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ABSTRACT: The hydro-mechanical incidents that occur at the vicinity of the Tunnel Boring Machine
(TBM) affect the ground settlement and the structural forces in the lining. In other words, the generation
and dissipation of excess pore pressure in conjunction with the mechanical pressures in the grout mortar
and surrounding soil significantly influence the process of the fluid flow around the tunnel. In addition,
the mechanized tunneling process induces volume loss around the tunnel that triggers a stress redistribution. The main challenge in the design of tunnels in saturated soil is how to adequately simulate the
volume loss and backfill grouting. Therefore, this research studies the influence of the numerical simulation technics along with idealized assumptions to address the stress redistribution and HM interactions
around the tunnel on the model responses. Based on the results, depending on the expected level of accuracy for a given model response, appropriate technique can be chosen.
1

INTRODUCTION

Comfortable transportation in urban areas with
high population is a challenging problem to be
solved worldwide. Although this problem mainly
deals with the extensions in surface traffic systems, tunneling is an effective alternative that can
ease development of underground transportation without imposing conjunctions to the roads,
railways, buildings and other structures on the
ground surface. However, the tunnel excavation
process can induce ground subsidence (Lavasan
et al. 2016). To minimize the ground movements,
shield tunneling and specifically mechanized tunneling approach has been proposed and broadly
employed in tunneling projects as a common
tunneling practice in urban areas. Therefore, to
reduce the interference between the tunneling
process and the surface structures, the Tunnel
Boring Machines (TBM) are modified to limit the
stress redistribution and volume loss at the excavation zone by a series of mechanical and hydraulic interactions with the subsoil such as backfill
grouting. In grouting process, the mortar grout is
injected into the annular gap at the tail void to
avoid local collapse of the drilled area towards
the extrados of lining with slightly smaller out
diameter. When the tunneling is conducted in a
dry soil, the grout pressure can be considered as a
mechanical load that is applied to inner boundary

of drilled hole. However, the process becomes
more complicated in case of tunneling in areas
with high ground water table.
With advancements in computational capacities, numerical simulation techniques such as
Finite Element and Finite Difference Methods
(FEM and FDM) have become favorable and
useful tools to assess and design the geotechnical problems. Despite the popularity of numerical
methods, realistic simulation of the construction
stages especially in case of hydromechanical interactions is a challenging issue that can affect the
quality of the predictions while the unrealistic
simulations may jeopardize the safety. Thus, this
research aims at investigation of the influence of
different idealizing assumptions to simulate the
stress redistribution and volume loss (e.g. stress/
deformation release) and consecutive mechanical
or hydromechanical tail void backfilling (e.g. pressure boundary in the annular gap, hydraulic pressure and its corresponding consolidation) on the
ground settlement, excess pore pressure variation
and structural forces. The main objective of this
study is to (a) point out that different numerical
techniques lead to different results and depending on the objective of the calculation, proper
assumptions should be made in the modeling and
(b) certain key aspects have to be considered for a
realistic simulation of mechanized tunneling process and it corresponding interactions with the soil.
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1.1

2

Previous works on tunneling in saturated soils

The mechanical and hydraulic characteristics of
the subsoil affects the time-dependent excess pore
pressure distribution around the tunnel. Former
studies showed how the physical and mechanical
properties of the materials affect the interactions
between Tunnel Boring Machine (TBM) and the
surrounding soil (Zienkiewicz et al., 1999; Finno
and Clough, 1985). These interactions are mainly
addressed in the literature by assuming extremely
idealized conditions such as fully drained (Vermeer
et al., 2002; Dias et al., 1999; Zhao et al., 2014) or
undrained conditions (Franzius and Potts, 2005;
Schuerch and Anagnostou, 2013). However, the
observations indicate a coupled hydromechanical
process where permeability of the soil and mortar
grout and their evolutions during the excess pore
pressure dissipation can play a crucial role (Adachi
et al., Kasper and Meschke, 2004).
Several studies and site observations have shown
that an over-excavation is induced by the cutter
head. In addition, the conicity of the TBM along
with the convergence of the underground opening boundary causes a volume loss. This tunneling
induced volume loss has been interconnected to
settlement trough on the ground surface (Potts
and Zdravkovic, 2001; Pickhaver, 2006; Vermeer
et al. 2002). With the advancements in mechanical
engineering, the volume loss is restricted in a range
of 0.2% to a maximum of 1.5% for mechanized
tunneling while the 0.5% is the most likely value
nowadays (Dias and Bezuijen, 2015). Former
studies show that there are different numerical
techniques to numerically simulate this volume
loss and its corresponding stress redistribution
in the soil such as alpha, beta, gamma methods,
prescribed contraction in lining (radial inward
deformations), and applying the grouting pressure
as mechanical load among many others. However,
the hydraulic responses of the model due to these
methods has not been addressed in the literature.
Kasper and Meschke (2004) revealed that considering the evolution of the stiffness in mortar
grout can affect the structural forces in lining elements obtained from numerical simulation.
In addition, most of the researches assume
that the lining segments are erected at the center
of the drilled hole; however, this might not be
representing the reality where the TBM seats on
the invert of the excavated opening due to gravity. If a high grouting pressure is not applied at
the tail void, the tunnel shaft also seats on the
invert otherwise, the distribution of high grout
pressures may lead to buoyancy, moving the ring
upwards. However, this study concerns the first
case where the tunnel permanently seats on the
opening invert.

