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Abstract

Tunneling under high overburden stresses results in many tunnel instability problems due to the rock overstressing.
Understanding and simulating the rock failure process is the major issue of a deep excavation to achieve an appropriate rock
support system that provides possible cost-effective and stable construction. The excavation of the Pahang Selangor Raw Water
Transfer Tunnel is considered in this paper. Three critical cases of the project are analyzed. A possible rock brittle failure was
predictable at the tunnel sidewalls under a depth of more than 500 m. The rock overstressing is analyzed based on the in situ stress
conditions, intact rock strength, and actual failure depth observed at the site. Failure zones are simulated using the cohesion
softening—friction hardening model and compared with the site observed failures. A review of underground openings excavated
in different rock mass conditions showed that the ratio of the maximum boundary stress to the uniaxial compressive strength
(0omax/0 ;) 1s suggested as the key parameter to determine the tunnel instability problems. In this study, an attempt is made to
investigate the influence of the maximum tangential boundary stress to the uniaxial compressive strength ratio(cgmax/o.;) on the
rock brittle failure depth, stress distribution, and displacement of the rock mass around the tunnel. A parametric study is
implemented using different tunnel depths including the actual tunnel depths. The results show that with increasing tunnel depth
or (0gmax/0.;) 1atio, the risk of spalling, rock burst, and other tunnel instabilities are increasing.

Keywords Rockspalling - Cohesion softening—friction hardening model - Tunnel stability - Shotcrete lining - Numerical modeling

Introduction

Nowadays, due to the development of construction technolo-
gy and the need for deep underground excavations, tunneling
under highly overburdened ground continue to increase. The
excavation of the underground opening causes new sets of
stresses and deformation around the opening. Therefore, dif-
ferent instability problems may occur, such as ground squeez-
ing, rock burst, or rock swelling because of the induced stress-
es (Sulem et al. 1987; Gong et al. 2012; Ortlepp 2001; Jacobi
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1966). The most important concern in the design and con-
struction of tunnels and underground openings is the evalua-
tion of stress and deformation that may generate during or
after construction. Tunnel excavation at a great depth of more
than 500 m is known as deep excavations. As the depth of
excavation increases, tunnel instabilities increase, such as high
in situ stresses and earth temperatures, complicated geological
condition, and high water flows (Yu et al. 2012). In this case,
the risk of rock burst increases with difficult tunnel mainte-
nance, consequently, reduction of the underground safety, pro-
ductivity, and economic benefits. The major factor that affects
deep constructions safety is the high in situ stress. Many seri-
ous problems may arise due to high in situ stresses such as
large deformation and failure around the tunnel. Reducing
these issues is costly and challenge even with hard rock sup-
port system (Yu et al. 2012). In hard rock tunneling, failure is
dependent on the in situ stress magnitude and the rock mass
conditions.

The failure process at low in situ stress is dominated by the
continuity and discontinuity of the rock mass neutral fractures.
At high in situ stresses, the failure is controlled by new stress-
induced fractures growth parallel to the excavation boundary.
This fracture is known as a brittle failure (Martin et al. 1999).
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Fig. 1 Structure of Pahang Selangor Raw Water Transfer tunnel (Azit and Ismail 2016)

The confining stress on the tunnel boundary is decreased due
to excavation process, whereas in the anisotropic stress filed
causes the tangential stresses to increase (Martin et al. 1997).
The failure process initiation occurs due to the tensile failure
propagation of pre-existing crack tips; thus, the friction is
confined and only relevant for small-scale strength (i.e., grain

