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Abstract

This article demonstrates a detailed stability analysis of a tunnel excavated by a Tunnel Boring
Machine (TBM) at a critical section between the Main Boundary Thrust (MBT) and
Mahabharat Thrust (MT), a case study of Sunkoshi Marine Diversion Multipurpose Project
(SMDMP) where double shield TBM was deployed to excavate the tunnel. The geological
complexity in this area, including weak rock masses, poses severe challenges to TBM
operations. We use the RS2 (2D) and RS3 (3D) numerical modeling software to assess the
deformation, squeezing potential, and stress distribution at critical chainage, 4+669m. Rock
mass classification based on the Rock Mass Rating (RMR) system was used to determine the
quality of the surrounding rock and different empirical methods were applied to estimate rock
mass strength and deformability. The results indicate significant deformation at chainage
4+669m, leading to TBM jamming as the installed thrust capacity of the machine was
insufficient to overcome the shield friction.

Keywords: TBM; Deformation; Thrust Capacity; Shield Skin Friction.

1. Introduction

Tunneling in geologically complex regions, such as the Himalayan belt, poses significant
engineering challenges due to the interaction between tectonic forces and variable rock mass
conditions (KC et al., 2022).The Main Boundary Thrust (MBT) and Mahabharat Thrust (MT)
are major tectonic features in the Himalayas, contributing to the terrain's geological complexity
and instability.

Tunnels excavated by Tunnel Boring Machines (TBMs) in the Himalayan region are often
subject to squeezing, deformation, and jamming, primarily due to high overburden pressures,
poor rock mass quality, and tectonic stresses (Singh & Goal, 2006)This paper utilizes advanced
numerical modeling techniques through RS2 (2D) and RS3 (3D) software to analyze the
stability of the critical tunnel section. The model incorporates rock mass classification data,
overburden depth, and in-situ stress conditions to simulate tunnel deformation and squeezing
potential. Additionally, the required thrust to overcome the shield friction at the squeezed
section is estimated based on Romani and Anagnostou's (2010) approach.

2. Methods and Methodology
2.1 Brief description of the project

The Sunkoshi Marin Diversion Multipurpose Project is located in the Sindhuli district, about
115 km southeast of Kathmandu. It is the second project in Nepal to use a Tunnel Boring
Machine (Double Shield) for tunnel construction. The project serves two main purposes: (i)
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diverting water from the Sunkoshi River, a surplus basin, to the Marin River, a tributary of the
Bagmati River, and (ii) generating 31.07 MW of electricity. The project includes a 13.3 km
long headrace tunnel with a diameter of 5.5 meters, designed to divert 67 cubic meters of water
per second to the Marin River. This water will irrigate 122,000 hectares of agricultural land
across the Bara, Rautahat, Sarlahi, Mahottari, and Dhanusha districts(Geotechnical Baseline
Report of SMDMP, 2020). Geographically, the project lies between latitudes 27°20°38” N and
27°15°30” N and longitudes 85°59°03” E and 85°52°29” E. The area is seismically active,
falling under a seismic hazard zone with a zoning factor (Z) of 0.4, according to NBC 105:2020.

2.2 Geology of Project
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Figure 1: Location Map of Study Area
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Figure 2: Geological map of SMDMP
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The project area consists of rocks from the Siwalik Group and the Lesser Himalaya. The
Siwalik Group contains sedimentary rocks, while the Lesser and Higher Himalayas have
metamorphic and igneous rocks. The headrace tunnel crosses the Main Boundary Thrust
(MBT) at one point and the Mahabharat Thrust (MT) at two locations. The first 4 km of the
tunnel passes through Siwalik rocks, while the rest runs through a syncline structure with
Higher Himalayan Gneiss and Granite at its core.
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Figure 3: Geological cross-section of SMDMP
2.3 Geology of Critical Section

During the night shift on March 31, 2023, the TBM encountered unexpectedly weak geology
consisting of low-strength phyllite with quartz veins at the face, contrary to prior predictions.
The tunnel section between chainages 4+181m and 4+985m was initially expected to consist
of fresh to moderately weathered, thin to medium bedded dolomite intercalated with thinly
foliated slate and quartz veins(Geotechnical Baseline Report of SMDMP, 2020). Despite
implementing various countermeasures, the TBM could not advance. The cutter head torque
significantly increased, and both the forward and telescopic shields were squeezed, causing the
TBM to halt at chainage 4+669m.