NUMERICAL SIMULATIONS

2.1 Material properties
The numerical simulations have been carried out by
the use commercially available finite element package PLAXIS2D. The Hardening Soil (HS) model is
employed to simulate the soft subsoil. The readers
are referred to Schanz et al. (1999) for more details
about the HS model. The mechanical behavior of
the mortar grout is represented by linear elastic
model. The lining elements are simulated by the
use of 2D plate element in conjunction with linear
elastic constitutive model.
As this study mainly deals with the
hydromechanical-coupled analysis, the flow boundary conditions and the initial permeability of the
materials (e.g. soil and mortar grout) should be
carefully considered to evaluate the mechanical and
hydraulic responses in the system. As shown in the
literature, the permeability of cement-base mortar
is dependent on the water/cement (w/c) ratio in the
grout mixture. Apparently, using grout with w/c
ratio higher than 1 results in too fluid mixture that
takes long time to sufficiently harden (Lindstrom
and Kevin, 2005). However, w/c ratio below 0.4 to
0.5 leads to low and irrelevant workability of the
grout (Peila et al., 2011). Accordingly, the w/c ratio
of 0.4 that corresponds to a permeability of 2×10–14
m/sec after grout hydration process (long-term permeability) is considered in present study. The variation of the permeability with the hydration is not
considered in present study.
The parameters of the subsoil used in this
research are tabulated in Table 1. In all calculations, to address the evolution of permeability in
soil during the consolidation due to compression
of the soil in accordance with PLAXIS, permeability parameter (ck) for the subsoil is assumed to be
equal to 1.0 while the initial void ration (e0) is 1.2.
For more information about the concept of permeability evolution in PLAXIS that is used in this
study, the readers are referred to Taylor (1943). It
is to be noted that the lateral earth pressure coefficient K0 is determined based on Jaky’s equation
(K0 = 1-sinϕ). The mechanical characteristics of
the plate elements use to simulate the linings are
represented in Table 2.
As the grout is injected in a fluid phase, it behaves
as an incompressible liquid with very low stiffness.
Table 1.
E50ref
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However, the stiffness evolves with hydration while
the Poisson’s ratio of the grout also evolves with
the transformation of the grout phase from fluid
to solid. Figure 1 shows the evolution patterns for
grout stiffness and Poisson’s ratio in present study.
The mechanical boundary conditions in the
model are defined by restricting the normal displacements on the outer sides of the model. The
size of the model is assumed to be large enough
(100 m × 100 m) to assure no influence of the
boundary conditions on the model responses.
The diameter of the tunnel (D) is assumed to be
equal to 8 m with an embedment depth of 12 m
(1.5D) at the tunnel crown. To define the hydraulic
boundaries, the side boundaries of model and as
well as the lining elements are assumed to be closed
against inflow and outflow while the bottom of the
model is considered to be open.
To avoid imposing excessive restriction to the
contact between lining elements and the mortar
grout as well as the subsoil and grout, interface
element has been generated between these different materials while the interface element obeys the
mechanical properties of the weakest material in
the contact without applying strength reduction
(Rint = 1).
As mentioned before, the thickness of the overexcavation zone is in the range of 2 to 5 cm. However, the local collapses and stress redistribution
extend the thickness of zone that is affected by excavation. Accordingly, the soil around the tunnel gets
looser. In addition, the grout’s fine particles infiltration into the surrounding soil and this process
Table 2.

Mechanical properties of lining elements.

