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ABSTRACT: The available analytical predictions for tunneling-induced ground movements are usually based
on the assumptions that the ground is homogeneous and elastic. Actually, effects of soil stratification should be
taken into account. In order to clarify this problem, a FLAC3D computational model was conducted to investigate
the effect of vertical stratification in soil on the tunneling-induced ground movements. The applicability of the
presented model is verified with other available published results as well as the field case histories. Surface
settlements and lateral displacements induced by tunneling with layered soil model were compared with those
based on homogeneous soil. The results show that the stratification of soil should not be neglected in the analysis
of the tunneling-induced ground movements, especially when the soil is assumed to be an elastic medium.

1 INTRODUCTION

Tunneling process will inevitably result in ground
movements, and as a result tunnel constructions in
urban area may cause serious damage to the adjacent
preexisting buildings or public facilities. Therefore
one of the important issues of tunneling in urban
areas is the estimation of potential ground move-
ments. Methods for estimating the ground deforma-
tions due to tunneling may be classified into three
categories: empirical methods, numerical methods,
and analytical methods.

In the engineering practices, ground deformations
are often described as a normal distribution curve with
empirical formulas based on field observations (e.g.,
Peck 1969; New & O’Reilly 1991). These methods
are limited in their applicability to cope with differ-
ent ground conditions and construction techniques,
and the information they can provide is limited in the
horizontal movements and subsurface settlements.

Some attempts have been made to develop simple
closed-form analytical solutions for tunneling-
induced ground movements in clays with the assump-
tion of a uniform radial or oval-shaped ground
deformation pattern around the tunnel section (e.g.,
Sagaseta 1987;Verruijt & Booker 1996; Loganathan &
Poulos 1998; Park 2004). However, the effect of soil
stratification was not considered in these analytical
methods.

Based on the three-dimensional (3-D) nature of the
stress changes and deformations, numerical methods
such as finite element method and boundary ele-
ment method could be used to analyze the effect of
soil stratification on the tunneling-induced ground

movements (Mair et al. 1996) and 3-D finite element
simulation models for shield-driven tunnel excavation,
taking into account relevant components of the con-
struction process, have been developed (e.g., Lee &
Rowe 1991; Rowe & Lee 1992).

In order to analyze the effects of soil stratifica-
tion on tunneling-induced ground movements, a 3-D
computational model was used to simulate the tunnel
excavation in soft soil in this paper. Firstly, the factors
of the computational model taking into account the soil
stratification were described. Secondly, the simulation
of the Thunder Bay Tunnel in layered soft soil using
FLAC3D with Mohr-Coulomb material model was
carried out. The predicted ground movements were
investigated in detail. In order to check the applicabil-
ity of the proposed computational model, the results
were compared with those from Lee & Rowe (1991)
and the field data observed by Belshaw & Palmer
(1978). In the end, another simulation for the tunnel
using the elastic model was carried out. The results of
the ground movements were compared with the ana-
lytical results of Loganathan & Poulos (1998) and the
field data observed by Belshaw & Palmer (1978) and
Lee et al. (1992). The effects of soil stratification were
discussed and some suggestions for future research
were also put forward.

2 METHOD OF ANALYSIS

2.1 Simulation of the ground loss

The settlements caused by tunneling are often char-
acterized by the term “ground loss”. The main cause
to the ground loss is that there is the gap between the
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Figure 1. Definition of GAP (Lee et al. 1992).

construction section and the design section. Then the
actual ground movement at the tunnel opening section
is oval shaped.These movements can be approximately
incorporated to the volume of ground loss through the
heading and over the shield (as shown in Figure 1).
Thus the gap parameter (GAP) can be considered as
the maximum settlement at the tunnel crown, and it
may be expressed as Lee et al. (1992).

where GP = physical gap (GP = 2� + δ) that repre-
sents the geometric clearance between the outer skin
of the shield and lining; � = thickness of the tail-
piece; δ = clearance required for erection of the lining;
u∗

3D = equivalent 3-D elasto-plastic deformation at the
tunnel face; and ω = value that takes into account the
quality of workmanship.

Applying tail void grout will lead to a much smaller
value of GAP than indicated here, but this value is a
possible maximum.