2.3.1 Geological Condition at TBM Stuck Location

The TBM became stuck in the Benighat Slate (Bg) geological section situated between the
MBT and MT fault zones. The cross-section revealed phyllite with abundant quartz veins,
mostly in a powdery form (80%), exhibiting poor self-stability and dry conditions. This
suggests a high likelihood of extreme deformation, potential collapse, cutter head jamming,
and shield squeezing. The geology encountered by various shields at the stuck position is
detailed below.

4+600.00
- 4+665.00
4+669.00

chainage(m)
Scale
0 1 3 5

o

(in meter)

2 S RS RO I RS DM 1O |

ote? Phyllite
SR Segment

Zoonnnl 4+655.00

!
i

plaIys el
pleiys Jeddug
piays aidoosaja)
PI8lys piemioy
peayiapn)

Figure 4: The position of TBM at stuck with respect to rock type it encountered (Bohara et al.,
2023)
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2.3.2 Cutter head, forward Shield, and telescopic Shield

The rock formation is entirely made up of phyllite (100%), characterized by very low strength.
It contains a high concentration of quartz veins and lacks any underground water. This rock
mass is classified as Category V, indicating that it is extremely unstable.

2.3.3 Gripper Shield and Tail Shield

The rock type observed consists of 90% phyllite and 10% dolomite. The phyllite contains
quartz veins and is characterized by low strength (less than 5 MPa). The dolomite is moderately
weathered and has medium to low strength, ranging from 5 to 15 MPa. The rock formation
exhibits varying degrees of weathering and strength, primarily dominated by phyllite, followed
by dolomite. The surrounding dolomite has a very short self-stabilizing time, while the phyllite
section is extremely unstable.

2.4 Procedure for shield TBM stuck analysis

The research methodology begins with analyzing the section where the shield TBM (Tunnel
Boring Machine) was stuck, followed by collecting geological details for the respective
chainage. If the geological details indicate the presence of deformable rocks at the stuck
section, it is concluded that the issue may be due to deformation. Deformation is then calculated
using empirical methods and 2D and 3D numerical modeling. The calculated deformation is
compared with the available overcutting space, which refers to the gap between the shield
surface of the TBM and the excavated rock surface created by the cutter discs located at the
circumference of the cutter head. If the deformation exceeds the maximum allowable
overcutting space, the required thrust capacity is determined using nomograms (Ramoni &
Anagnostou, 2010)The required thrust is then compared with the TBM's actual thrust capacity.
The TBM is declared stuck if the machine’s thrust capacity is less than the required.

3. Result and Discussion

3.1 Mapped Rock Mass Quality

Table 1: Rock Mass Classification at the critical section

HRT Rock Type/ RMR
_ o Overburden H [m]
Chainage [m] Rock Condition Value
4+669 Weak Phyllite with quartz vein 16 350

Rock mass classification using the RMR system was conducted along the headrace tunnel from
the manhole located at the bottom left of the cutter head. Parameters such as Uniaxial
Compressive Strength (UCS), Rock Quality Designation (RQD), discontinuity spacing,
discontinuity condition, and groundwater conditions were rated to classify the rock mass. The
final RMR value was calculated by adding all parameters except for the orientation of
discontinuities. Table 1 shows the rock mass observed at critical section 4+669m, which is rock
class V with RMR value 16. The TBM got stuck at chainage 4+669m due to rock mass
squeezing in both the forward and telescopic shields (Bohara et al., 2023).

3.2 Estimation of Rock mass parameters

The rock mass parameters along the headrace tunnel at the critical section have been calculated
as shown in Table 2, which identifies various parameters like rock mass strength, s, a, and mb.
The rock mass classification at the critical section is obtained in the form of RMR, which is
converted to the GSI system. The value of the unit weight of rock and Poisson’s ratio were
obtained from laboratory test results.
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Table 2: Rock mass parameter along a critical section of headrace tunnel

HRT H Gci GSI | mi|D| mo S a Gcm Erm
Chainage (m) | (m) | (MPa) (MPa) | (MPa)

4+669 350 | 34 11 | 7 | 0]0.29 | 0.00005 | 0.58 | 1.56 |620.68

3.2.1 Rock Mass Strength

Rock mass strength is estimated using different empirical equations. Estimated rock mass
strength with four empirical methods has been presented in Figure 5Hoek et al. (2002) and
Barton (2002) give almost similar values for rock mass strength, whereas Kalamaras et al.
(1995) give the lowest value, and Panthi (2006) give the highest value. Hoek et al. (2002) is
considered relevant for our case since it is the approximate average of the other three methods.