Parameters

Value

Axial stiffness (EA)
Bending Stiffness (EI)
Weight
Poisson’s ratio

7.8 × 106 kN/m
40.9 × 103 kN.m2/m
6 kN/m/m
0.15

Figure 1.

Evolution of grout parameters with time.

also changes the permeability of tunnel bedding in
a zone that is wider than the over-excavated area.
In addition, it might be very idealistic to assume
that the erected lining stands exactly at the center
of this zone. In practice, the front of TBM typically
seats on the invert of the excavated opening due to
its weight. Closer to the TBM tail, the orientation
of the shield and lining depends on the grouting
pressure where a low to medium grouting pressure
at the tail void, the TBM remains horizontal and
the tunnel shaft also seats on the invert. Apparently,
the distribution of high grout pressures might lead
to buoyancy, moving the ring upwards. To address
all these aspects in the present study, as shown in
Figure 2, it is assumed that the thickness of the
grouting and infiltration zone is equal to 5 cm
beneath the tunnel (at the invert) while the thickness
of this zone is assumed to be equal to 30 cm at the
tunnel crown.
2.2 Scenarios to simulate the tunnel near field
As mentioned before, there are different methods
to simulate the stress redistribution, volume loss
and the backfill grouting at the tail of TBM. To
investigate some of these approaches, the following scenarios with different levels of sophistication
have been taken into consideration:
1. Stress release method: 20% stress release in the
unlined tunnel system due to stress redistribution that is followed by installation of the lining
(also known as beta method). The grouting and
infiltration zone is not simulated in this scenario
and the consolidation during construction is
not considered in this scenario (undrained).
2. Soil stiffness release method: soil stiffness
reduction in the drilling zone before the excavation (20% stiffness reduction) that is followed

Figure 2.
model.
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The geometrical scheme of the numerical

3.

4.

5.

6.

7.

by drilling and lining installation. The grouting
and infiltration zone is not simulated in this scenario and the consolidation during construction
is not considered in this scenario (undrained).
Mechanical pressure boundary to stabilize
drilled zone: stabilizing the drilled unlined tunnel by applying mechanical normal load and
then lining installation and activation of the
mortar with its final stiffness and Poisson’s
ratio. In this scenario, the pore pressure in the
grouting zone is not separately specified. The
grouting and infiltration zone is not simulated
in this scenario and the consolidation during
the construction stage is neglected (undrained).
Deformation release: applying uniform contraction factor of 0.25% to the lining element
to simulate the volume loss around the tunnel. The grouting and infiltration zone is not
simulated in this scenario and the consolidation during the construction stage is neglected
(undrained).
Mechanical pressure boundary to both stabilized drilled zone and confine lining element:
stabilizing the unlined tunnel with mechanical
load that is followed by lining installation and
grout injection while the grout pressure on the
lining is also applied as uniform mechanical
confining pressure that acts on the outer side
of the lining element. To avoid tensioning the
hardened mortar in this scenario, the mechanical pressure boundary is applied along with very
low mortar stiffness E = 1,000 kPa (fluid phase)
and then the mechanical loads are removed and
the final stiffness of the mortar E = 500,000 kPa
(solid phase) is assigned to the grout volumetric
elements. The consolidation during this process
is neglected (undrained).
Artificial lining stiffness release: first activation
of the lining elements with reduced stiffness
(axial and bending stiffness equal to 0.5% of the
real values) and allowing the stress redistribution
and local deformations around the tunnel and
then assigning the realistic stiffness to the lining
element along with the final stiffness of grout
(i.e. solid phase) where the grout is simulated
as volumetric element. This scenario does not
account for consolidation during construction.
Time dependent HM pressure boundary with
grout stiffness evolution: the undrained soil
drilling and lining installation are followed
by a time dependent evolution of the stiffness
and Poisson’s ratio of the grout within a time
dependent coupled flow-deformation analysis
where the excess pore pressure dissipates with
time while the mechanical properties of grout
evolves in accordance with Figure 1. Since the
grouting is considered as a hydromechanical
process in this scenario, a constant hydraulic

Figure 3. Time dependent variation of the hydraulic
boundary condition and grout hydraulic pressure and its
corresponding excess pore pressure in scenario (7).