TBM-1

boundary structures and internal cleavage planes) (Diederichs
2007). The plastic zone is formed when tangential stresses at
the excavation boundary are more than half of the rock com-
pressive strength. In deep excavation, maximum stress at the
tunnel boundary can cause brittle failure in form of spalling
especially when it exceeds rock mass strength. Rock spalling
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Fig. 2 Geological profiles along tunnel and TBM excavation location (Kawata et al. 2014)
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Fig. 3 Geological condition of the project
can be defined as the development of visible extension frac- in hard rocks around deep tunnels. Spalling occurs as a violent
tures under compressive loading near the excavation bound-  compressive stress causes cracks to grow behind the excavat-

ary. The direction of spalling fractures is normally parallel to  ed surface and buckling of thin rock slabs. The intensity of
the direction of major principal stress (Hamdi et al. 2015). In  spalling varies from minor spalling to complete collapse of an
addition, the rock spalling is a mode of damage and overbreak ~ excavated surface (Andersson 2007). It may occur shortly
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Fig. 5 Projection of principal stress (Azit et al. 2015)

after excavation and extends to form notch, wedges, and frac-
turing. Thus, the reinforcement must apply immediately after
excavation to get a stable structure. To secure deep under-
ground openings under high stresses, it is essential to use a
support with a larger energy-absorbing capacity and a good
surface coverage. Steel fiber reinforced shotcrete lining is one
of tunnel supports which achieves those requirements.
Shotcrete with the steel fiber demonstrates the ductile behav-
ior and the efficiency to absorb a significant amount of energy
in case of large deformations, but the plain shotcrete is rather
brittle (Vandewalle 1998). In addition, there are many rock
support systems have been suggested by researchers for deep
constructions subjected to high stresses, such as rock bolts,
wire mesh, and cable bolts (Hoek et al. 1995). There are many
technics applied to reduce the rock failure depth and increase
the tunnel stability. The effect of an excavation shape, size,
and the magnitude of the stresses on the stability has been
investigated. Hoek and Brown (Hoek and Brown 1980)
showed that optimizing the layout shape of a cavern can ef-
fectively decrease the required rock support. Rock support
should be able to hold the weight of the predicted rock spalling
region. Shaalan et al. (Shaalan et al. 2017) indicated that the

rock brittle failure depth could be decreased by decreasing the
tunnel lining thickness, tunnel diameter, as well as rock scal-
ing. In this paper, the influence of the maximum tangential
boundary stress to the uniaxial compressive strength
ratio(ymax/0.;) on the rock brittle failure depth, stress distri-
bution, and the total displacement of the rock mass around the
tunnel is investigated. Three critical cases of TBM-2 section
of the Pahang Selangor Raw Water Transfer project are stud-
ied. These cases suffered from rock spalling up to 0.3-0.6 m
deep at the tunnel sidewalls which is damaged the steel fiber
reinforced shotcrete (SFRS) lining. The failure around the
tunnel is simulated using a cohesion softening—friction hard-
ening (CSFH) material model. A parametric study is per-
formed using different tunnel depths to indicate their effect,
in term of (0gmax/0.)ratio, on the simulated failure zone.

Project background

Pahang Selangor Raw Water Transfer project is in the central
zone of Peninsular Malaysia with 44.6 km long and 5.2 m
diameter, as shown in Fig. 1. This project used to transfer

Table 1 Summary of in situ stress test

Item Adit 2 TBM-2 Adit 3 Unit
Chainage 6620 24,252 30,364 m
Overburden 227 1130 157 m
Vertical stress 4.7 28.2 3.6 MPa
Horizontal stress 6.4 10.8 10.8 MPa
Lateral stress ratio k (o;/0,) 14 03 03 -
Maximum principal stress o, 745 28.76 10.85 MPa
Medium principal stress o, 3.75 10.29 3.26 MPa
Minimum principal stress o3 2.53 5.17 1.48 MPa
Maximum principal stress direction 349 80.22 14.2 °
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Fig. 6 Rock overstressing at the
Pahang Selangor Raw Water
Tunnel a at 1050 m (Ch.