2.2 Principal assumptions

The medium around the tunnel almost always exists
in the form of stratification features, and the tunnel-
ing analysis is a matter of three-dimensions rather
than two-dimension. FLAC3D is used to simulate the
tunneling-induced ground movements in this paper.
FLAC3D is a finite difference three-dimensional soft-
ware package based on the Lagrangian difference
method. FLAC3D can offer an ideal analysis tool for
solution of three-dimensional problems in geotech-
nical engineering. The assumptions of the analytical
method are presented in brief as follows.

1. A plane contact on the interface of different soil lay-
ers is assumed. The transverse movements between
the soil layers are neglected, and then the friction
force of the soil layers can be ignored.

2. The inner material is homogeneous in the same
soil layer. The influence of the ground water is
neglected.

Figure 2. 3-D model geometry used in analysis.

3. Uniform pressure is applied to the ground surface
as the external loads. The ground stress field is
generated by the gravity force.

4. The medium is simplified as the continuum, ideal
elasto-plastic material, and the Mohr-Coulomb
material model is adopted.

5. The oval-shaped ground deformation pattern is
imposed as the boundary condition at the tunnel
opening.

3 EFFECTS OF SOIL STRATIFICATION
USING ELASTO-PLASTIC MODEL

3.1 Calculation model and boundary conditions

A 3.3-km-long, 2.47-m-diameter section of the san-
itary trunk sewer tunnel in the city of Thunder Bay,
Ontario, Canada, was constructed in 1976. The tunnel
was constructed through soft clay using a tunnel-
boring machine together with a segmented precast
concrete tunnel lining. The details of tunnel construc-
tion, soil condition, and the tunnel dimensions were
published elsewhere by Belshaw & Palmer (1978) and
Lee & Rowe (1991).

Because of the symmetry of the structure and the
influence range of the tunnel excavation, only half the
tunnel is considered. The depth from the ground sur-
face to the tunnel axis is 10.7 m. The model geometry
is 30 m long (y direction), 25 m deep (z direction) and
20m wide (x direction). Figure 2 illustrates the 3-D
mesh used in this analysis. There are 21240 elements
and 23464 nodes. The lateral and bottom surface of
the model are displacement boundaries. The model is
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fixed in the horizontal direction at lateral surface, and
the vertical displacement is limited at the bottom sur-
face.The top surface of the model is the ground surface
and is free in all directions.

For the Thunder Bay tunnel, the estimation of the
gap parameter proposed by Lee et al. (1992) has been
used and the physical gap GP is 90 mm.The calculation
has two stages. Firstly, the radial oval displacement as
a boundary condition is applied on the tunnel crown.
The 3D movements ahead of the face into the zone to
be excavated can then be determined, and then u∗

3D can
be evaluated and used to calculate the total gap GAP.
Secondly, the model based on the tunnel diameter
2R + GAP, is established. The radial oval displace-
ment as a boundary condition is applied on the tunnel
crown. Hence the ground settlements and the lateral
displacement around the tunnel can be simulated.

In this study, the structural behavior of the tunnel
shield and lining are neglected. In order to ensure the
accuracy of the simulation, three cases are assumed.

1. The tunnel is assumed to be excavated under per-
fect alignment, and the tunnel machine is pressed
hard against the face so that 3-D movement will be
minimized.

2. Full release of axial stress at the tunnel face is
assumed, which would result in the full develop-
ment of 3-D ground loss ahead and over the tunnel
shield.

3. The excavation of the tunnel is the instantaneous
excavation, and the interrelationship between the
supporting and lining of the tunnel is neglected.
Results of the ground movements (surface and
sub-surface settlements, lateral displacement) from
the numerical simulation are defined as the final
ground movements after the tunnel excavation.

3.2 Comparison with observed results and other
numerical methods

In this section, the soil is assumed to have an elastic-
perfectly plastic constitutive relationship and a Mohr-
Coulomb material model. The silt and silty sand strata
for the tunnel are divided into four sublayers accord-
ing to the data in Lee & Rowe (1991). The layers were
assigned soil parameters on the basis of soil densi-
ties, laboratory testing, and empirical correlations with
SPT data. The parameters adopted for these materials
in the present analysis are based on the research of
Lee & Rowe (1991) and summarized in Table 1. The
material parameters for the uniform soil model are the
average values of the four layers respectively.