H Rock Mass Strength (MPa)
4.00
3.50 3.35
3.00
2.50
2.00
1.50
1.00
0.00
4+669 | 4+669 4+669 4+670
Kalamaras | Barton (2002) | Panthi (2006) Hoek et
(1995) al.(2002)

Figure 5: Rock mass strength using different empirical relations
3.2.2 Rock Mass Deformability

Rock mass deformability is also estimated using different empirical relations. Estimated rock
mass strength with three empirical relations is presented in Figure 6. Panthi (2006) gives the
highest value for rock mass deformability, whereas Hoek and Diederichs (2006) give the lowest
value, and Hoek et al.'s (2002) value lies in the middle. So, Hoek et al. (2002) is considered
relevant as it is the approximate average of the other two methods.
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Figure 6: Rock mass deformability using empirical relations
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3.3 Squeezing Assessment
3.3.1 Hoek and Marinos (2000) approach

It is a semi-analytical method that can predict the squeezing potential and measure its
magnitude. It assumes a circular tunnel with a hydrostatic stress field where support pressure
will act uniformly around the tunnel’s periphery. At chainage, 4+669m, significant deformation
of magnitude 472mm occurs, which is a very severe squeezing problem according to the
categorization of Hoek and Marinos (2000). The deformation is more than void between the
cutter head and shield even when maximum overcutting is done, i.e., 140 mm.

Table 3: Squeezing prediction by Hoek and Marinos (2000) approach

) . Deformation
HRT Strain (€ %) Squeezing .
Gcm/Ov . . (mm) When Pi=0
Chainage When Pi=0 prediction MPa
4+669 0.165 7.38 Yes 472

3.3.2 Evaluation of Rock Stress

Overlying strata, tectonic movements, and topographic effects influence in-situ stress.
Typically, these stresses are measured using methods like hydraulic fracturing and 3D over-
coring(Hoek, 2007). However, since direct data for the site is unavailable, similar projects with
comparable conditions were studied for reference.

The world stress Map shows that the approximate direction of tectonic stress for the Himalayas
is almost parallel with the North-South direction, as shown in Figure 7. First of all, in-situ stress
measurement data were searched within the radius of 50km of our project SMDMP with similar
orientation and comparable characteristics, but no such data were found. So, the tectonic stress
of 5MPa with orientation N10°E is assumed to be similar to the data used for many research
works in Nepal. Still, to confirm, three-dimensional stress measurement is required and
proposed as a suggestion. The in-situ stress is calculated due to gravity and tectonic stresses,
which are summarized in Table 4.

65° 70° 75° 80° 85° 90’ 95° 100°

30° }——s

25° |

B,

|
|
|
|
|
| MET. Main{Frontal Thrus{ 20°

20° | | |
65° 70° 75° 80° 85’ 90° 95° 100°

Figure 7: Approximate horizontal tectonic stress orientation based on World Stress Map.
Note: stress tensors, and international boundary are not in true scale (Panthi, 2012).
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3.3.3 Construction of Valley Model

To determine in-situ principal stresses, a 2D valley modeled representing a cross-section of a
headrace tunnel using RS2 software as shown in Figure 8. The model has been set up as
follows:

e The left and right sides are fixed horizontally (X direction).

e Thetop is free to move in both X and Y directions.

e The bottom far-end corners are constrained in both X and Y directions.

e Gravity-based field stress is applied, considering actual ground conditions.
The input parameter for the valley model is shown in Table 4.

