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ABSTRACT: Prediction of ground surface settlement in soft ground has significant importance because of
dangerous effects of settlement on existing surface and subsurface structures. For metro project of Tabriz city,
excavation of two parallel tunnels with external diameter of 6.88 m by the shield tunneling method is considered.
These tunnels are located in cohesionless soils below the ground water table. In this paper, ground surface
settlement troughs caused by construction of these twin tunnels were predicted by Peck-Fujita empirical method
for single tunnel and were generalized to twin tunnel case by use of superposition principle. The distance between
centerlines of tunnels was increased from 13.6 m to 28.6 m in six steps. Then these troughs were comparized with
the results obtained from PLAXIS software in drained conditions. Good agreement between these two methods
was representative of accuracy of proposed procedure for prediction of ground surface settlement trough in
cohesionless soils.

1 INTRODUCTION

Increasing growth of population, has obliged mankind
to use underground spaces for reduction of surface
traffic and facility in accesses.Also, tunneling in urban
areas, is generally in soft soils under the ground water
table, that has lead to the use of shield tunneling meth-
ods. For prediction of ground surface settlement prior
to tunneling operation, some empirical and analyti-
cal solutions are proposed. These methods can give an
estimate of surface settlement for designer engineer.
Most of analytical solutions are restricted to the case of
single tunnel in elastic and cohesive soils and do not
involve cohesionless and granular conditions. From
this point of view, the empirical method proposed by
Peck (1969) is suitable for prediction of ground surface
settlement in different soil types.

In this paper, by generalizing empirical Pecks
method with findings from Fujita (1982), settlement
troughs were obtained for twin metro tunnels in Tabriz
city. These profiles, then were fitted to the resulted
profiles from numerical analysis. Good conformity of
these two sets of profiles, showed the applicability of
Peck-Fujita simple method for prediction of ground
surface settlement.

2 GEOLOGY OF THE TUNNEL ROUTE

For preliminary geological studies, 13 boreholes were
drilled in different locations of Tabriz city. This study
is based on the information obtained from borehole
No.9 (Golestan Park). Geological properties of this
borehole are presented in Table 1. In this part of city,
the ground water table is located 8 m below ground
surface and at a depth of 30 m stiff rock layers are
encountered.

3 PECK-FUJITA METHOD

It is generally accepted that ground settlement over
tunnels may reasonably be represented by Gaussian
distribution curve of the form shown in equation (1)
(Peck 1969, O’reilly & New 1982):

where S = settlement; x = distance from the tunnel
centerline in the transverse direction; and i = distance
to the inflection point of the curve.

295

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



Table 1. Geological properties of borehole No.9, Golestan
park.

Thickness Cohesion Friction angle γd* γw**

Soil Type (m) (kN/m2) (◦) (kN/m3)

CL 1 8 26 12 13.5
SC-SM 2 10 29 16 19
CL 4 8 26 12.5 14
SP 3 6 34 18.1 20.4
CL 3 8 31 16 18
SC-SM 7 10 29 17 20
SP-SM 7.5 6 38 18.6 21.2
CL 2 30 22 14 18
SM 0.5 6 30 18 20

* Dry unit weight
** Wet unit weight

Figure 1. Dimensionless relationship between width of set-
tlement trough i/R and depth of tunnel Z/2R for various
tunnels in different materials (Peck, 1969).

Peck presented a dimensionless relationship
between i/R ratio versus depth of tunnel Z/2R for tun-
nels driven through different materials, where R is the
radius of the tunnel, and Z is the centerline depth of
the tunnel. This relationship is shown in Figure 1.

We can not directly use Pecks empirical method,
because we do not know how to evaluate the maximum
settlement for Gaussian distribution curve. Based on
94 cases in Japan after 1965, Fujita (1982) statistically
analyzed the maximum surface settlement caused by

Table 2. Predicted maximum surface settlement (Fujita,
1982, The origin table is abridged).

Predicted settlements and errors (mm)

Additional Soil Open Blind Slurry EPB
Measures Type shield shield shield shield

Not adopted Clay 100 ± 30 40 ± 20 40 ± 20 60 ± 25
Sand — — 40 ± 25 20 ± 10

shield tunneling (Y.S. Fang et al. 1994). His major
findings are summarized in Table 2. By using this
table, the range of Smax can be evaluated for different
types of shield machines driven through different soils,
with or without additional measures (such as grout-
ing). It should be noticed that all data in Table 2, come
from well-performed tunneling operations. Carelessly
operation of crew may cause unpredictable hazards.