16,300 m), b at 130 m (Ch.
24,610) (Azit et al. 2015)

raw water through a transfer tunnel from a river in Pahang
state to Selangor state. Its function is to provide about 1.89
billion liters of water per day to the state of Selangor and the
Federal Territories of Kuala Lumpur and Putrajaya.
Consequently, it relieved the shortage of water supply for
daily life and industries. It is one of the largest infrastructure
projects in Asia. The tunnel was excavated using three TBMs
(TBM 1, TBM 2, and TBM 3) for about 35 km of the whole
tunnel length by 1200 m deep. The conventional tunnel exca-
vation method (NATM) has been used to excavate four sec-
tions of the total 9.1 km long while the cut-and-cover method
used to excavate one section of 0.9 km long. The deepest
section is 1246 m and about 5000 m of the tunnel has over
1000 m deep (Azit and Ismail 2016). The geological environ-
ment along the tunnel consists of granite starting from Ch.
3.9 km until the end of the tunnel (Azit et al. 2015). The
average unit weight and Poisson’s ratio are 27 KN/m® and
0.2, respectively. In this work, the TBM-2 section, particularly
Ch. 23,048 m, Ch. 23,732 m and 23,742 m, is selected for the
numerical analysis since it is subjected to a possible rock
failure (see Fig. 2).

Geological mapping

The geological map of the project is shown in Figs. 2 and 3.
The geological environment of the tunnel includes of Kara
Formation starting from the entrance until the Ch. 4.0 km
which consists of metasediments, such as schist, phyllite,
and hornfels. The geological from Ch. 4.0 km to the end of
the tunnel made up of granite with small sections of

Table 2  Field observed failures

Hawthorndon Schist. The granite is divided into three parts:
Bukit Tinggi Granite, Genting Sempah micro-Granite, and
Kuala Lumpur Granite. Bukit Tinggi Granite part was porphy-
ritic and coarse grained, mostly fresh to slightly decomposed
and cut by the Krau Fault. TBM-1 was used to excavate in that
part leading to rock burst at several locations. TBM 2 was
utilized to excavate the three granite types, the biggest part
being in Genting Sempah micro-granite and passing through
two major faults: the Bukit Tinggi Fault and Lepoh Fault.
Many instability problems have been arising in TBM-2 sec-
tion, such as high rock stress, rock burst, and collapsing
ground at the extensive fault zones. On the other hand, the
Kuala Lumpur Granite part was excavated by TBM-3, with
small sections of Hawthorndon Schist and several faults such
as the Tekali Fault and Kongkoi Fault. In general, the rock in
this part was coarse grained, slightly to moderately
decomposed (Kawata et al. 2014). Many faults with a strike
have been observed intersected with the tunnel alignments.
Particularly, these faults refer to a stress tensional state in the
central part of the project. In addition, several lineaments such
as stream channels have been indicated by the regional topo-
graphic trends. Both faults and lineament seem to be complete
parts of the granite position (Azit and Ismail 2016). The grain
size of the granite varies fine to coarse with several centimeter
orders. Granite can be generally divided into three sections by
grain size, coarse grained granite from Ch. 3.9 km to Ch.
20 km, fine grained granite from Ch. 20 km to 29 km, and
medium grained granite from Ch. 29 km to the outlet. The
quartz content is ranging from 25 to 40% based on a drill core
sample of BH.

Cases Chainage (m) Depth (m) Field comments from the geological map
23,048 1002 Spalling up to 0.3 m deep in the side walls damaged the shotcrete lining
2 23,732 1241 Spalling occurred in the tunnel walls up to 0.6 m deep and damaged the shotcrete
3 23,742 1239 Spalling occurred in the tunnel walls up to 0.5 m deep and damaged the shotcrete lining