Table 4: Input parameters for the valley model

Description Symbol Unit 4+669m
Overburden H m 350
Poisson's ratio 14 0.31
Tectonic stress Gtec MPa 5
The trend of tectonic stress Ot degree N 10 °E
HRT trend Oc degree N 50 °E
Density of rock v MN/m?3 0.027
The angle between tectonic

stress and HRT trend * degree 40
Vertical stress Ov MPa 9.45
Horizontal stress due to gravity oh MPa 4.25
Total horizontal stress OH MPa 9.25
In-Plane horizontal stress Gu MPa 7.179
Out-plane horizontal stress Ow MPa 6.311
Locked in

In-plane MPa 2.934
Out of plane MPa 2.066
Stress ratio

In-plane 0.760
Out-Plane 0.668

After the modeling of the valley and its analysis, the value of major principal stress (c1), minor
principal stress (63), and intermediate principal stress (o) were identified along with the stress
direction angle (i.e., the angle made by o1 with horizontal) which is shown below in Table 5.
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Figure 8: Valley model construction for headrace tunnel alignment at chainage 4+669m

Table 5: Output from valley model

Chainage Valley Profile
(m) o1 (MPa) 63(MPa) 6:(MPa) | Angle (CCW with
4+669 10.59 8.65 9.84 980

3.3.4 2D model setup and input data

For the analysis of critical tunnel section 4+669m, the 2D box model of the tunnel having a
width more than five times its excavation is constructed with boundaries restrained in both
directions. The in-situ stress values are taken from the valley model, as shown in Table 6. The
disturbance factor (D) has been taken as zero since it is a TBM tunnel (Hoek, 2007). The
average rock mass parameters value set for analysis of chainage 4+669m is shown below in

Table 6.
Table 6: The average rock mass parameter value used for the analysis of chainage 4+669m
Chainage | Density | Poisson’s Ei i m G| 61 03 o2
(m) (MN/m?3) ratio (MPa) | (MPa) | i (MPa) (MPa) (MPa)
4+669 0.027 0.31 19270 | 3434 | 7 | 11 10.59 8.65 9.84

Elastic analysis

0.32
0.85
1.58
2.21
2.84
3.47
4.11
4.74

5.37

unbounded

Figure 9: Strength Factor before installation of support
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It is clear that the strength of the material around the tunnel’s periphery, before adding support,
IS not strong enough. The strength factor value is less than one around the tunnel periphery as
shown by the Figure 9. This means we have to investigate the possibility of material failure
using plastic analysis. So, further plastic analysis is carried out.

Plastic analysis

The maximum closure (Umax) Of the tunnel is 350mm, which occurs on the right periphery of
the tunnel, and this is about 5.45% of the tunnel diameter. The plastic zone radius (Rpi) is 12.4m
measured from center of the tunnel to the far yielded point, which is located 177.2° clockwise
from the horizontal direction as shown in Figure 10.

Figure 10: Total displacement and radius of plastic zone

Calculation:
e The unsupported section (X) lies almost 13m behind the tunnel face, i.e., close to the
tail shield.
e Distance from tunnel face/tunnel radius = 4.06 m
e Plastic zone radius/ tunnel radius=3.875 m
e Closure/ maximum closure =0.82 [ Refer to Figure 11]
e Closure =287 mm
So, the deformation of 287 mm will occur before the support installation.

1.0

Closure / maximum closure

Distance from tunnel face / tunnel radius

Figure 11: Improved LDP (Vlachopoulos & Diederichs, 2009)
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The modeling is divided into ten stages. In the initial stage, the uniformly distributed load is
applied to the tunnel periphery, balancing the effect of in-situ stress. The stage factor value is
gradually reduced from 1 to 0 as we move from stage 1 to stage 10. At stage 10, maximum
deformation will occur because, at this stage, internal pressure is removed, simulating the
reduction of support due to the advance of the tunnel face. The relaxation stage will have
deformation of about 287mm; after this stage, support will be applied.

Before the application of support, deformation of 287 mm will occur, which is far more than
the void space between the shield and cutter head, even when maximum overcutting is done.

3.3.5 3D model setup and input data

RS3 software has been used for 3-dimensional analysis. RS3 is a 3D program for the analysis
of geotechnical structures for civil and mining applications. RS3 is a general-purpose finite
element analysis program for underground excavations, tunnel and support design, surface
excavation, foundation design, embankments, consolidation, groundwater seepage, and more
(Rocscience, 2023).

