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ABSTRACT: This paper aims to enumerate the methods used in tunnels analysis and construction procedures,
demonstrate and evaluate the use of PLAXIS 3D tunnel program through a comparison with analytical method.
Two methods (analytical and numerical) have been used to obtain the solution of tunnel analysis. A case study
was performed for London Transport Fleet Line, located in Green Park and consists of a single tunnel.
The analytical solution carried out using the Bobet method, whereas the numerical accomplished by finite
element PLAXIS program. Two different process of numerical analysis were conducted; with and without respect
to construction process.
The settlements at the tunnel center for the analytical, numerical without respect to construction and observed
were found 7.9, 5.72 and 6.1 mm.
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BASIC ASSUMPTIONS FOR STRUCTURAL
DESIGN MODELS FOR TUNNELS IN SOFT
GROUND

The simplicity of the circular geometry and the much
simpler interaction between stiff structure and soft
ground are the reasons why, the design models for
soft ground tunneling–especially for shield-driven
tunnels–are fairly well-developed. It is even safe to
state that certain finality has been achieved. The entire
filed of possible theoretical investigations (nonlinear
behavior, creep, effect of hinges, etc.) has been covered. International consensus on the models to be
applied for designing the lining almost have been
achieved. General agreement exists on the following
basic assumptions[4]
1) For the design models of the linings it may be
sufficient to consider only a cross-section, assuming plane-strain conditions for the lining and the
ground.
2) The cross-section is circular. The stiffness of the
lining is taken as constant along the circumference.
Complete or restrained structural hinges may or
may not be considered.
3) The active soil pressures on the lining are assumed
to be equal to the primary stresses in the undisturbed
ground because the ground is soft (Fig. 1). Hence,
it is assumed that for the final stage (years after
construction), the ground will eventually return to
the same condition as before tunneling, except for
the passive stresses due to the deflection of the
lining. Changing ground water levels, traffic vibrations, etc., may be the cause of this. For the future,

monitoring results may offer the opportunity to
ascertain in which cases (e.g., type of soil and
depth of tunnel) this assumption is too conservative. Intermediate situations inflected by the driving
procedure and the placing of the supporting
elements are neglected.
4) Between the lining and the ground exists a bond,
either for radial and tangential deformations or for
radial deformations only. With this assumption, the
model complies with the equilibrium conditions
as well as with the compatibility conditions at the
boundary between lining and the ground. This is
quite different from the concept of introducing a
lining resistance, expressed in terms of a force,
where only equilibrium conditions are considered.
5) Owing to the bond between lining and ground,
the deformations of the lining results in reaction
stresses in the ground. A continuum model includes
this effect automatically. For a beam model (Fig. 1),
bedding spring with appropriate bedding module
has to be applied. Bonding at every place around
the lining results in a reduction of the “loading”
ground pressure where the lining deflects inwards.
If such “load reductions” are not intended, bedding (and the equivalent of this for the continuum
model) has to be neglected in those parts of the
cross-section where inward deformations occur,
i.e., principally at the crown (Fig. 1). The bedding
module should be defined so that full correspondence is achieved between a continuum model and
bedded beam model.
6) The material behavior of ground and lining are generally assumed to be plastic. More refined theories
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Figure 1. Bedded ring model for shallow tunnels without
tension bedding at the crown[1] . Distribution of radial displacement u, ground reaction pressure σb , hoop forces N and
bending moments M[4] .

may also include nonlinear and plastic materials
lows, which, however, in most cases require the
application of numerical methods (e.g., FEM).

2

Figure 2. Shallow tunnel[2] .

at the interface between the ground and the liner.
The following boundary conditions apply:

BOBET’S METHOD

The analytical solution of a shallow tunnel in a saturated ground has been obtained by Bobet (2001)[1] ,
with the following assumptions:
a. Circular cross-section with radius ro.
b. Plane strain conditions in a direction perpendicular
to the cross-section of the tunnel.
c. Frictionless interface between the ground and the
liner (e.g. shield driven tunnels).
d. Depth to radius ratio larger than 1.5.
e. Homogeneous and isotropic ground.
f. Poroelastic behavior of the ground and elastic liner.
g. Small thickness of the liner (i.e. liner thickness,
t << ro); and
h. Permeability of the ground small enough such
that no excess pore pressures dissipate during
construction (i.e. undrained conditions apply).
The solution must satisfy the equilibrium equations,
the strain compatibility equations, and the boundary
conditions.
A general solution has been proposed by
Timoshenko and Goodier (1970)[7] , in the form of the
Airy function ϕ:

where x, y are the Cartesian coordinates with origin
at the center of the tunnel and r, θ are the corresponding polar coordinates; σr , σθ , τrθ , Ur , Uθ , are the total
stresses and displacements in polar coordinates; σx , σy
are the total stresses in Cartesian coordinates (σ ′ is for
effective stresses); w is the gap parameter, which is the
magnitude of the radial soil displacements that occur
before the liner provides support; γb and γw are the
buoyant unit weight of the ground and the unit weight
of the water, respectively; k is the coefficient of earth
pressure at rest; h and hw are the depth of the tunnel
below the ground surface and below the water table
(Fig. 2).
Because of the assumption of short-term analysis
(i.e. excess pore pressures do not dissipate), the ground
cannot change volume (i.e. εvol = 0). For a poroelastic
material, this requires:

The stress-displacement relations for the liner are
(Flügge, 1966)[3] :

where the parameters a0 , b0 , c0 , etc., are determined
from the boundary conditions. The complete solution
is obtained by decoupling the liner and the ground and
imposing compatibility of deformations and stresses
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C and F are the compressibility and flexibility ratios,
respectively, defined as:

•

•

where E, ν are theYoung’s modulus and Poisson’s ratio
of the ground; Es , νs are theYoung’s modulus and Poisson’s ratio of the liner;As , Is are the area and moment of
inertia of the cross-section of the liner per unit length
of tunnel.
2.1

•

Short-term analysis of a tunnel in saturated
ground (no air pressure)

•

The solution of (Eqs. 2–5) determine the stresses and
displacements anywhere in the continuum (i.e. for both
ground and liner).
The ground displacements are of particular interest,
and are given by:

•

•

with

•

4

Graphical input of cross-section models: The input
of soil layers, structures, construction stages, loads
and boundary conditions is based on convenient
CAD drawing procedures.
Automatic mesh generation:The basic volume elements of the 3D finite element mesh are the 15-node
wedge elements. These elements are generated from
the 6-node triangular elements as generated in the
2D mesh.
Plates: Used to model the bending of tunnel linings,
shells, retaining walls and other slender structures.
The behavior of these elements is defined using a
flexural rigidity, a normal stiffness and an ultimate
bending moment.
Interfaces: These joint elements are needed for calculations involving soil-structure interaction. They
may be used to simulate, for example, the thin zone
of intensely shearing material at the contact between
a tunnel lining and the surrounding soil.
Tunnels: The PLAXIS 3D Tunnel program offers a
convenient option to create circular and non-circular
tunnels composed of arcs and lines. Plates and interfaces may be added to model the tunnel lining and
the interaction with the surrounding soil.
Mohr-Coulomb model: The elastic-plastic MohrCoulomb model involves five input parameters,
i.e. E and ν for soil elasticity; ϕ and c for soil
plasticity and ψ as an angle of Dilatancy. This
Mohr-Coulomb model represents a ‘first-order’
approximation of soil or rock behavior, the
solution of the Mohr-Coulomb yield functions (six
yield functions) together represent a hexagonal cone
in principal stress space.
Staged construction: This powerful PLAXIS feature
enables a realistic simulation of construction and
excavation processes by activating and deactivating
clusters of elements, application of loads, changing
of water tables, etc.
CASE STUDY

4.1 Application of analytical solution on london
transport fleet line, green park underground

3

PLAXIS 3D TUNNEL PROGRAM

PLAXIS 3D TUNNEL is a three-dimensional
PLAXIS program, developed for the analysis of
tunnels and underground constructions.
3.1

Short review of the program features

The PLAXIS 3D Tunnel is equipped with special features to deal with the numerous aspects of complex
geotechnical structures.

The Green Park Underground Tunnel was shield
driven in stiff heavily over-consolidated London clay.
The tunnel was excavated by hand with a 4.146 m
diameter shield at a depth of approximately 29 m.
A seven-segment cast-iron lining 4.07 m external
diameter, 0.6 m width and 0.1 m thickness was erected
inside the shield tailskin and water-cement grout was
injected into the cavity between the liner ring and the
excavated soil. The elastic modulus of the liner is taken
as Es = 25000 MPa and the Poisson’s ratio 0.3.
A simplified soil profile of the construction site
consisted from top to bottom of a layer of sand and
gravel down to a depth of 2 m; underneath there was
a very thick layer of stiff fissured clay where most of
the tunnel was excavated.
The groundwater level was found at a depth of
approximately 2 m. The undrained shear strength of
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Table 1.