4 PREDICTION OF GROUND SURFACE
SETTLEMENT

For construction of twin parallel tunnels by EPB shield,
total length to be bored will be 7 km. Tunnels in
Golestan Park are considered to be located in 23.75 m
depth, with external diameter of 6.88 m. Also, in this
study, distance between tunnels was increased from
7 m to 22 m by six steps. Every step involves 3 m
increase.

4.1 Evaluation by Peck-Fujita method

From Table 2, the predicted maximum settlement can
be obtained 10 mm, 20 mm and 30 mm. Also by tak-
ing Z = 23.75 m and R = 3.44 m, the correspondence
i values can be obtained 11.3 m, 12.4 m and 13.4 m
respectively (Fig. 1).

By applying (Smax)low = 10 mm with ilow = 11.3 m
and (Smax)ave = 20 mm with iave = 12.4 m and
(Smax)high = 30 mm with imax = 13.4 m in equation (1),
the surface settlement profiles were determined. By
using superposition principle, the surface settlement
was generalized to the case of twin tunnel.The resulted
settlement troughs are shown in Figures 2a–2f.

4.2 Numerical analysis

For numerical analysis PLAXIS 7.2 software was used
(Brinkgreve et al. 1998). The model was used in plane
strain conditions with 15-Node elements. The bound-
ary was restrained in the horizontal plane at both sides
and in both planes at the base. The boundaries were
set to 42 m from perimeter of left tunnel to the left
boundary and 42 m from the perimeter of right tunnel
to the right boundary with 7 m the distance between
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Figure 2a. Ground surface settlement, distance between the
tunnels = 7 m, Dashed line is result of numerical analysis.

Figure 2b. Ground surface settlement, distance between the
tunnels = 10 m, Dashed line is result of numerical analysis.

Figure 2c. Ground surface settlement, distance between the
tunnels = 13 m, Dashed line is result of numerical analysis.

tunnels. These boundary conditions were protected
during increase of distance between tunnels. Mohr-
Coulomb model with drained conditions were applied
to the materials. Some engineering properties of lin-
ing elements are shown in Table 3. The lining elements
are assumed to be 300 mm thick with a unit weight
of 24 kN/m3 andYoung Modulus of 3.14 ∗ 107 kN/m2.
The contraction parameter assumed to be one percent.
At first the left side tunnel was excavated and then
right side tunnel. By varying the distance between the
tunnels from 7 m to 22 m, six settlement profiles were
determined and are shown together with profiles from
Peck-Fujita method in Figures 2a–2f.

Data obtained from numerical analysis shows that
the maximum surface settlement was located in the

Figure 2d. Ground surface settlement, distance between the
tunnels = 16 m, Dashed line is result of numerical analysis.

Figure 2e. Ground surface settlement, distance between the
tunnels = 19 m, Dashed line is result of numerical analysis.

Figure 2f. Ground surface settlement, distance between the
tunnels = 22 m, Dashed line is result of numerical analysis.

Table 3. Some engineering properties of soil layers in
borehole No.9, Golestan park

Permeability Young Modulus

Soil Type (m/day) (kN/m2) Poisson’s ratio

CL 0.02 8000 0.4
SC-SM 0.6 15,000 0.25
CL 0.0815 8000 0.40
SP 0.727 26,000 0.35
CL 0.075 9000 0.35
SC-SM 3.46 7500 0.25
SP-SM 1.14 34,000 0.4
CL 0.065 14,000 0.4
SM 0.14 49,000 0.4
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middle point between two tunnels, but by increasing
distance between the tunnels from 16 m to 22 m,
maximum settlement point was offset toward left tun-
nel. Since drained conditions were considered, the
effect of time was not incorporated on ground surface
settlement profile.

5 CONCLUSIONS

The presented study demonstrated that good agree-
ment is available between Peck-Fujita empirical
method and numerical studies, i.e. for the presented
case, we can estimate surface settlement profile
only with tunnel geometry parameters, regardless
numerical analysis that need many geological and
engineering properties of materials. Also, for the pre-
sented case, to obtain the ground surface settlement
troughs due to twin tunnel construction in cohesion-
less soils, we can apply superposition principle with
high accuracy.
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