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a b s t r a c t

Severe shield jamming events have been reported during excavation of Uluabat tunnel through adverse
geological conditions, which resulted in several stoppages at advancing a single shielded tunnel boring
machine (TBM). To study the jamming mechanism, three-dimensional (3D) simulation of the machine
and surrounding ground was implemented using the finite difference code FLAC3D. Numerical analyses
were performed for three sections along the tunnel with a higher risk for entrapment due to the
combination of overburden and geological conditions. The computational results including longitudinal
displacement contours and ground pressure profiles around the shield allow a better understanding of
ground behavior within the excavation. Furthermore, they allow realistically assessing the impact of
adverse geological conditions on shield jamming. The calculated thrust forces, which are required to
move the machine forward, are in good agreement with field observations and measurements. It also
proves that the numerical analysis can effectively be used for evaluating the effect of adverse geological
environment on TBM entrapments and can be applied to prediction of loads on the shield and pre-
estimating of the required thrust force during excavation through adverse ground conditions.
� 2017 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Despite significant progresses in the development of shielded
tunnel boring machines (TBMs), the use of these machines through
weak grounds and adverse geological conditions is still risky. The
presence of the shield limits accesses to the tunnel walls in order to
observe geological conditions and ground behaviors. Meanwhile,
the excessive convergence of weak ground under high in situ
stresses can impose high levels of load on the shield, which makes
the machine susceptible to entrapment in weak rocks, especially
under large overburden. It results in machine jamming and im-
poses high economic costs on tunneling companies (Farrokh and
Rostami, 2008).

The complex interactions between rock mass, tunneling ma-
chine and its system components, and tunnel lining can be
npour).
ock and Soil Mechanics, Chi-

ics, Chinese Academy of Sciences
censes/by-nc-nd/4.0/).
investigated in detail using three-dimensional (3D) numerical
modeling that takes into account the main interaction parameters
of ground, machine and tunnel (Cantieni and Anagnostou, 2009).
Various studies have focused on computational modeling of
mechanized tunneling in long and deep tunnels through adverse
ground conditions. For example, Einstein and Bobet (1997),
Lombardi and Panciera (1997), Graziani et al. (2007), Sterpi and
Gioda (2007), Wittke et al. (2007), Ramoni and Anagnostou
(2007), Amberg (2009), Schmitt (2009) and Zhao et al. (2012)
conducted numerical investigations on TBM tunneling using
different computational methods. Furthermore, Ramoni and
Anagnostou (2010) developed dimensionless design nomograms
using the results obtained from computational analyses, which
allow a quick preliminary assessment of the thrust force required in
order to overcome shield skin friction and avoid jamming of the
shield.

Several studies were also reported in relation to the applications
of computational analysis at shallow tunnels such as the numerical
investigations by Finno and Clough (1985), Bernat and Cambou
(1998) and Abu-Farsakh and Voyiadjis (1999) using two-
dimensional (2D) approaches in their analyses. Furthermore, to
. Production and hosting by Elsevier B.V. This is an open access article under the
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Fig. 1. (a) Project area of Uluabat power tunnel, and (b) Geological profile of Uluabat tunnel alignment and locations of hand-mined galleries to release the jammed TBM (modified
from Bilgin and Algan, 2012).
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examine the stressestrain behavior of the ground, advanced 3D
models have been developed by Mansour (1996), van Dijk and
Kaalberg (1998), Komiya et al. (1999), Dias et al. (2000) and Melis
et al. (2002). Kasper and Meschke (2004, 2006a) studied the in-
fluence of TBM operational and design parameters for a shallow
tunnel advance in the homogeneous, soft, cohesive soil below the
groundwater table using a full 3D numerical simulation.

Results found by means of 3D finite element models have been
presented by Lee and Rowe (1991), Augarde and Burd (2001) and
Mroueh and Shahrour (2008). They utilized full 3D coupled-
consolidation analyses for modeling of the excavation process.
Moreover, the impact of gap grouting properties, cover depth and
face pressure can be found in the studies by Kasper and Meschke
(2006b). Recently, Chakeri et al. (2011), Hasanpour et al. (2012)
and Lambrughi et al. (2012) presented a 3D numerical model us-
ing the finite difference code FLAC3D for mechanized excavations,
which was capable of simulating a tunnel excavationwhen an earth
pressure balance (EPB)-TBM was used. In addition, a full 3D
modeling of tunneling using a double-shielded TBMwas conducted
in the studies by Hasanpour (2014) and Hasanpour et al. (2014,
2015, 2016). They considered all the main machine components
and performance parameters in their numerical investigations.