pressure of 200 kPa is applied for 2 hours to the
volumetric elements in the grouting zone. To
simulate generation of excess pore pressure in
the fluid mortar during grouting, the hydraulic
boundaries in the volumetric element representing the grouting zone are assumed to be closed
for 1 hour (constant volume) while an extra
hydraulic pressure is applied to the grouting
cluster. This mainly represents the drilling time
where the grout pressure is kept constant. After
1 hour, the hydraulic boundary of the grout elements turned to open to allow dissipation of
the excess pore pressure in grouting zone. The
variation of the boundary conditions and the
hydraulic pressures with time is shown in Figure 3. The dashed line in Figure 3 represents
the evolution of the excess pore pressure in the
grouting zone obtained from numerical calculations. It is to be noted that the permeability
and the unit weight of the mortar mixture are
assumed to remain constant during the grout
hardening process.
Since an arbitrary use of abovementioned
numerical simulation approaches can result in
different volume losses around the tunnel and
therefore the incomparable ground settlements
and structural forces, a series of trial analyses have
been conducted to determine the comparable controlling parameters (i.e. stress and deformation
release factors, soil and lining stiffness reduction
factors, and the mechanical boundary pressures)
in different scenarios. Apparently, these comparable controlling parameters have chosen in a
manner to induce identical volume losses around
the tunnel. In scenarios 1 to 6, the undrained
construction phase is followed by a consolidation phase to a minimum excess pore pressure of
1 kPa. However, scenario 7 concerns a fully coupled hydromechanical (flow-deformation) analysis
has been conducted to address both construction
and consolidation stages. Scenario 7 is defined
based on the findings of Bezuijen et al. (2004) that
showed the grout pressure can remain almost con-
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stant about 30 minutes and afterwards, the pressure starts to decrease while it vanishes in about
1 hour after drilling. Although the time scale
strongly depends on the type of the soil, the speed
of drilling, standstill period and may vary from
one project to another, the nature of its variation
is similar.
3
3.1

RESULTS AND DISCUSSIONS
Ground settlement

As a successful mechanized tunneling leads to negligible vertical settlements at the ground surface, it
is important to study how the numerical simulation technique can affect the predicted settlement
profile at the ground surface. Figure 4 shows the
deformation profile at the ground surface at the end
of construction and after consolidation for different scenarios. As seen, the method that is employed
to simulate the volume loss and the hydromechanical interactions between the tunnel and the surrounding soil has a significant influence on the
shape and size of the settlement trough. The comparison between the settlements at the end of construction with the end of consolidation reveals that
depending on the intensity of the excess pore pressure generated within the construction phase, the
contribution of the consolidation to the ground settlement varies. Obviously, simulation of the tunnel
induced volume loss with stress release in unlined
tunnel (scenario 1) and deformation release (scenario 4) induces larger maximum settlement on the
ground surface. Obviously, the maximum ground
settlement at the end of consolidation analysis
has also been significantly increased for these two
scenarios.
According to Figure 4, it seems that the dissipation of tunneling induced excess pore pressure has
a limited influence on increasing the ground settlement above the tunnel.
The variation of the ground settlement during the
time dependent construction stage and the consolidation analyses is shown in Figure 5. As seen, scenario 7 that captures the hardening of the grout and
the excess pore pressure generation (time dependent
HM pressure boundary) in accordance with grouting
process results in smaller ground settlements in comparison with the average of the other approaches. In
Figures 4 and 5, it is obvious that the consolidation
analysis to a minimum excess pore pressure of 1 kPa
leads to a slight upheave on the ground surface at
a horizontal distance of 6 m (0.75D) from tunnel
sides and beyond in most of the scenarios. A more
in detail investigation of the model responses indicates an interrelation between the surficial upheaves
and the lateral deformations of the tunnel lining. In
order to assess this issue, the deformations of the

Figure 4. Ground settlement profile for different
numerical simulation techniques.

Figure 5. Ground settlement profile in accordance with
considering the time dependent hardening of grout (scenario 7).
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lining segments after construction and consolidation
phases will be studied in the next sections.
3.2