For the analysis of critical tunnel section 4+669m, the 3D box model having a length of 16.8m
is made with a ten times expansion factor in width and height axis as shown in Figure 12The
rock mass is modeled as elastic, perfectly plastic, with the generalized Hoek and Brown failure
criterion. A tunnel support concrete segment of 300mm with reinforcement is designed as an
elastic material.

Table 7: Model Setup in RS3

Model Setup RS3
Analysis Type Uncoupled
Solver Type Automatic
Convergence Type Absolute Force and Energy
Field Stress Type Constant
Failure Criterion Generalized Hoek and Brown
Mesh Type 4 Nodded Tetrahedron
Y
Q
p 9
9
\/\/§IV\\/\
- L

Figure 12: Model geometry for 3-dimensional analysis

The modeling is done in six stages for a 16.8m length of tunnel and the details of each stage
are shown in Table .

10
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Table 8. Stage Details

Mahabharat Thrust using RS2 and RS3

Stage

Excavation

] i)

Support

1

2.8m

2.8m

2.8m

2.8m

2.8m

M50 Concrete Lining is applied in the first 2.8m excavated length

2
3
4
5
6

2.8m

M50 Concrete Lining is applied in the next 2.8m excavated length

During the excavation of each new stage of length 2.8m, the successive reduction of
deformation modulus of rock mass by half is done to incorporate the effect of decreasing
support provided by the tunnel face as it moves away from particular section.

HOP Lo

-

N
|
8

Figure 13: Top view (left) and 3d view (right) of the tunnel at the sixth stage

Elastic analysis

Initially, elastic analysis is performed considering the material properties and in-situ stress

conditions as tabulated in Table 6. It is seen that the strength of the material around the tunnel’s

periphery before adding support is not strong enough. The strength factor value is less than one
around the tunnel periphery in the longitudinal direction, as shown in Figure 14 and Figure 15.
So, further plastic analysis is carried out.

Strength Factor

0.5

15 12 9 6 3 0
Distance [m]

Figure 14: Strength factor along length axis at stage six
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Plastic analysis

The material starts yielding behind a 1.4m distance from the face, as shown in Figure 16. The
plastic zone radius (Rpi) is 6.8m, measured from the center of the tunnel to the far yielded point.
The deformation is an increasing trend as we go further behind the face, as shown in Figure 17.
It is obvious because of the decreasing face effect as we move further behind the face. The
maximum deformation of 180mm occurs at 10 m behind the face. Before the application of
support, deformation of 180 mm will take place in the rear shield, which is more than the void
space between the shield and cutter head, even when maximum overcutting is done.

Distance [m] vs. Yielded Elements [%)]

Yielded Elements
(o] Py =) @
o o (=] o

(=}

D]

12 9 . 6 3 0
Distance[m]

Vielded Elements ~

min(al): %
min (stage) : 0 %
%, =

Figure 16: Yielded Element along length axis (left) and contour plane at 10m behind face

(right)

Distance [m] vs. Total Displacement [m]

Total Displacement[m]
(=]

12 10 8 . 6 4 2 0
Distance[m]

Uz Total Displacemant +
min(al):  --m

min (stage) : 0 m

0

0018

0037

0055

0073

0091
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013

015
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max (stage}: 0.18 m

Figure 17: Deformation along the length axis ((left) and contour plane for deformation behind

10m from the face (right)

12



Stability Analysis of a TBM Excavated tunnel at a Critical Section between Main Boundary Thrust and
Mahabharat Thrust using RS2 and RS3

3.4 Evaluation of TBM jamming

Mainly two factors are considered for evaluation on TBM Jamming, as pointed out below:

i.  Deformation on unsupported rock mass is computed, and if this deformation value is less
than the void between TBM and rock mass, TBM can advance easily.

ii.  If the deformation is more than the void between TBM and rock mass, there will be
contact between the surrounding rock mass and the shield, and the rock pressure is
exerted on the shield. In this case, the required thrust force Fr to overcome shield skin
friction can be calculated by integrating the ground pressure over the shield surface. If Fr
Is less than the installed thrust capacity, there will be the risk of TBM jamming.