Figure 3. Calculated and observed surface settlement at
the tunnel center[3] .

the stiff clay, obtained from unconsolidated undrained
triaxial tests, is taken for the analyses as 270 kPa. The
soil Cohesion and the Angel of internal friction were
estimated as 135 kPa and 20◦ respectively[6] .
The elastic modulus of the clay is estimated as
50 MPa (Lo et al., 1984)[5] , the Poisson’s ratio is
taken as 0.2, and the coefficient of lateral earth pressure at rest K0 is 1.5, which is typical of London
clay.
The physical gap between the perimeter of the excavation and the liner is the sum of the size of the bead
6.5 mm, and the tail void 76 mm. Lo et al. have suggested a gap parameter, w, equal to 23 mm, based
on their evaluation of the physical gap, grouting of
the tail void, and face movements; this is the magnitude of the gap parameter taken for the analytical
solution.
Figure 3 shows output results for analytical and
observed settlements.

4.2 Application of numerical solution on London
transport fleet line, Green park underground
Same case study analyzed using PLAXIS 3D
TUNNEL program.

Material properties of the London clay.
London
clay

Unit

Type

MohrCoulomb
Drained

–
–

γunsat

19.0

kN/m3

γsat

19.0

kN/m3

Eref

5.0*104

kN/m2

ν
cref
φ
ψ
k0

0.20
135.0
20.0
0.0
1.50

–
kN/m2

Parameter

Name

Material model

Model

Type of material
behavior
Soil weight above
phr. level
Soil weight below
phr. level
Young’s modulus
(constant)
Poisson’s ratio
Cohesion
Friction angle
Dilatancy angle
Coefficient of
lateral earth
pressure

Table 2.

◦
◦

–

Material properties of the lining.

Parameters

Name

Value

Unit

Material model
Thickness
Area of the cross
section
Inertia of cross
section
Specific weight
of concrete
Young’s modulus
Axial/Normal
stiffness
Flexural rigidity
(bending
stiffness)
Poisson’s ratio
Equivalent beam
thickness
Equivalent beam
weight

Model
tc
A
I
γc
E
EA
EI
ν
deq
w

Elastic
0.1
0.1
8.33*10−5
24.0
2.5*106
2.5*106
2.1*103
0.30
0.10
1.45

–
m
m2
m4
kN/m3
kN/m2
kN/m
kN/m2 /m
–
kN/m/m
–

Calculations
The calculation procedure should be as follow:
Phase 1

4.3 With respect to the staged construction

The first calculation phase is a plasticity calculation, started from the initial phase <phase 0>. Staged
construction is selected.
• Within the staged construction mode, the soil mass
at the front slice (Slice 1) inside the tunnel deactivated in order to simulate the excavation procedure,
and this assumed to take 2 days.
•

Input
The program will generate full fixities at the bottom, vertical rollers at the vertical sides and rotation
fixities at the ends of the tunnel lining in the symmetry
plane.
Three slices with 10 m length for each, has been
selected to partially simulate the tunnel construction.
The phreatic level was selected to be at a depth of
4m below the surface.
K0 = 1.5 has been used to generated the initial
stresses; it is equal for all directions.

Phase 2
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•
•

Same parameters as in the first Phase 1.
For the staged construction, activate the tunnel
lining in the first cluster (Slice 1).

Figure 5. Total displacement in 3D (shading).

Figure 4. Deformed Shape in 3D (arrows).

Simultaneously, deactivate the soil cluster in the
second slice (Slice 2).
• The whole time required to complete the second
phase assumed to be 2 days.
•

Phase 3
Same parameters as in previous phases.
Activate the tunnel lining at the soil cluster in the
second slice (Slice 2).
• Deactivate the soil cluster in the third slice (Slice
3).
• The time required for this phase was assumed to be
2 days.
•
•

Phase 4
Same parameters as defined above.
Activate the tunnel lining at the third slice (Slice 3).
Deactivate the soil cluster in the forth slice (Slice
4).
• The time required for this phase was assumed to be
2 days.
•
•
•

Phase 5
In this phase the whole tunnel was excavated and
lined, except the last slice (Slice 4) lining.
• So the last slice (Slice 4) lining activated in 1 day.
•