Time dependent lining deformations

Due to the variation of effective stress state around
the tunnel lining with time during construction
and post-construction phase (due to generation
and dissipation of the excess pore pressure), the
deformations in the linings also vary with time.
The deformations in the tunnel lining can have 3
different consequences as:
a. changing the stress distribution regime in soil
(specially the horizontal stress)
b. inducing additional volume loss in the soil
around the tunnel
c. structural failure in the lining.
Accordingly, investigation of the lining deformations during and after construction is one of
the most crucial concerns in design of tunnels
and structural linings (Zhao et al. 2017). With
respect to the importance of lining deformation
on the system behavior, the “not scaled” shape of
the installed lining elements in combination with
the scaled deformed shape of the lining (scaled
factor = 100) due to undrained construction and
consolidation for various scenarios are shown
in Figure 6. As seen, depending on the method
of numerical simulation, two different modes of
deformations are observed as:
a. uniform or non-uniform contraction of lining
b. compression of the lining in vertical direction
and extension in horizontal direction
The results shown in Figure 6 indicate that
although the dissipation of the excess pore pressure
does not change the mode of deformation of the tunnel, it amplifies the compression and extension in different directions. The increase in the deformations in
vertical direction contributes to additional settlement
on the ground surface at the tunnel center. However,
the horizontal extension of the tunnel horizontally
pushes the soil in the vicinity of the tunnel sides and
forms a passive zone that tends to upheave towards
the surface. The mode of deformations in the lining
elements, clearly explains the most probable reason
for the surficial upheave on the ground surface at the
sides of the tunnel in numerical simulations.
3.3

Excess pore pressure in the system

As mentioned before, the generation and dissipation
excess pore pressure around the underground opening is an issue that not only governs the tunnel design
due to ground settlements and structural forces, but
also specifies the details of construction and hazard
during the construction and in exploitation periods.

Figure 6. Lining deformations after construction and
consolidation (gray: not scaled shape of tunnel, black:
scaled deformed shape after construction, red: scaled
deformed shape after consolidation).

Figure 7 represents the pattern of excess pore
pressure and suction generation around the tunnel
at the end of construction phase.
The idealized assumptions that we engineers
make to simulate the hydromechanical interactions
in the proximity of the tunnel affect the accuracy
of the numerical prediction for excess pore pressure generation and dissipation due to tunnel excavation. Thus, this section aims at evaluation of the
excess pore pressure and suction generation in the
soil after the construction stage and assessment of
the quality of numerical predictions with different
scenarios in terms of hydraulic incidents around
the tunnel.
As shown in Figure 7, the dissipation of the
excess pore pressures for different scenarios (with
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Figure 7. Excess pore pressure and suction in the subsoil (red: maximum suction 50 kPa, blue: maximum
excess pore pressure 50 kPa).

different levels of simplification) takes about 4.5
years if the permeability of the grouting zone is
not distinctly simulated as volumetric elements
(i.e. lining is in direct contact with subsoil). For the
models that account for the mechanical properties
and permeability of the mortar grout within volumetric elements for grout, the consolidation stage
(excess pore pressure below 1 kPa) takes between
12 to 20 years depending on the level of the excess
pore pressure in the mortar and subsoil. However,
the consolidation in the mortar grout takes place
faster when higher permeability (k > 10–14 m/sec)
is assigned to the grouting zone. This process can
be better illustrated in Figure 8 that represents the
pore pressure/suction distribution in the system for
scenario 7 (i.e. the time dependent HM boundary
pressure with capturing evolution of stiffness for
grout) at different time scales.

Figure 8. Excess pore pressure and suction in the subsoil and grouting area considering hardening and consolidation in mortar (red: 75 kPa excess pore pressure;
blue: 30 kPa suction).

As seen in Figure 8, the excess pore pressure
remains constant in the grouting zone due to injection process as earlier showed in Figure 3. After
1 hour, the excess pore pressure in the grouting zone
starts to dissipate while the pore pressure in the surrounding soil remains almost unchanged. Within
2 days after the construction, the maximum excess
pore pressure at the tunnel sides and the maximum suction at the tunnel crown and invert slightly
decreases. In 28 days, although the excess pore pressure dissipation is still proceeding, the hydraulic

167

regime around the tunnel reaches a steadier state in
comparison with earlier time scales. However, the
excess pore pressure in the grouting area is still at a
high level. The consolidation analysis after 28 days
when the grout is fully hardened shows that the dissipation of the excess pore pressure to a minimum
excess pore pressure of 1 kPa lasts about 20 years.
Accordingly, the hydromechanical process around
the tunnel and its corresponding deformations in the
system can be considered as a long-time procedure.

