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Numerical analysis for provision of tunneling – induced ground

deformation in granular soil

F. Castelli & E. Motta

University of Catania, Catania, Italy

ABSTRACT: In urban areas it is very important to protect existing structures from damage during shallow
tunneling. Thus in the design an important aspect is the provision for tunneling-induced ground deformation.
Analytical, numerical and empirical approaches are usually adopted to predict ground deformation, however
empirical methods, derived from field observations are widely used. They are based on the assumption that
the ground settlement can be described conveniently by a normal Gaussian distribution curve. To investigate the
reliability of this empirical solution, a numerical analysis has been carried out by means of the PFC2D code that
models the movement and the interaction of circular particles by the Discrete Element Method. The comparison
between the Gaussian curve and the ground settlement profile deduced by the numerical analysis shows a good
agreement, suggesting some choices for the Gaussian parameters to adopt in the empirical solutions.

1 INTRODUCTION

In urban areas public facilities are often developed
under the ground surface. To protect pre-existing
structures from damage during tunneling, several
approaches for the provision of the ground deforma-
tion are used.These approaches can be subdivided into
analytical, numerical and empirical methods.

Analytical solutions in a closed form have been
developed by many Authors (eg. Sagaseta 1987;
Loganathan & Poulos 1998; Hamza et al. 1999; Chou
& Bobet 2002). In these approaches the settlement pro-
file caused by tunneling is often characterized by the
“ground loss parameter” expressed as a percentage of
the nominal excavated volume in respect to the volume
of the tunnel.

The ground loss parameter is empirical and varies
for different subsurface conditions and tunnel con-
figurations. Consequently surface settlement curves
estimated by these approaches can be affected by
errors if the ground loss parameter is not properly eval-
uated. For non-homogeneous soils, numerical methods
are preferred to obtain more information besides sur-
face settlements, i.e. stresses and soil deformations
around the tunnel.

In recent years, some developments have increased
the applicability of these numerical methods; non-
linear models have been implemented in most com-
mercial codes, and factors such as the plastic strains,
the construction method (Gonzales & Sagaseta 2001)
and the advance of the tunneling process (Wong &
Kaiser 1991), can now be considered in the analysis.

Empirical methods for estimations of ground defor-
mation are often sufficient for practical applications.
Obviously these methods are subjected to important
limitations, because they have been developed, or have
been validated, for a limited number of cases. Never-
theless their advantage is that only a few parameters
for the soil and geometry are required.

In engineering practice, surface settlements are usu-
ally estimated using empirical formulas such as: the
Peck Method (Peck 1969), where it is assumed that the
ground settlement can be approximated by a normal
Gaussian distribution curve.

Other empirical or quasi-empirical methods have
been proposed (eg. Verruijt & Booker 1996;
Loganathan & Poulos 1998; Chi Shue-Yeong et al.
2001; Netzel 2004) that show good agreement between
field measurements and computed provisions.

The main reason of the widespread use of the empir-
ical methods is due to the fact that the distribution
curve can be defined by a few parameters, so that each
particular case can be easily fitted.

To investigate the reliability of empirical solutions
based on the normal Gaussian distribution curve pro-
posed by Peck (1969), a numerical analysis has been
carried out by means of the PFC2D code (Itasca
2002) which models the movement and the inter-
action of circular particles by the Discrete Element
Method.

The Discrete Element Method is indicated to model
the interaction between particulate soils and to give
a deformed soil profile due to the movement of the
particles consequent to tunneling.
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2 EMPIRICAL METHODS

The evaluation of ground settlements is often per-
formed using empirical results, since any theoretical
analysis carried out without a careful knowledge of the
soil parameters can be misleading.

Empirical methods are based on a comparative anal-
ysis of the movements observed at the ground surface
during the construction of a great number of tunnels
in urban areas.

The correlations that have been defined allow the
appraisal of the spatial distribution, the amount and
the evolution of the settlement profiles on the basis of
simple parameters.

Experiences confirm that the settlement along a
normal section can be described to a good approx-
imation to a normal probabilistic function. Such an
assumption is in agreement with experimental find-
ings reported by Peck (1969).

The extension of the zone affected by the ground
deformation is a function of the distance from the
vertical axis of the tunnel and depends on the tunnel
diameter, on the tunnel depth, on the ground loss and
on the soil parameters.