@ Springer



108 Page 6 of 14

Arab J Geosci (2019) 12: 108

Fig. 7 a Geometrical model; b
meshing around the tunnel

In situ stress conditions

The in situ stress conditions along the tunnel have been eval-
uated, and a series of initial stress measurements is performed
at various locations along the tunnel to establish the magni-
tude and direction of the stresses in rock mass as in Figs. 4, 5.
Both of hydraulic fracturing and compact conical-ended bore-
hole overcoring (CCBO) methods have been employed to
investigate magnitudes and orientations of the in situ stresses.
The results of the Compact Conical-ended Borehole
Overcoring (CCBO) test are used for the current study.
CCBO method was applied to measure three-dimensional in
situ stress in a single borehole. The initial stress is measured
from twenty-four (24) strain gauges. For the in situ CCBO
test, borehole for the testing was 76 mm diameter and was
drilled more than 10 m’ distance from the tunnel wall. Based
on the results of the drilled borehole, its calculations derived
the initial stress tensor composed of six (6) stress components
and then converted to the principal stress in three-dimensional,
as shown in Table 1. The high in situ stresses have been ob-
served in the center of the mountain, especially in TBM-2
section. The maximum principal stress (1) is recorded along
the vertical direction. On the other hand, the horizontal stress
oy, 1s comparatively small, so its ratio to vertical stress o, is
0.38 (Azit et al. 2015).

Based on the field observation, many rock failures were
occurred during the tunnel construction in form of rock burst
and spalling. Spalling is described as the compressive stress-
induced slabs formed on the boundary of an underground

Table 3 Rock compressive strength form Schmidt hammer test

Cases UCS (MPa) RQD
124 75%

2 94 70%

3 118 75%

@ Springer
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opening and resulting in breakouts or V-shaped notch in the
region of maximum tangential stress, while rock burst is a
sudden and violent failure of rock overstressed resulting in a
rapid release of a large amount of accumulated energy. In
another word, the spalling is light rock burst. At the site, due
to high stresses, rock failures have occurred at tunnel side-
walls while the crown was not affected, as shown in Fig. 6.
In fact, the rock geological structure had no effect on the
failures generation (Kawata et al. 2014). The filed observed
failures for the three critical cases, used in this study, are pre-
sented briefly in Table 2.

Methodology
Analysis of the rock overstressing

Normally, rock mass is in a state of equilibrium but tunneling
changes the in situ stress state, leading to new sets of stresses
and deformation around the opening. Maximum stress con-
centrates around tunnel openings is known as a maximum
tangential stress, which is calculated using the Kirsch equation
(Kirsch 1898), referring to the following equations:

P1—|—P2 1 a2
Op = ——— -
2 r2

P|_P2 4612 3614
+ 2 (lr—2+r—4 cos26 (1)
b (L) PP () 3 g 2
0 — ) 2 ) 4 COS
P]*Pz 2612 304 .
Ty — 7T (1 r_zir_‘l Sln29 (3)
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Table 4 Input parameters of the numerical modeling

Input parameters for RockLab

Term Unit Case 1 Case 2 Case 3
Intact compressive strength o; MPa 124 94 118
Material constant for intact rock mz; - 32 32 32
Disturbance factor D - 0 0 0
Geological strength index GSI - 67 60 67
Modulus ratio MR - 425 425 425
Unit weigh 7, KN/m® 27 27 27
Tunnel depth m 1002 1241 1239
Output parameters for RockLab

Young modulus £ MPa 35,516 20,774 33,798
Rock mass compressive strength o, MPa 19.7 10.06 18.74
Rock mass tensile strength o, MPa 0.322 0.144 0.306
Friction angle &, ° 52 47 51
Cohesive strength C,, MPa 6.239 5.75 6.96
my - 9.84 7.66 9.84
K - 0.026 0.011 0.025

where o, is the radial stress (MPa), oy is the tangential stress
(MPa), 7;. is the shear stress around the tunnel (MPa), P; and
P, are 0,, and o, which are the vertical and horizontal stresses,
respectively (MPa). In addition, « is the tunnel radius (m), 7 is
the distance from the tunnel cross-section center (m), 6 is the
counterclockwise angle from the spring line of the right side-
wall, and £ is the coefficient of lateral stress (Goodman 1989).
Substituting (e =r) in “Eq. (1)” gives the radial stress and
shear stress are both zero since this is a free surface. The
locations of the maximum stresses along the right and left
sides of the wall are 0° and 180°, which are presented by 6.
Spalling is a stress-induced failure process; thus, the stresses
on the boundary of the excavation and the maximum bound-
ary stress should be evaluated. The maximum tangential stress
at the sidewall (# = 0° and 180°) is simplified and calculated
by Eq. (4):

