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Abstract One of the most important stages in the
design and construction of underground spaces is the
evaluation of ground conditions and the risks of
tunneling, and in particular the squeezing potential of
rock mass. Generally, tunneling is difficult and time-
consuming under squeezing conditions. For this
reason, it is very important to identify and estimate
the squeezing conditions of rock mass in selecting a
suitable excavation method and proper support sys-
tem. In this study, the squeezing conditions of rock
mass are investigated in the Kerman water conveyance
tunnel. This tunnel transfers water from the Safa river
dam to Kerman city for supply of drinking water.
Firstly, geological zones, characteristics of rock mass,
intact rock and classification of rock mass are
presented and then, the estimation of the squeezing
potential along Kerman water conveyance tunnel is
investigated. Estimating of this phenomenon was done
using empirical, semi-empirical, analytical theory
approaches and a new probabilistic method called
the Bayesian network. The results showed that the
tunneling has a squeezing problem, especially in the
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ET-21 zone, which is due to the existence of the
tectonic and faulted area along with weak rock
properties.
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1 Introduction

Time-dependent large displacement, occurring around
the tunnel and other underground spaces, is generally
defined as squeezing in rock mass (Barla 1995). The
Squeezing phenomenon happens during a tunneling in
rock and is essentially associated with creep caused by
exceeding a limiting shear stress. Deformation may
terminate during construction or continue over a long
time period. Squeezing problems are particularly
common in relatively deep tunnels in weak rocks.
However, significant convergences can also occur in
shallow tunnels within very weak or over-stressed
rock masses due to effects of tectonic or topographic
(Shrestha and Broch 2008; Hudson 2009; Hoek and
Marinos 2010). In addition, significant time-depen-
dent behavior and squeezing is also observed in some
cases (Malan 1998, 1999). Squeezing is a unique
problem faced by rock engineers while tunnels
excavated through rock masses of very poor quality
under high rock cover. Squeezing in rock occurs
mainly in marl, argillaceous and phyllitic schist, and
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materials containing considerable amount of clay or
mica such as fault shales (Shalabi 2005).

Tunneling under squeezing rock conditions often
imposes high costs and long delays. Therefore,
analysis and recognition of squeezing potential before
the commencement of the project is very important for
planning time, cost, and selecting a suitable excavation
method and support system to reduce the adverse
effects on the project (Barla 2001). The effects of rock
squeezing, as the redistribution of stress and defor-
mation in a plastic zone around a deep tunnel, were
first identified by Wiesmann (1912) during the
construction of the Simplon tunnel in Switzerland.

Many researchers attempted to evaluate ground
squeezing using different approaches (Ghaboussi and
Gioda 1977; Gioda 1981; Sulem et al. 1987; Pan and
Dong 1991; Deere et al. 1969; Aydan et al. 1993).
Terzaghi (1946) and Deere et al. (1969) used rock
mass classification system (empirical approach) to
predict rock load. Then, Semple et al. (1973) carried
out the experimental approach to evaluate the soil
creep parameters. Kallhawy (1974) and Ghaboussi
and Gioda (1977) implemented the analytical
approach to assess ground squeezing by using differ-
ent creep models. Also, Mesri et al. (1981) by
performing experimental tests on soil samples, eval-
uated soil creep. Jethwa et al. (1984), Singh et al.
(1992, 2002) and Hoek and Marinos (2000) proposed
several methods to “quantify” squeezing potential
based on the concept of comparing the rock mass
strength with the induced stress. Aydan et al. (1993)
and Singh et al. (2007) stated a slightly modified
approach by which they compare the strains to define
squeezing potential. The magnitude of the tunnel
convergence is related to rock load (height of rock
load), and the rate of deformation depend largely upon
geological conditions, in situ stress, ground water
condition, and geotechnical properties of rock mass.
Recently, the squeezing phenomenon was addressed
and extensively investigated (Singh et al. 2007;
Hasanpour et al. 2014; Agan 2016; Saeed and
Maarefvand 2014; Farrokh et al. 2006; Hoek and
Guevara 2009; Asghar et al. 2017; Ajalloeian et al.
2017; Khanlari et al. 2012).