From experimental evidence it has been observed
that the settlement profile of the ground surface along
a cross section can be conveniently described by a
Gaussian curve (Peck 1969) as that shown in Figure 1:

where w = surface settlement; wmax = maximum sur-
face settlement (at the centreline); x = transversal
distance from the centreline; i = standard deviation.

Thus for a given maximum settlement at the cen-
treline wmax, the shape of the ground settlement is
strongly affected by the value of the standard devi-
ation i that is the distance of the point of inflection
from the axis of the tunnel.

With increasing i, the curve tends to flatten and
the differential settlement decreases. According to
equation (1) at distance x = i, one has:

thus the evaluation of the point of inflection can be
deduced according to equation (2).

As suggested by Clough & Schmidt (1981) the
standard deviation i is given by:

where r = radius of the tunnel; D = diameter of the
tunnel; H = depth of the tunnel; K ′, n = curve coeffi-
cients depending on the soil type.
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Figure 1. Gaussian curve utilized for the evaluation of the
settlement profile caused by tunneling.

Table 1. Typical values of the coefficient K ′ according to
Clough and Schmidt (1981).

K ′ n Soil type

1.0 0.8 to 1.0 Clay
0.74 0.90 Wet granular soil
0.63 0.97 Dry granular soil

Table 2. Values of the coefficient K suggested by O’Reilly
and New (1982).

K Soil type

0.4 to 0.5 Stiff clay
0.5 to 0.6 Glacial deposits
0.6 to 0.7 Silty – clay normally consolidated
0.2 to 0.3 Granular soil

Typical values for K ′ and n are given in Table 1.
O’Reilly & New (1982) suggest the following equation
for the standard deviation i:

Values for K are given in Table 2 and since the value
of n in equation (3) is approximately equal to 1 for all
soils, it follows that K is close to K ′/2.

The maximum settlement at the centreline wmax can
be evaluated on the basis of the volume defined by
the original ground surface and by settlement profile
according to the equation (Peck 1969):

Assuming a constant volume condition, Vs can be
related to the ground loss volume V ′ by the following
equation:
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Table 3. Values of the ground loss volume V ′ for different
construction methods.

V ′ (%) Soil type Construction method

1 to 2 Stiff clay EPB *
3 Soft clay EPB *
0.2 Wet sand EPB *
1.95 Clay/Sand TBM **
0.86 Clay/Sand NATM ***

* E.P.B. = Earth Pressure Balance.
** T.B.M. = Tunnel Boring Method.
*** NATM = New Austrian Tunneling Method.

Values of V ′ are given in Table 3 referring to different
soil types and construction method of the tunnel.

3 NUMERICAL ANALYSIS

The Discrete Element Method used in this analysis
models the movement and the interaction of arbitrarily-
sized circular particles.

The particles usually represent individual grains in
granular material. The particles are rigid but deform
locally at contact points using a soft-contact approach
in which finite normal and shear stiffnesses are taken
to represent measurable contact stiffnesses.

Preliminarily a numerical investigation was carried
out to allow the modeling of the geotechnical behavior
of the assembled particles.

A first analysis was performed to evaluate the differ-
ent behaviour of a 2 mm single sized dense and loose
granular material during a biaxial test.

Figure 2 shows a comparison between stressstrain
curves for the dense and loose material. The dense
material shows a peak and a residual strength, while
the loose material has a strain-hardening behaviour up
to the critical value. The difference between peak and
critical strength is less than 30%.

A further analysis was carried on to investigate the
effect on the strength due to a non-uniform particle
size distribution. The material chosen in the numeri-
cal analysis was constituted by particle size varying
between 1 and 3 mm.

The results of the biaxial test conducted are shown
in Figure 3 and evidence the difference between the
“loose” uniform and the “loose” nonuniform material.

A significant contribute due to interlocking is clear.
This effect is more pronounced if, instead of sin-

gle circular particles (Figure 4.a), triangle clusters are
utilized (Figure 4.b).

In Figures 5 and 6 the stress-strain relationships and
the failure line are shown respectively for a biaxial
test on triangular clusters. The use of triangle clusters
allows the modeling of a peak shear strength angle
φ′ about 36◦ and a residual shear strength angle φ′

equal to 26◦.
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Figure 2. Numerical results of stress-strain curves for dense
and loose material in biaxial test.
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Figure 3. Numerical results of biaxial tests on loose uniform
and loose non-uniform material.