08 max = 30~ Chmin (4)

Table 5  Steel fiber reinforced shotcrete lining properties

Item Unit Value
Young modulusE MPa 23,900
Poisson ratio v - 0.2
Uniaxial compressive Strength f;. 3 MPa 25.5
Tensile strength f; 3 MPa 2.55!
Steel fiber content kg/m® 35
Lining thickness m 0.1

! Assumption: f; 3 =0.1f. 3 (Saurer et al. 2014)

whereoy = tangential stress, o, = vertical stress, and oy, =
minimum horizontal stress.

The ratio of the maximum boundary stress to the uni-
axial compressive strength (ggmax/0.;) 1S suggested as the
key parameter to determine the tunnel instability risks.
Based on the site observation collected by Hoek and
Brown (Hoek and Brown 1980), Martin et al. (Martin
et al. 1999) showed that increasing the ratio of the max-
imum boundary stress to the uniaxial compressive
strength (0ymax/0.;) makes the stability of the tunnel very
difficult to achieve. Furthermore, Hoek and Marinos
(Hoek and Marinos 2009) suggested an overstressing clas-
sification based on personal observations from the results
provide by Hoek and Brown (Hoek and Brown 1980) and
Martin et al. (Martin et al. 1999). They conducted that the
ratio of maximum tangential stress to rock uniaxial com-
pressive strength(oymax/oe;) =0.45 for minor spalling, 0.6
for moderate spalling, 0.9 for severe spalling, 1.2 for ex-
treme spalling, and 1.6 for possible rock bursts.

Numerical modeling

Field data from a real project based on Pahang Selangor Raw
Water Transfer Tunnel are collected. A numerical analysis is
performed using Rocscience RS2 (version: 9.0). It is the most
widely applied software for rock mechanics issues due to its
flexibility treatment with the material heterogeneity, nonlinear
deformation, in situ stresses, and gravity (Rocscience Inc.
2012). To reduce the element number, a circular domain is
used around the tunnel opening (Edelbro 2010), as shown in
Fig. 7. In the modeling, an expansion factor is used in
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Table 6 Tunnel depths for the stability analysis

Case 1 Case 2 Case 3

Tunnel depth (m) (Cpmax/ Tci) Tunnel depth (m) (Comax/Tci) Tunnel depth (m) (Comax/Tci)
1002 0.65 1241 0.86 1239 0.68

900 0.52 900 0.69 900 0.55

800 0.46 800 0.61 800 0.48

700 0.4 700 0.53 700 0.42

determining how far an automatically generated external
boundary can be projected relative to a given excavation di-
mension. Expansion factor is set to 6.5 to decrease the bound-
ary effects. Triangular elements with six nodes are utilized for
the finite element mesh. Mesh densities in the critical areas of
the model (e.g., around excavations) can be increased without
affecting the mesh outside of these regions. Increasing mesh
density close to the excavation boundary results in more ob-
vious and distinct shear. The location of the failure zone is
dependent on the element size. Therefore, larger elements size
leads to wider and more diffuse shear bands (Edelbro 2010).
In this analysis, an extremely fine mesh density (gradation
factor of 0.1) is used in the critical area located on the tunnel
sidewalls.