In this study, 3D modeling of a single shielded TBM with EPB
mode, which was used for excavation of Uluabat power tunnel
through rock masses, is presented. The formations include meta-
siltstone, graphitic schist, meta-claystone and metadetritics with
clay matrix that exhibit squeezing behavior. The model considers
the main interaction components of the machine, ground proper-
ties, performance and tunnel parameters that distinguish it from
other 3D models developed for numerical simulation of shielded
TBMs in the past. The model also estimates tunnel convergence
during excavation and predicts the loads on the shield. The sum of
applied loads on the shield can be calculated and utilized for pre-
diction of required thrust force. The results of modeling are
compared to observe the required thrust force needed to overcome
frictional forces in the field for verification of the numerical
outcomes.

2. Uluabat project and experienced events of shield jamming

The project area is located in the southern part of Uluabat Lake
in Turkey, as shown in Fig. 1. A hydropower headrace tunnel of
11.465 km in length was excavated to transfer the water to the
underground power plant. Tunnel excavation commenced in 2002
using the conventional tunneling method by applying rock bolts,
shotcrete, wire-mesh and steel arches as a primary tunnel lining.
However, tunneling operations were stopped in 2003 due to
excessive deformations up to 1 m at tunnel walls that led to the
convergence of tunnel cross-sectional area by up to 10%. It was
decided that conventional tunnelingwas not feasible for the project
due to the slow advance rates and encountered large deformations,
resulting in the stoppage of tunneling operations for about two and
a half years. However, a new investment company decided to
continue boring the tunnel using a mixed-mode single shielded



Fig. 2. General view of squeezing ground observed in the case studies from a manually excavated area (Bilgin and Algan, 2012).

Table 2
Locations of shield jamming with respect to related overburden and measured
thrust force for each location (modified from Bilgin and Algan, 2012).

Overburden
(m)

Tunnel chainage
(m)

Total thrust
force (MN)

Increase in thrust
force during jamming
of TBM (MN)

125 9400e10,400 28.6 12e17.5
250 4000e4200 28 16.5e18
300 4400e4600 28 23

Table 3
Rock mass properties along Uluabat power tunnel (Ramoni and Anagnostou, 2010;
Bilgin and Algan, 2012).

Uniaxial compressive
strength (MPa)

Geological
strength
index, GSI

Hoek-Brown
material
constant, mi

Elastic
modulus
(MPa)

Bulk density
(kg/m3)

0.2e1.2 14e25 4e8 70e1000 2400e2700

Table 4
Physico-mechanical properties of machine components (Hasanpour, 2014).

Material Elastic modulus
(GPa)

Poisson’s
ratio

Unit weight
(kN/m3)

Shield 200 0.3 76
Segmental lining 36 0.2 30
Soft backfill 0.5 0.4 21
Hard backfill 1 0.3 24
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TBM with a diameter of 5.05 m. The new contractor started the
tunnel excavation in June 2006 and terminated it in March 2010
(Bilgin and Algan, 2012).

2.1. Encountered geological formations

Rock masses along the tunnel belong to Karakaya and Akça-
koyun formations. The majority parts of tunnel alignment are sit-
uated at Karakaya formation of Triassic-agedmetadetritic rocks like
fine-grained meta-claystone, meta-siltstone, meta-sandstone, and
graphitic schists (Fig. 2). During tunnel excavation, TBM became
jammed at different places of the tunnel, frequently in metadetritic
rocks due to highly squeezing characteristics of this formation. For
more information about geological formations along Uluabat tun-
nel, readers can refer to the study by Bilgin and Algan (2012).

2.2. Description of TBM used in Uluabat tunnel

A single shielded EPB-TBM was selected for excavation of
Uluabat power tunnel with general specifications listed in Table 1.
An average daily advance rate of 8.6 m/dwas achieved, including all
stoppages such as TBM standstills and hand-mining. During tunnel
excavation, the TBM became jammed 18 times at different tunnel
locations and several hand-mined galleries were excavated in
parallel with tunnel direction and close to the shield for releasing
the entrapped machine. A total of 192 d were spent for these op-
erations (Bilgin and Algan, 2012). In this paper, three locations with
maximum overburden and maximum increase in thrust force were
selected to be investigated using numerical analysis as summarized
in Table 2.