However assuming that the critical state is reached
during excavation, the granular material utilised in
the analysis was chosen to be constituted by uniform
single circular particles. This allowed to reduce the
computational time and did not influence significantly
the numerical results. Thus only single circular parti-
cles 2 mm in diameter were adopted with the following
elastic parameters:

– shear modulus G = 30.000 MPa;
– Poisson’s ratio ν = 0.3.
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a) b)

a): Single Particle

b): Triangle Cluster

Figure 4. Single and triangular cluster adopted in the
numerical analysis.
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Figure 5. Stress-strain relationships from a biaxial test of
triangular clusters.

The soil density used was Gs = 2.7 while the inter-
particle friction coefficient used was 0.5.

The tunnel model utilized in the analysis is shown
in Figure 7. A further reduction in the computational
time was obtained with a scaled 1:100 representation.
It consisted of a tunnel 60 mm in diameter located at a
depth of 120 mm below the ground surface. Since the
system is symmetrical, only one half of the geometry
was modelled.

The resulting domain was a rectangle bounded by
the vertical symmetry axis and extended 360 mm in
width and 300 mm in depth.

The aim of the analysis was to deduce indications
about the transverse settlement profile at the ground
surface due to tunneling and to verify that a Gaussian
curve could adequately fit this profile.
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Figure 6. Peak and residual failure envelopes from a biaxial
test of triangular clusters.
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Figure 7. Geometry of the model adopted in the numerical
analysis.

Because the pressure on the contour was unknown,
depending on the tunnel support and on the geotech-
nical soil parameters, the analysis was carried on
imposing an increasing displacement along the tun-
nel contour, until a plastic zone was clearly evidenced
spreading from the tunnel contour up to the ground
surface.

Nine steps were assumed in the analysis as shown
in Figure 8. For each step the settlement profile at the
ground surface was recorded and then it was fitted with
a Gaussian curve to evaluate if this mathematical pro-
file could be representative of the numerical results.
The ground settlements determined for each step are
shown in Figure 9.

The inflection point observed along the settlement
curves allowed the evaluation of the parameter K in
equation (3) for each step as shown in Table 4.

506

Copyright © 2006 Taylor & Francis Group plc, London, UK



Step 1 Step 2 Step 3

Step 4 Step 5 Step 6

Step 7 Step 8

Plastic zone

Elastic zone

Step 9

Figure 8. Yielding progress observed in the numerical analysis.

For this particular case K ranges from 0.50 to 0.75
according to the values reported in Table 2.

The good agreement between numerical results and
Gaussian curve estimated by equations (1) and (3) for
K = 0.5 is shown in Figure 10 for the step no. 9.

4 CONCLUDING REMARKS

The evaluation of the ground settlement due to tun-
neling in urban areas is an important issue for the
prevention of damages on adjacent structures.
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Figure 9. Evolution of the settlement profile obtained with
the numerical analysis.

Table 4. Values of the coefficient K deduced by the
numerical analysis.

Step 1 2 3 4 5 6 7 8 9

K 0.75 0.70 0.60 0.58 0.55 0.54 0.53 0.50 0.50
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Figure 10. Comparison between numerical results and
Gaussian curve for step no. 9.

Even if the Gaussian distribution curve does not
have a theoretical basis, in many circumstances it can
give a good estimation of settlement profile.

A numerical approach has been adopted to inves-
tigate the reliability of the Gaussian curve and to
estimate the parameters to be adopted in the empirical
solution.

The numerical analysis by the Discrete Element
Method was used to deduce indications on the ground
settlements. The analysis was carried out for a scaled
model to reduce the number of the particles and the
computational time.

From the comparison between the results of the
numerical analysis and the empirical solution, it has
been observed that the Gaussian curve can fit ade-
quately the ground settlement if a proper value of the
parameter K and then the standard deviation i = kH is
adopted.

The analysis indicates that the value of K that best
fits the numerical results decreases with increasing
displacement at the tunnel contour, suggesting that, as
well as the soil deformability, the stiffness of the tunnel
support can influence the value of the parameter K .
The lower the stiffness of the tunnel support, the lower
should be the value of K .

The Discrete Element Method applied to this partic-
ular geotechnical problem may reproduce with a good
accuracy the results in terms of particle displacements
and then in terms of ground deformations.

This method has the disadvantage that, if it is
applied to a real scale, the computational time could
be too large. Anyway the evaluation of the settlement
profile caused by tunnelling should not be qualitatively
influenced if a scaled model is adopted.
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