Results from the presented analysis were compared
with those from Lee & Rowe (1991) as well as field
measurements recorded by Belshaw & Palmar (1978).
The analysis model used by Lee & Rowe (1991) was
also based on elasto-plastic constitutive relationship.

Figure 3. Surface settlement troughs at various distances
from tunnel face.

3.2.1 Surface settlement along transverse section
The development of transverse surface settlement
troughs (i.e., settlement profile along the ground sur-
face perpendicular to the direction of tunneling) for
various calculation methods at 2.2 m behind the tunnel
face are shown in Figure 3.

The shape of surface settlement troughs calculated
with layered soil model is consistently slightly wider
than the observed troughs, and its values are approx-
imate to the results from Lee & Rowe (1991). From
the curves, the settlement values based on the uniform
soil model slightly underestimate the values based on
the layered soil. Figure 3 shows that consideration in
lamination of the soil has only a small effect on the
calculated surface settlement trough.

3.2.2 Variation of lateral displacement
The lateral displacement values when the tunnel face
was 15 m away from the monitoring points are shown
in Figure 4. The monitoring data are 2.2 m away from
the vertical centerline of the tunnel.The present results
based on the layered soil are very similar to those
obtained by Lee & Rowe (1991) using the 3-D finite
element analysis.The results from the two methods are
in good agreement with the field data. From the curves
in Figure 4, the horizontal movement values based
on the uniform soil model greatly underestimate the
field data above the tunnel horizontal centerline, and
the latter are almost 1.5 ∼ 8 times larger than the for-
mer. Under the tunnel horizontal centerline, the lateral
displacements based on uniform soil model decrease
rapidly and are close to those based on layered soil
and the field data. As well known, the lateral dis-
placement above the tunnel centerline has an important
influence on the movement of structures located close
to the tunnel. Figure 4 shows that consideration of
soil lamination has a significant effect on the lateral
displacement.
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3.2.3 Variation of subsurface settlement with depth
above the tunnel axis

The observed and calculated subsurface settlement
distributions with depth at 15 m from the tunnel face
are shown in Figure 5. Results based on the layered
soil are very close to the results obtained by Lee &
Rowe (1991), and they are also in good agreement
with the field data. The settlement values based on
the uniform soil model underestimate the field data in
the whole measurement field, and the latter are almost
1.06 ∼ 1.30 times larger than the former.

Figure 4. Lateral displacement 15 m behind the tunnel face.

Figure 5. Subsurface settlements with depth above tunnel
axis.

Table 1. Mechanical parameters of materials.

No. Description of soil layers Thickness (m) γ (kN·m−3) Eu (MPa) Eb (MPa) c (kPa) ϕ (o) K0

1 Peat 1.0 14.00 12.3 213.0 39 30 0.5
2 Loose silty sand 7.0 19.77 15.4 119.3 40 32 0.52
3 Silty clay 5.2 17.45 9.2 110.5 29 26 0.88
4 Varved clay 11.8 18.70 32.0 240.0 59 34 0.8

Notes: γ—unit weight of soil; Eu—shear modulus; Eb—bulk modulus; c—cohesive strength;
ϕ —internal friction angle; K0—coefficient of static earth pressure.

From the above analyses, results from this model
taking into account the stratification of the soil are in
good agreement with those obtained by Lee & Rowe
(1991) as well as the field data, and more accurate than
those based on the uniform soil model. Therefore the
FLAC3D model established in this paper proves to be
reasonable and reliable for the simulation of tunneling-
induced ground movement.

4 EFFECTS OF SOIL STRATIFICATION
USING ELASTIC MODEL

Loganathan & Poulos (1998) redefined the ground
loss parameter with respect to the gap parameter
and incorporated this into the closed form solution
derived by Verruijt & Booker (1996). The proposed
approach tended to overpredict the ground loss param-
eter for tunnels in soft clay, and the predicted surface
settlement troughs were wider than the field obser-
vations. Nevertheless, in general, the observed and
calculated settlement and horizontal movement are in
good agreement for tunnels in uniform clay. However,
the applicability of the solution based on uniform soil
model should be discussed when it was applied to
layered soils.