From Section 3, at chainage 4+669m there is possible squeezing that may cause jamming of

TBM. So, the required thrust force F; is estimated based on the nomogram proposed for Double

Shield TBM (Romani & Anagnostou, 2010). The required thrust force Fr depends on the

material constants of the ground (Deformation modulus E, Poisson’s ratio v, uniaxial

compressive strength fc, angle of internal friction ¢ and dilatancy angle W), the initial stress oo,

the characteristics of the TBM (tunnel radius R, radial gap size AR, shield length L and shield

stiffness Ks), the skin friction coefficient p and the stiffness of the lining K, (Ramoni &

Anagnostou, 2010).

Table 8: Calculation for the required thrust force for double shield TBM to overcome shield skin friction
in squeezing ground (Ramoni & Anagnostou, 2010)

S.N. | Ground Symbol Unit Ch 4+669 m Remarks
Deformation
1 Modulus E MPa 620
Uniaxial
2 | compressive fe MPa 1.56
strength
3 A_ng_le of internal o 20
friction
. o (P.A. Vermeer,
4 | Dilatancy angle v 1 1984)
5 | Unit weight 4 KN/m?® 27
Initial stress
6 | Overburden H m 350
7 | Initial stress o MPa 9.45 oo=v.H
TBM
8 | Boring radius R m 3.2
Radial Gap Size,
; forward shield AR cm 105
10 Radial _Gap Size, AR om 155
rear shield
11 Le_ngth of forward L m 59
shield
Length of rear —
12 shield L, m 7.8 L=1.5xL+
13 | Length of shield L m 13
14 Normalized Shield LR 4062
length
15 | Young’s Modulus Es MPa 210000
16 | Thickness Shield ds cm 12
17 | Stiffness of Shield Ks MPa/m 2460 Ks= Es. ds/R?

13
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S.N. | Ground Symbol Unit Ch 4+669 m Remarks
Dimensionless
products
18 | (EARsY/ (c0R) 2.15
19 | (EARy/ (c0R) 3.17
20 | fe/ oo 0.16
Thrust force
requirement
Forward Shield
Normalized Refer to Figure
21 required thrust@3.5 0.058 18 (left)
29 Normalized 0.07 Refer to Figure
required thrust@5.0 ' 18 (right)
Normalized
required
thrust@4.062 [by
interpolation]
Required thrust
force
Rear Shield
Normalized Refer to

25 required thrust@3.5 0.048 Figure 19 (left)

26 Normalized 0.06 Fl?elfﬁ[a t109
required thrust@5.0 ' (gright)

23 0.06

24 Fre MN 46.313

Normalized

required thrust @
4.062 [by
interpolation]
Required thrust
force

Total required thrust
force

27

28

29 Fe MN 85.216
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Figure 18: Nomograms for the front shield of a double-shielded TBM normalized shield length
3.5(left) and 5.0 (right)
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Figure 19: Nomograms for the rear shield of a double-shielded TBM normalized shield length
3.5(left) and 5.0 (right)

The double shield TBM used in SMDMP has a maximum thrust capacity of 47,124 KN
provided by 17 jacks. From Table 8, the required thrust capacity is 85,000 KN even when
considering the maximum overcutting possible by the machine, i.e., 10.5cm for the forward
shield and 15.5cm for the rear shield. Therefore, the TBM thrust capacity is less than the
required thrust capacity Fr to overcome shield skin friction. The TBM also got stuck due to
sgueezing at chainage 4+6609.

4. Conclusion

This paper aims to highlight the importance of overcutting and thrust capacity of TBM
machines in squeezing ground conditions, along with prior identification of rock mass
properties at respective sections.

During the critical section, between the two thrust zones, particularly located close to each
other, probe hole drilling is the most important method to foresee the actual rock mass
condition along with Horizontal Seismic Profiling. The selection of overcutting and thrust
capacity of double shield TBM is the necessary factor to overcome shield skin friction. In our
case, the deformation outcomes from 2-D and 3-D analysis, 287mm and 180mm, respectively,
are greater than the overcutting capacity of 140mm at the critical section. Therefore, the
deformation at the critical section should be considered before manufacturing the double-shield
TBM. The thrust capacity used for overcoming skin friction plays a decisive role in generating
the necessary force to move the machine forward. Thus, optimizing the thrust capacity is
crucial, considering the critical section where immense deformation may occur.
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