3. Numerical investigations

The complex interaction between machine and surrounding
rock mass should be simulated using 3D computational modeling
to correctly assess the applicability of mechanized tunneling in
adverse geological conditions. In this study, 3D finite difference
Table 1
Characteristics of single shielded TBM used in Uluabat tunnel.

TBM diameter
(m)

Maximum
thrust force
(kN)

Nominal
torque
(kN m)

Number
of discs

Disc
diameter
(in)

Shield
diameter
(mm)

5.05 29,000 2048
(at 6.25
rpm)

34 17 4990

Note: 1 in ¼ 0.0254 m.
modeling of tunneling using a single shielded TBM with EPB mode
was carried out for three different areas with high squeezing
behavior and large overburden, by considering TBM and ground
parameters as described in Tables 3 and 4. A 3D numerical model
using FLAC3D was developed for investigation of the stressestrain
behavior of the rock mass in the tunnel excavated by a single
shielded TBM. Calculation of the contact loading on the shield and
subsequent evaluation of the required thrust force are also among
the purposes.
Shield
mass
(t)

Shield
length
(m)

TBM
mass
(t)

TBM
length
(m)

Overcut (at
the crown)
(cm)

Segment
thickness
(cm)

Concrete
grade

69 12 335 108 4 30 C25eC30



Fig. 3. Screenshots of (a) numerical model and (b) discretization of the 3D model.
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The rock mass was assumed to follow an elastic-perfectly plastic
behavior for very weak rock mass according to Hoek-Brown failure
criterion. The shield, segmental lining, and annular gap backfill
were considered to behave as linear elastic materials, with perti-
nent properties listed in Table 3. Main features of the single shiel-
ded TBM were also considered in detail in the modeling.
Application of the normal face pressure on the excavation face of
the tunnel (chamber pressure) was performed in order to apply
chamber pressure and thrust force to face and prevent failures at
tunnel face. The developed model also considers the machine
advance rate by allowing controlled relaxation of ground pressure
and systematic movement of the main components of the machine.
It can encounter various rock and ground conditions associated
with different in situ loading situations. Another feature of the
Fig. 4. (a) LDP at the crown, (b) LDP at the sidewall, (c) LDP at the invert of the tunnel, and (
lowest strength according to Table 3.
modeling is that the software used in 3D simulation allows for large
strain assumptions. The non-uniform overcutting around the shield
is considered successfully in the simulations. The 3D block model
and discretization of the model of the single shielded TBM were
selected and implemented according to rock mass and TBM char-
acteristics, as shown in Fig. 3.

The in situ stress state is assumed to vary linearly with tunnel
depth (sv ¼ gh). As the ratio between the horizontal and vertical
stress components (K0 ¼ sh/sv) in the rock mass has been not
measured, it was assumed to be 1 in this study. The contact be-
tween cutterhead and rock mass as well as that between shield and
rock mass has been modeled using the interface elements on both
tunnel and shield boundaries by considering non-uniform overcut
between them. Normal and shear stiffness values (kn and ks) were
d) cross-sectional profile of ground deformations around shield for rock mass with the



Fig. 5. (a) LDP at the crown, (b) LDP at the sidewall, (c) LDP at the invert of the tunnel, and (d) cross-sectional profile of ground deformations around shield for rock mass with the
highest strength according to Table 3.
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assigned to interface elements for simulating the interaction be-
tween the shield and the surrounding. kn and ks are assigned with a
value ten times the equivalent stiffness of the softer neighboring
zone, which is given by

kn ¼ ks ¼ K þ 4=3G
DZmin

(1)

where K and G are the bulk and shear moduli of the rock mass,
respectively; and DZmin is the minimum width of an adjacent zone
in the normal direction, equal to 2 cm (Itasc, 2012). kn and ks were
calculated as 4.39 � 104 MPa/m according to the bulk and shear
moduli of rock mass.
4. Computational results

Analysis results were presented for three main entrapment lo-
cations with different overburden values (125 m, 250 m, and
300 m) and changing geological conditions. Calibration and
adjustment of numerical simulation were carried out based on
controlled displacements at contact points between the shield and
ground with respect to applied overcut. Fig. 4 depicts the cross-
sectional profile of ground displacements around the shield and
the longitudinal displacement profiles (LDPs) at the crown, sidewall
and invert of the tunnel when the overburden is 125m and the rock
mass has the lowest strength characteristics according to Table 3.
For rockmass with the highest strength properties (see Table 3), the
relevant results are shown in Fig. 5.