RockLab software is used to determine the rock properties
by fitting the Mohr-Coulomb failure envelope with the Hoek-
Brown failure envelope. The intact compressive strength in
the tunnel wall was investigated at the site using Schmidt
hammer test (see, Table 3). The properties of the rock mass
around the tunnel used in the RockLab are listed in Table 4.
The value of material constant for intact rock m; is determined
based on the mineralogy, composition, and grain size of the
intact rock (Hoek et al. 1992). Disturbance factor Ddescribes
the condition of the rock mass. Disturbance of the rock mass
results from heavy blast damaged effects as well as stress
relief due to the overburden removal. Hoek et al. (Hoek
et al. 2002) provided guidelines for estimation the disturbance
factor D. For the current project, disturbance factor Dis 0 since
excavation by TBM results in minimum rock mass distur-
bance around the tunnel. Hoek et al. (Hoek et al. 2013) pre-
sented a suggested quantification of the GSI chart based on
two well-established parameters, Joint Condition and RQD, as
shown in “Eq. (5).” JCondgyg and RQD scales are used to
represent the discontinuity surface conditions and the

blockiness of the rock mass. Surface conditions of the current
cases are good, rough, and slightly weathered.

GSI = 1.5 ICondgo + RQD/2 (5)

The rock mass modulus £ could be estimated using mod-
ulus ratio MR which can be selected by the rock type. Mohr-
Coulomb model is used to simulate the rock mass behavior.

The total field stress is applied in a single phase by default
for numerical modeling. In fact, this technique is relevant
especially when no mining effect is observed in the rock mass.
Therefore, the stress must be applied gradually with many
stages to involve the mining process effect (Edelbro 2008).
A multistage analysis is implemented to simulate the tunnel
excavation process. The load split option is applied for the
said purpose, in which the user can split the field stress-
induced load between any model stage rather than applying
the entire load in a single phase. Using this option, the tunnel
material is removed immediately at the first stage, while the in
situ stresses are applied gradually in stages as a boundary
condition until reaching the in situ stress state. In addition,
the load split option is performed to simulate the 3D effect
of an advancing tunnel face, using a 2D model. Eight stages
with 12.5% of the total in situ stress at each stage are applied
to the model boundary.

Tunnel support

The tunnel has been supported using steel fiber reinforced
shotcrete lining SFRS. The properties of the SFRS lining are
listed in Table 5. The function of SFRS is to ensure the stabil-
ity of the tunnel by controlling the deformation and spalling
caused by the overstressing. The compressive strength and
Poisson ratio of the shotcrete has been obtained from shotcrete

Table 7  Rock failure classification Table 8 Input parameters of CSFH model

Case (O gmax/Tci) Failure classification Case Cpeak Dpeak Cresidual Dresidual
0.65 Moderate spalling 21.14 16 6.34 52

2 0.86 Moderate to severe spalling 18.58 15 5.57 47

3 0.68 Moderate spalling 3 21.2 10 6.36 51
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Case 1

Fig. 8 Simulated failure zone of the tunnel sidewalls using CSFH model (m)

samples test that made during tunnel construction. The young
modulus of the shotcrete lining is calculated according to ACI
318-08 (ACI 318-08 2008). The lining thickness is about
100 mm.

Numerical simulation of the rock failure

A CSFH material model is applied to simulate the observed
rock failure at tunnel sidewalls under high stresses. It is an
elastic-brittle-plastic model presented by Edelbro (Edelbro
2010) and can best capture the actual rock failure. The
CSFH model shows suitable results for hard rock masses
when predicting the failure observed in the field
(Hajiabdolmajid et al. 2002; Diederichs et al. 2004). Using
the elastic-brittle-plastic with the CSFH model, the cohesion
decreases, and the friction increases instantaneously in resid-
ual values after peak strength is exceeded (Edelbro 2008). In
addition, the material behavior can be modeled based on peak
and residual parameters evaluation of the Mohr-Coulomb fail-
ure criterion (Hoek et al. 1992). Yield elements failed in shear
are used as failure indicators. The strength parameters of the