In this section, the soil is assumed to have a linear
elastic constitutive relationship. The ground around
the tunnel is also divided into four sublayers. The
parameters adopted for these materials in the present
analysis are summarized in Table 1. The material
parameters of uniform soil model are the average
values of the four layers respectively.

Results from the present analysis are compared with
those from Loganathan & Poulos (1998) as well as
field measurements recorded by Belshaw & Palmar
(1978) and Lee et al. (1992). The effects of the strat-
ification of the soil on the ground movements are
analyzed in the following.

4.1 Surface settlement along transverse section

Settlement results from this calculation, Loganathan &
Poulos (1998) and the field data (Lee et al. 1992) are
shown in Figure 6. Apparently, the values predicted
by Loganathan & Poulos (1998) overestimate the field
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Figure 6. Surface settlement troughs at various distances
from tunnel face.

data. The values based on the layered soil underes-
timate the values predicted by Loganathan & Poulos
(1998) and are close to the field data despite the fact
that they are slightly greater than the field data. From
the curves, the settlement values based on the uniform
soil model are greater than the values based on the
layered soil in most areas and the trough of the for-
mer is obviously wider than that of the latter. But the
maximum settlements obtained by this model under-
estimate the value obtained by Loganathan & Poulos
(1998) and the field data at the tunnel crown.

4.2 Variation of lateral displacement

The values of the lateral displacements monitoring
points are shown in Figure 7. The values obtained by
Loganathan & Poulos (1998) overestimate the field
data (Belshaw & Palmer 1978) within the depth range
from 5 m to 15 m. The values based on the layered soil
are in good agreement with the field data. From the
curves, when adopted the uniform soil model, the val-
ues are less than the field data at the range of depth
from 0 to 7 m, and close to the field data at the range
of depth from 7 m to 11 m and greater than the field
data at the range of depth from 11 m to 25 m. Figure 6
shows that the prediction of the ground lateral dis-
placements based on the layered soil model is better
than the uniform model.

4.3 Variation of subsurface settlement with depth
above the tunnel axis

The results of the subsurface settlement above the
tunnel centerline are shown in Figure 8. The values
obtained by Loganathan & Poulos (1998) underesti-
mate the field data (Lee et al. 1992) greatly in spite
that the trends of both profiles are similar. The present
results based on layered soil show larger values for
the surface settlement than those from Loganathan &
Poulos (1998) and close to the field data except that

Figure 7. Lateral displacement 15 m behind the tunnel face.

Figure 8. Subsurface settlements with depth above the
tunnel axis.

there is an error of 7 ∼ 11 per cent at the range of depth
from 0 to 2 m. At other depths the error is less than 5
per cent.The subsurface settlement values based on the
uniform soil model obviously underestimate the field
data and there is an error of 20 ∼ 30 per cent between
them.

5 CONCLUSIONS

A FLAC3D computational model for simulating the
displacement caused by excavation of theThunder Bay
tunnel has been performed, and the effects of the strat-
ification of the soil on the tunneling-induced ground
movements are analyzed sufficiently.

Results from the model based on layered soils are in
good agreement with those obtained by Lee & Rowe
(1991) as well as the field data. Comparatively, results
disregarding the stratification of the soil will have dis-
tinct errors. Consequently, in engineering practice, the
stratification of soils should not be neglected in the
analysis of the tunneling-induced ground movements.
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Furthermore, the results based on the elasto-plastic
model can simulate the deformation curves better than
those based on the elastic model.

Based on the elasto-plastic model, the analysis
results showed that the soil stratification has very few
effects on the ground surface settlement, but it has
greater effects on the ground lateral displacement and
sub-surface settlement.

While based on the elastic model, the analysis
results showed that the soil stratification has some dis-
tinct effects in the ground surface settlement, lateral
displacement and sub-surface settlement respectively.

In order to obtain more reasonable analytical solu-
tion to the tunneling-induced ground movements, it
is necessary to incorporate the stratification of soils
into the analytical solution proposed by Loganathan &
Poulos (1998).
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