According to Figs. 4 and 5, when the machine drives into the
ground with difficult geological conditions, the ground would be in
contact with the shield immediately along the entire length of the
shield, and it imposes high frictional forces on the shield that may
cause shield jamming and TBM stoppage (Fig. 4aec). However,
when TBM passes through the ground with relatively good condi-
tions, the contact between the shield and the ground occurs only at
the invert (Fig. 5c) and the jamming does not occur due to low
frictional forces between the shield and the ground.

Since it is not practical to present results for all of the points at
the tunnel circumference around the shield, to see all the trends
and variations of ground pressure and shield loading, the outcomes
are given as contours to reflect the results of numerical studies and
simplify the understanding of loading conditions by offering visual
aids. The presented contours include the longitudinal displace-
ments in horizontal and vertical directions, maximum principal
stresses and maximum shear stresses. Furthermore, ground pres-
sure profiles around the shield for different overburden values are
also given as the results of the numerical analysis.

4.1. Evaluation of shield jamming for 125 m overburden

Fig. 6a shows the contour of the maximum shear stress around
the tunnel for 125 m overburden when TBM passes through the
rock mass with the lowest strength (see Table 3). As can be seen in
Fig. 6a, at the crown, the shear stress around the shield is minimum
due to the high deformation at this point as a consequence of larger
overcut. Ground pressure and hence the shear force increase at the
invert because the displacement is minimum here due tominimum
overcut at the invert. Furthermore, with the tunnel face advancing,
shear stresses on the lining and shield rise. Fig. 6b illustrates the
horizontal (Y-axis) displacement contour along the tunnel. In this



Fig. 6. (a) Contour of maximum shear stress around tunnel (unit: Pa); (b) Displacement contour around tunnel in horizontal (Y-axis) direction (unit: m); (c) Contour of maximum
principal stress around tunnel (unit: Pa); (d) Contour of total displacement (unit: m); and (e) Distribution of average ground pressure around shield, for 125 m overburden for rock
mass with the lowest strength according to Table 3.
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figure, the maximum horizontal displacement (normal to the tun-
nel face) was calculated as about 0.34 cm at the tunnel face. This
proves that the numerically applied cutterhead thrust force was
calibrated to an appropriate value for stabilizing the tunnel face
while excavating through squeezing rock mass.

The contours of the maximum principal stresses and total
displacement around the shield and segmental linings are given in
Fig. 6c and d, respectively. It can be seen that the redistribution of
ground pressure around the tunnel and the related displacement
circumference of the tunnel. The value of overcut is 4 cm at the
crown, greater than the one at the invert (2 cm). The overcut at the
tunnel invert is closed instantly after excavation and a contact oc-
curs between the ground and the shield, then the displacement at
this point remains constant and loading on the shield increases
until the shield passes through the ground. Due to the larger gap at
the crown, closure of overcut may occur from a certain distance to
the face and cause smaller stresses on the shield.

The maximum ground pressure profile between the ground and
the shield is shown in Fig. 6e. As seen in this figure, the maximum
ground pressures around the shield are 2.7 MPa at the invert and
2.4 MPa at the crown. This is due to the minimum overcut at this
point, which leads to immediate closure of gap and loads on the
shield. Therefore, the contact pressure at this point is higher than
those at other points. For calculation of the required thrust force to
overcome the frictional force on the shield to propel the TBM for-
ward, the total contact pressure over the shield is calculated. The
result is then multiplied by the skin friction coefficient m and the
reduction coefficient b which is the ratio of the real shield radius r



Fig. 7. (a) Contour of maximum shear stress around tunnel (unit: Pa); (b) Displacement contour around tunnel in horizontal (Y-axis) direction (unit: m); (c) Contour of maximum
principal stress around tunnel (unit: Pa); (d) Contour of total displacement (unit: m); and (e) Distribution of average ground pressure around shield, for 125 m overburden for rock
mass with the highest strength according to Table 3.