0.65
1 v
0.60 ..
- 0.55 4
g 1 . v
S 050 - .
2 .
Q 4
<
o 0454
S
= |
£ 0404
0.35 . v Simulated failure depth
| v - - Actual failure depth
0.30 4 .
T T T v T
1 2 3

Case number

Fig. 9 Comparison between actual and simulated failure depth

Case 2

Case 3

CSFH model are evaluated based on the equations provided
by Edelbro (Edelbro 2010). The peak cohesion strength can be
calculated as follows:

Oem(1=sinG,,)

6
2cosD,, (6)

Cpeak =
where o, is the compressive strength of the rock mass, while
@, 1s the friction angle of the rock mass and can be obtained
using Rock Lab as shown in Table 4. The peak friction angle
@peakvalue when utilizing CSFH model is between 0 and 22°
as suggested by Hajiabdolmajid (Hajiabdolmajid et al. 2002)
and Diederichs (Diederichs et al. 2004). Based on this study,
Hajiabdolmajid et al. (Hajiabdolmajid et al. 2002) indicated
that a peak friction angle equal to zero leads to a very wide and
deep zone of yielded elements. Furthermore, a parametric
study was carried out by Shaalan et al. (Shaalan et al. 2017)
to show the effect of peak friction angle ¢pc.con the rock
failure zone using the range of (0-22°). They found that the
variation in the peak friction angle of the CSFH model largely
influences the failure shape and depth. The extent and depth of
the yield elements that failed in the shear for lower peak fric-
tion angles are higher than those obtained from the higher
peak friction angles. The residual cohesion strength and fric-
tion angle can be calculated according to “Eq. (7)” and “Eq.
(8),” respectively.

Cresidual = 0.3 Cpeak (7)
gresidual = gm (8)

Table 9  Actual and simulated failure depth

Case Actual failure depth (m) Simulated failure depth (m)
1 0.3 0.34
2 0.6 0.63
3 0.5 0.52
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Fig. 10 Distribution of yield element failure in shear under different tunnel depths

Parametric analysis

To assess the tunnel stability and reduce the failure depth
around the tunnel, the influence of the tunnel depth in term
of the maximum tangential boundary stress to the uniaxial
compressive strength (0yma/0)ratio on the simulated failure
depth, stress distribution, and displacement of the rock mass is
investigated. For the said purpose, four tunnel depths includ-
ing the actual tunnel depths are adopted as shown in Table 6.
Vertical stress o, is calculated as expressed in Eq. (9).
Horizontal stress oy, is obtained by multiplying the coefficient

@ Springer

of lateral stress & by the vertical stress o, as shown in Eq. (10).
The maximum tangential stress at the sidewall is calculated by

Eq. (4):

oy =g xH 9)
k=2t (10)
ay

where o, is vertical stress (MPa), v, is rock unit weight (MN/
m?®), H is tunnel depth (m), k is the coefficient of lateral stress,
and oy, is the horizontal stress.
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Numerical results
Estimation of rock spalling

According to “Eq. (4)” and in situ stresses, the maximum
tangential stress ogmax 1s 81 MPa, which is lower than the rock
compressive strength of the three cases (see, Table 3), so the
risk of rock burst in the critical cases is low. However, based
on the overstressing classification provided by Hoek and
Marinos (Hoek and Marinos 2009), a possible rock spalling
can occur as shown in Table 7.

Simulated failure zone

The failure zones of the three cases are simulated using the
CSFH material model. The strength parameters of the CSFH
model for the three cases are presented in Table 8. The peak
cohesion cpear, residual cohesion Cregiguar» and residual fric-
tion angle . siquar are calculated based on Eq. (6, 7, 8),
respectively. The peak friction angles @ .k are selected
based on the parametric study performed by Shaalan et al.
(Shaalan et al. 2017). The simulated failure zones are shown
in Fig. 8. The comparison between the simulated and actual
failure depths is shown in Fig. 9 and Table 9. The good
agreement with field observations shows the efficiency of
the CSFH model to predict rock brittle failure in numerical
simulations.

