger bending mo-
ments than a continuous diaphragm wall (gradually
varying according to spacing ratio), an ideal bend-
ing moment computed for unit length of tunnelling
would be lower for discrete piles.

6. Conclusions

The results of this study, as shown above, en-
couraged the potential use of a line of piles between
a shallow tunnel and a building as a protective
measure during tunnel construction. The analyses

Fig. 13 – Dimensionless profiles of axial force (a) and
bending moment (b) at ΣMstage=0.33.
Fig. 13 – Profili adimensionali di sforzo assiale (a) e momento
flettente (b) a ΣMstage=0.33.

Fig. 14 – Maximum bending moment at different relative
stiffness (ΣMstage=0.33).
Fig. 14 – Massimo momento flettente per differenti valori di rigi-
dezza relativa (ΣMstage=0.33).
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showed the possibility of optimising the design by
varying the pile spacing. This can be summarised in
the following remarks:
1. the efficiency of piles in reducing ground move-

ments caused by shallow tunnelling improves
outside the tunnel area by reducing their spac-
ing in a range of 2b<s<6b ; for spacing s>6b,
the efficiency is low and independent of the soil-
pile relative stiffness; for spacing s < 2b, a line
of piles has the same efficiency as a continuous
diaphragm wall of the same thickness;

2. as far as flexural stiffness increases, bending
moments increase more in discrete piles than in
a slice of equal width b of a continuous dia-
phragm wall.
There is a range of spacing values in which the

design of piles to reduce ground movements in-
duced by tunnelling can be optimised. Optimisation
will be attained when efficiency η is maximised and
bending moments in the pile per unit length of tun-
nelling minimised at the same time. It is likely that,
independently of the flexural stiffness of the pile,
this would happen for intermediate spacing (i.e.
2b<s<6b).
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Studio di una fila di pali per mitigare gli 
spostamenti indotti dallo scavo di 
gallerie superficiali

Sommario
La costruzione di gallerie superficiali di grande diametro per 

ferrovie metropolitane richiede spesso interventi specifici 
finalizzati a controllare i movimenti del terreno indotti dallo 
scavo; l’articolo analizza l’uso di pali in funzione protettiva di 
un’area d’interesse in prossimità della galleria. Per studiare la 
possibilità di massimizzare l’efficienza di una linea di pali sono 
state effettuate analisi numeriche tridimensionali che 
evidenziano il ruolo cruciale dell’interasse tra i pali della fila e 
mostrano l’esistenza di una soglia di interasse al di sotto della 
quale i pali sono un mezzo efficace per ridurre gli spostamenti 
indotti dallo scavo.