R. Hasanpour et al. / Journal of Rock Mechanics and Geotechnical Engineering 9 (2017) 1112e11221118
to the tunnel radius R. This allows for the calculation of the required
maximum thrust force as can be expressed by

Fr ¼ bm
XN

i¼1

PiAi (2)

where N is the number of contact points on the shield surface area
Ai (Zhao et al., 2012). The skin friction coefficient m is assumed as
0.45 according to Gehring (1996). The required thrust force to
overcome the skin friction force between the shield and the ground
was calculated as 16.8 MN, and it has been measured as 17.5 MN
during the TBM operation as indicated in Table 2. Hence, the
required thrust force predicted using 3D numerical simulation is in
a good agreement with the observed value.

The results of computational analyses for TBM-drive in rela-
tively good geological conditions are summarized in Table 3. Fig. 7a
depicts the contour of maximum shear stress where the stresses
around the shield have been distributed rather uniformly around
the tunnel because of the contact between the shield and the
ground only at the invert of the tunnel. Fig. 7b shows the horizontal
(Y-axis) displacement contour along the tunnel. The maximum



Fig. 8. (a) Contour of maximum shear stress around tunnel (unit: Pa), (b) Displacement contour around tunnel in horizontal (Y-axis) direction (unit: m), (c) Contour of maximum
principal stress around tunnel (unit: Pa), (d) Contour of total displacement (unit: m), and (e) Distribution of average ground pressure around shield, for 250 m overburden for rock
mass with the lowest strength according to Table 3.
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horizontal displacement was calculated as about 0.22 cm at the
tunnel face, 0.12 cm lower than the calculated value in Fig. 6b due to
good ground conditions.

Fig. 7c and d illustrates the contours of maximum principal
stress and total displacement around the shield and segmental
linings, respectively. It can be observed that the redistribution of
ground stresses and related displacements are influenced by the
overcut between the shield and the ground at the invert of the
tunnel because of the contact at this point. Furthermore, the closure
of overcut at the crown occurs after 8 m distance to the face. In
other points, stress redistributions are not affected by overcutting
because the maximum ground displacements are smaller than the
related overcuts at these points, and thus the overcuts at these
points are not closed completely.

The profile of the applied ground pressures on the shield is
depicted in Fig. 7e. The maximum contact pressures around the
shield were calculated as 0.11 MPa at the invert and 0 MPa at the
crown. This is because of the contact at the invert due to the weight
of the shield, which causes closure of the gap and loads on the
ground. The required thrust force to overcome the skin frictional
force between the shield and the groundwas calculated as 0.64MN.
This means that in the case of driving TBM through geological
conditionwith the highest rock strength, the jamming of the shield
does not occur. In such conditions, the thrust force is controlled by
the cutter loads at the face.

4.2. Calculation of the required thrust force for 250 m overburden

Analysis results for 250 m overburden were performed in the
same way as that for 125 m overburden for rock mass with adverse
geological characteristics according to Table 3. The results include
contours of displacements and stresses along the tunnel. Fig. 8a



Fig. 9. (a) Contour of maximum shear stress around tunnel (unit: Pa); (b) Displacement contour around tunnel in horizontal (Y-axis) direction (unit: m); (c) Contour of maximum
principal stress around tunnel (unit: Pa); (d) Contour of total displacement (unit: m), and (e) Distribution of average ground pressure around shield, for 300 m overburden for rock
mass with the lowest strength according to Table 3.
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illustrates the contour of maximum shear stresses around the
tunnel for 250 m overburden. The shear stress around the shield at
the crown isminimum due to the high overcut at this point, while it
is increased with decreasing value of overcut at the invert.
Furthermore, with the advance of the tunnel, the shear stress
around the shield increases at a higher rate than that for 125 m
overburden.

As shown in Fig. 8b, the maximum displacement at the tunnel
face is about 0.55 cm when the thrust force applied to the tunnel
face becomes in balance with the ground pressure. The contour of
the maximum principal stress around the shield and linings is
shown in Fig. 8c and the related displacement contour is illustrated
in Fig. 8d. As shown in these figures, the displacement and the
principal stress around TBM and linings are significantly influenced
by the large overburden and overcut between the shield and the
ground.

The maximum ground pressure profile between the ground and
the shield is presented in Fig. 8e. As can be seen in the figure, due to
the non-uniform overcut around the shield and smaller overcut at
the invert, themaximum ground pressures of 5.15MPa at the invert
and 4.5 MPa at the crown are obtained. The required thrust force to
overcome the skin friction force between the shield and the ground
is calculated as 31.8 MN using numerical analysis, which is antici-
pated to be slightly more than the value of 28 MN recorded during
tunneling operations.