Output results for the last phase (Phase 5) is shown
in Fig. 4.
4.4 Without respect to the staged construction
In this condition the tunnel construction stages will be
ignored.
Then the same procedure as at the first condition
will proceed except for the calculation phases, in which
only one phase will use as follow:
The calculation phase is a plasticity calculation,
started from the initial phase <phase 0>.
• For the loading input, Staged construction is
selected.
• Within the staged construction mode, the soil clusters at all the tunnel slices (Slice 1–4) were deactivated and the lining was activated.
•

5

DISCUSSION

The case study has been analyzed two times
numerically:
1) With respect to the construction process in order to
simulate the reality,
2) Without respect to the construction process, so as
to simulate the assumption of the analytical solution in which the tunnel assumed to be constructed
simultaneously with excavation.
3) The values of the settlement in the first method
of numerical analysis were higher than the second
one, and this is due to the construction process in
which the soil clusters excavated which changed the
soil state and consequently increase the settlement
(no soil strengthening). The situation not found in
the second method of numerical analyses where the
tunnel lining assumed to support the soil clusters
at the same time of excavation.
The K0 value for the London clay is typically 1.5,
because it was heavily over-consolidated clay, and
this means that the horizontal stress is larger than
the vertical stress, this clearly appear in the second
method of numerical analysis. Small upheaval value
was recorded, as a result of that, the tunnel lining
compressed at the vertical direction.
It has been observed that the maximum values of
the settlements were found at the tunnel center:
Using the analytical formulae, the calculated values
of settlements are as follows:
The following values are deduced for calculated and
observed:
1) 7.9 mm calculated from formulae and
2) 6.1 mm observed in reality after the construction of
the tunnel at short term.
When using PLAXIS 3D Tunnel finite element
program, the following results were obtained:
1) 5.72 mm for the case without respect to the
construction process and
2) 25.1 mm when considering the construction
process.
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Figure 6. Green park under ground tunnels, settlements.

From Fig. 6 and the aforementioned results it can
be observed that the results of the three methods of
analysis (numerical analysis without respect to construction process, analytical method and observed
values) almost give the same values. When considering numerical analysis with respect to construction
process the value of the settlement at the tunnel center
show great difference from the vales of the settlements
at the other points.
The convergence between the calculated and the
numerical analysis without respect to the construction process is due to the use of same concept
and assumption in which the method of construction
omitted.
The values of the settlement in the first method
of numerical analysis is higher than the other methods, and this may be due to the construction process
followed in which the soil clusters excavated which
changed the soil state and consequently increase the
settlement (no soil strengthening).
Also it has been observed from Fig. 6 the maximum settlement value in case of numerical analysis considering the construction process is very big
compared to the other points but even though, the
remaining points are very near to the other Corresponding points in the other cases. This can confirm the justification of the difference mentioned
above.
As shown in Fig. 6 the track of the settlement in
numerical analysis is more reasonable than the analytical one, because it exhibit relatively wide difference
between the settlement at the center and at the first
point after 5 m away. Also show after 20 m – away
from the center – the settlement almost goes to zero.
On the other hand the analytical curve shows that the
settlements at the center and at the other points are
very close.

6

CONCLUSION

Based on the results of analysis in this study the
following conclusions can be summarized:
• The numerical techniques using the finite element
methods are a powerful tool of analysis and predicting future deformations of tunnels and surrounding
soil.
• The demonstrated analysis in this study carried
out using two methods; analytical (Bobet (2001)[1]
method) and numerical (finite element PLAXIS 3D
TUNNEL program).
• The PLAXIS 3D TUNNEL program provides an
easy way for the entry of the data, good presentation of output data and flexibility to obtain the
information from the output results.
• The analytical solution did not involve the method
used for the construction.
• The numerical settlement values for the case study
without respect to construction process was found
to be 5.72 mm, but when the construction process
considered the settlement value was found to be
25.1 mm.
• The probable justification for the settlements difference between the methods of numerical analysis
considering or neglecting construction process in
the aforementioned point may be due to the change
of the soil state caused by the excavation of the
soil clusters in construction which consequently
increase the settlement (no soil strengthening).
• Another probable justification is the affect of the
k0 value, when the soil excavated the heavily over
consolidated London clay returned to its normal
stress, then the value of k0 decreased to its natural range (≤1), as a result of this the settlement
decrease, especially, for the case with respect to the
construction.
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