Table 4. The short and long terms bending moments in
the lining elements.
Scenario

Stage

Mmax(kN/m/m)

Mmin(kN/m/m)

1

i
ii
i
ii
i
ii
i
ii
i
ii
i
ii
i
ii

27.26
43.99
33.55
48.87
9.05
34.52
34.17
47.61
25.78
46.94
9.11
30.68
35.37
50.49

-28.11
-46.88
-33.82
-48.40
-8.85
-36.84
-36.74
-51.03
-26.08
-47.37
-9.39
-31.67
-35.60
-52.52

2
3
4

3.4

Structural forces in the lining

According to the results showed in previous sections, the system behavior at the end of construction can be completely different from long time.
Therefore, this section intends to study the structural forces (e.g. axial forces and bending moments)
in the lining element at the end of construction and
consolidation phases.
The variation of the lining axial forces at the end
of construction (short term) and after the consolidation (long term) for different scenarios are shown
in Table 3. As seen, the full dissipation of the excess
pore pressure causes an increase in the axial lining
forces about 10%. Beside the fact that scenarios 1
and 4 (stress release and deformation release methods) underestimate the axial forces, other numerical
scenarios show a fairly good agreement. As mentioned in Table 3, applying contraction to the lining
element (deformation release method) to simulate
the volume loss induces a remarkable tension in the
lining at the crown of the tunnel. However, none of
the other methods yield to same conclusion. Accordingly, predicting the axial forces on the lining based
on applying a uniform contraction to the lining element requires more investigation to assure the reliability of the predicted forces. Generally speaking, the
increase in the axial lining forces due to dissipation of
the excess pore pressure can be attributed to increase
in the confining effective stress acting on the lining.
The variation of the bending moments in the
lining elements after construction (short term) and
Table 3.

The short and long terms axial lining forces.

Scenario

Nmax_Construction
(kN/m)

Nmax_Consolidation
(kN/m)

1
2
3
4
5
6
7

221.2
269.4
256.8
145.7*
270.5
251.7
257.4

240.5
285.9
273.6
150.9**
280.4
269.6
277.2

*tension is developed at the tunnel crown -139.4 kN/m.
**tension is developed at the tunnel crown -89.1 kN/m.

5
6
7

i) end of construction/lining installation.
ii) end of consolidation (excess pore pressure below 1 kPa).

consolidation (long term) is tabulated in Table 4. As
seen, as the negative and positive bending moments
are very close, it can be concluded that the bending moments are distributed almost uniformly in
the lining element. Similar to the axial forces, the
bending moments also increase with dissipation of
the excess pore pressure. Such an increase can be
interpreted by the excessive compression (in vertical
direction) and extension (in horizontal direction)
deformations in the lining (as shown in Figure 6)
due to redistribution of the effective stress around
the tunnel with consolidation. As seen, the results
obtained from scenarios 2, 4 and 7 are in an excellent agreement. Scenarios 1 and 5 showed less
bending moments in the lining where the values are
still comparable with the other scenarios.
Based on Table 4, the questionable bending
moments are obtained when scenarios 3 and 6 are
employed in the numerical simulations. Apparently,
scenario 3 (i.e. mechanical boundary pressure to
stabilize the excavation void) a perfect stress transfer from the soil body to the structural element does
not take place and the realistic normal stress distribution on the lining cannot be addressed. However,
this problem is simply solved by applying identical
mechanical boundary pressure that acts as confinement on the outer surface of lining (scenario 5). In
scenario 6 (i.e. artificial lining stiffness release), the
bending moments cannot be accurately predicted
while the volume loss and stress redistribution in the
soil is simulated by an artificial decrease in the stiffness of the lining. Therefore, this method is unable
to realistically estimate the bending moments. This
is one of the deficiencies of this method that is also
known as delta method.
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4

CONCLUSION

In this paper, the influence of the numerical methods to simulate the volume loss, stress redistribution and backfill grouting on the model responses
such as ground settlement, lining deformation, pattern of excess pore pressure and structural forces in
the lining elements were comprehensively studied.
In order to achieve this aim, different numerical
strategies were considered in 7 scenarios with different levels of complexity and sophistication. The
results obtained from numerical analyses indicated
that each of these methodologies showed particularly the limitations, advantages and deficiencies
of each method. Although the observations on
the short-term ground settlements revealed a common trend for most of the numerical simulation
techniques that considered in this study, the long
terms deformations and lining forces found to be
significantly affected by the method of simulation. Accordingly, the decision on the method for
numerical simulation should be made with a careful attention to the desired outputs of the numerical model and the capability and limitations of
each method. For instance, a given simple method
might be sufficient for prediction of the ground
settlement but it would not necessarily predict the
lining deformations and/or forces realistically.
In addition, it is realized that the most sophisticated numerical scheme that addresses the
hardening, the hydraulic grouting pressure and
consolidation in the grouting zone can sufficiently
predict all the model responses which are studied
in this research.
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