In Uluabat tunnel, the thrust force could not exceed 28 MN due
to the potential damage to the segmental linings. Hence, the shield
was stuck and some galleries were excavated to release the
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entrapped TBM. The required thrust force predicted by applying a
full 3D numerical simulation proved that the required thrust force
has been underestimated in the design of the project. Hence, when
specifying the machine, it should be reconsidered with respect to
the anticipated behavior of very weak ground under large
overburden.
4.3. Jamming event at tunnel alignment with the largest
overburden

Distribution of the maximum shear force around the shield,
which was examined for 300 m overburden, is illustrated in Fig. 9a.
As illustrated in this figure, the shear force at the crown is higher
than those at other points around the shield due to the large
displacement at this point. Fig. 9b illustrates the horizontal (Y-axis)
displacement contour along the tunnel, which was calculated as
about 1.5 cm at the tunnel face. The thrust force applied to the
tunnel face was in balance with the ground pressure at the face.
Moreover, the contour of the maximum principal stress (ground
pressures) around the tunnel at contact points between the shield
and the ground is illustrated in Fig. 9c, which indicates that the
maximum principal stress occurs at the tunnel invert.

Given the non-uniform overcut and the minimum values at the
invert, the closure of the gap between the shield and the ground
occurs immediately after excavation due to the shield weight and in
situ stress at this point (Fig. 9d). Therefore, the contact pressure at
this point remains higher than those at other points around the
tunnel. As expected, the displacement magnitudes are influenced
by the non-uniform overcut between the shield and the ground
(Fig. 9e). The displacement at the invert is always smaller than
those at other points around the shield.

The required thrust force to overcome the skin friction force of
the shield was calculated as 39.6 MN using numerical analysis, far
exceeding the thrust capacity of the shield in Uluabat tunnel
(28 MN). Fig. 10 summarizes the required thrust forces calculated
from numerical modeling and compares them with the observed
values in the field for all of the overburden scenarios. To prevent the
potential damage to the segments, the maximum thrust force was
limited to 28 MN. Therefore, hand-mining was necessary for some
sections to release shield. The predicted values of required thrust
force by applying a full 3D numerical simulation indicate that the
Fig. 10. Comparison of the predicted required thrust forces using 3D modeling with
the observed required thrust force for all of the overburden scenarios.
required thrust force was not sufficient to overcome the friction
force between the shield and the ground in several stretches of the
tunnel, and consequently, shield entrapment occurred, causing
major delays in tunneling.
5. Conclusions

This study focused on numerical modeling of the shielded TBM
in Uluabat tunnel project located in Turkey to evaluate the impact
of ground conditions on the loads on the shield which could in-
crease the required thrust force to propel the shield forward. The
magnitudes of the ground pressure and hence the shield thrust
needed to move the machine forward were a function of the ma-
chine configuration and its interaction with the squeezing ground.
To examine the interactions between the ground and the shield, 3D
numerical model of the tunnel using a single shielded TBM was
developed which incorporated all the geometric details of the
shield as well as the true plastic behavior of the weak rock mass at
the given state of in situ stresses on the ground. The developed
model estimated tunnel convergence during excavation and pre-
dicted the loads on the shield. By using the results of the numerical
analysis, the maximum loads applied to the shield were calculated
and utilized for evaluation of the possibility of shield jamming,
based on a calculation of the required thrust force.

The results indicate that the model in this study was capable of
solving the complex relations between different parameters of the
rock mass and shielded TBM. Moreover, 3D modeling using the
finite difference model allowed for simulation of plastic deforma-
tion in the groundwhich is a suitable tool for the prediction of loads
on the shield in the ground surrounding the tunnel. This method
can be utilized in design state of the new tunnels to be excavated in
the similar geological environment to evaluate the risk of shield
entrapment.

The results show that the calculated loading on the shield from
the numerical analysis is in an agreement with the field observa-
tion, but valid for a given set of rock mass and tunnel parameters,
and the calculated values should not be generalized.

The results of this study show that the magnitudes of the loads
and displacements were reasonable for given input parameters, but
one should always be aware of the uncertainties regarding the
geological conditions, in situ stresses, and rock mass properties
when assessing the potential of shield entrapment in a given un-
derground project.
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