Effect of tunnel overburden stress

The effect of tunnel overburden stress in term of (0 pmax/0 i)
ratio on the simulated failure depth and stress distribution is
investigated using four different values of tunnel depths as
shown in Table 6. The actual tunnel depths for the three cases
are used to compare with other depths. Figure 10 presents the
distribution of yield elements failed in shear around the tun-
nel at different (ogmax/0.;) ratios. It is obvious that the rock
failure depth decreases with decreasing the ratio of (ogmax/
o). At 700 m deep, the yield elements failed in shear disap-
pear for cases 1 and 3 because (0gmax/0.;) ratio is about 0.4.
Whereas, in case 2, the failure still occurs with lower depth
since a minor to moderate spalling still occurs at (ogmax/
o) =0.53. This may due to the high rock compressive
strength o for cases 1 and 3 which are 124 and 118 MPa,
respectively, compared with 94 MPa for case 2. Increasing
rock compressive strength o results in decreasing the ratio
of the maximum tangential boundary stress to the uniaxial
compressive strength(ogmax/0e;). The ratio of (Tgmax/0;) ver-
sus the simulated failure depths for the three critical cases is
shown in Fig. 11. The stress distribution of the rock mass
around the tunnel at different tunnel depths and (ymax/oc:)
ratios is evaluated. Increasing the ratio of (oymax/0.;) could
increase the rock stresses closed to the excavation boundary.
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Fig. 11 Effect of tunnel overburden on the rock failure depth

Furthermore, at high tunnel depths, the rock stresses are low-
er near the tunnel boundary since a brittle failure model is
used and the residual strength is primarily governed by the
frictional strength (Cai and Kaiser 2014). On the other hand,
the maximum principal stresses (tangential stress) will be
closed to the tunnel boundary at lower tunnel depths (see,
Fig. 12). Figures 13 and 14 show the changes of the ratio of
(0omax/0¢;) With the tangential stress and the total displace-
ment of the rock mass, respectively. The total displacement
of the rock mass around the tunnel of case 2 is higher than
that of cases 1 and 3. However, with increasing the ratio
of(0pmax/0 i), the tangential stress and the total displacement
of the rock mass are increasing.

Conclusion

Based on the site observation of Pahang Selangor Raw
Water Transfer project, rock brittle failures have occurred
in the tunnel sidewalls up to 0.3—0.6 m deep and damaged
the shotcrete lining. In this study, an analytical method is
performed to analyze the tunnel behavior under high over-
burden stress on the basis of the rock stress-strength rela-
tionships and the actual failure. The results indicated that
the risk of rock burst is low, but a possible rock spalling
could occur. The actual failure zone is simulated using the
cohesion softening—friction hardening (CSFH) material
model. The good agreement with actual failure depth shows
the efficiency of the CSFH model to predict rock brittle
failure in numerical simulations. Minimizing rock failure
depth around a tunnel can increase the tunnel stability and
reduce the amount of the rock support. The ratio of the
maximum boundary stress to the uniaxial compressive
strength (ogmax/0e) 18 suggested as the key parameter to
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Fig. 12 Stresses distribution of the rock mass around the tunnel at different tunnel depths
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Fig. 12 (continued)

determine the tunnel instability problems. The effect of the
tunnel overburden stress in term of the ratio of (oymax/0c)
on the simulated failure depth, stress distribution, and the
total displacement of the rock mass around the tunnel is
evaluated. A parametric study is implemented using

85
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Fig. 13 Effect of tunnel depth on the tangential stress

different tunnel depths including the actual depths. The re-
sults showed that with increasing tunnel depth or (0 gmax/o ;)
ratio, the risk of rock failure, tangential stresses, and total
displacement of the rock mass around the tunnel are
increasing.
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Fig. 14 Effect of tunnel depth on the total displacement of the rock mass
around the tunnel
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