In this research, the squeezing potential of the
Kerman water conveyance tunnel, which is the largest
water transfer tunnel in the Middle East, were studied.
This tunnel is 38 km long and transfer water from
Safarood dam in the city of Rabor to the center of
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Kerman province. Due to the necessity of implemen-
tation of the tunnel and the presence of several of the
faults in the tunnel route, the evaluation of the
squeezing condition during the tunnel is essential.
Ultimately, the squeezing potential in critical geolog-
ical units is estimated using the methods presented in
this study.

2 Project Description and Geology of Kerman
Water Conveyance Tunnel

The Kerman water conveyance tunnel, located in
southeast of Iran. This tunnel provides a part of
requirement water of Kerman city. This study reflects
the findings of the 38 km long tunnel that constructed
by the TBM. The geometry of the tunnel shape is
circular and the maximum overburden point of this
tunnel is 940 m in the central area of the tunnel route.
The parameters of tunnel properties have been shown
in Table 1. The geological study includes the field and
laboratory investigations. Based on the results, the
tunnel alignment of lotl and lot2 was divided 21
lithology types. This paper presents the geological
study of the lotl that was critical.

2.1 Geology of Tunnel

Based on the results of the samples and boreholes
carried out, the tunnel path passes through collection
of sedimentary rocks consisting of sandstone and
limestone, and volcanic rocks which are also com-
posed of volcanic lavas, tuff and volcanic ash along
with symbolic combination of diorite to granite and
granodiorite as shown in Fig. 1.

The investigation of the types of lithology in the
tunnel route of lot 1 and lot 2 was carried out.
According to geological and geotechnical investiga-
tion (borehole, core logging and laboratory testing),
the rock mass has been identified to consist of 21
lithography types in both lotl and lot2. The types of
lithology identified are shown in Fig. 1. The bound-
aries of types of lithography are according to the
stratigraphy and in many cases for the geomechanical
features; the lithography was the main factor in
separation and classification (Fig. 2).

Considering previous studies (Saeed and Maaref-
vand 2014) and field surveys in the study area, there
are several major and minor faults in this complex
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Table 1 Geotechnical and geomechanical properties of rocks located in the tunnel route
Symbol Rock type Internal Cohesion  Uniaxial compressive Elastic modulus  Density ~ Overburden
friction angle (MPa) strength of intact rock of intact rock (MN/m3) height (m)
©) (MPa)
ET-10  Andesite trachy 33 4.4 100-130 10-12 0.024 900-1000
mass
ET-11  Agglomerate 46 22 90-115 5-7 0.025 500-600
unit
ET-12  Conglomerate 44 1.3 70-85 4-6 0.023 300-400
and sandstone
ET-21  Fault zone and 22 0.8 <30 2.55 0.023 > 200
chopped

,,,,,,,,,, X
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Fig. 1 Geological profile of the tunnel route

region, which mainly have east-west and northwest-
southeast trend. In the tunnel path, seven main faults
and a number of sub-faults was identified. Main faults
include Madehkuh fault, Sarzeh fault, and Lalehzar
fault. These faults created crushed zones around them
with different thicknesses. The crushed zones along
with the weak rock mass, indicated major problems in
the excavation process. These problems include
falling rock and water flow into the tunnel.

3 Engineering Geology

In the Kerman project, various investigations were
carried out at different periods of time for estimation
of intact rock and rock mass characteristic, rock mass
classification, and assessment of geological hazards.
To complete the engineering geological studies and
create a connection between surficial studies and
condition of rock masses in the tunnel depth, 16
boreholes were drilled. To estimate the geotechnical
parameters of intact rock and rock mass, laboratory
and field tests such as triaxial and uniaxial compres-
sive strength, direct shear, Brazilian and point load
tests, in situ permeability, and Schmidt hammer tests
were carried out. The geological formations out-
cropped in the project area mainly consist of sandstone
and limestone with layers of interbedded igneous
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rocks such as diorite to granite and granodiorite. Four
types of rock masses were critical along the tunnel
alignment:

Type 1: Lithology is mainly Granite and Andesite
and Scarce Ignimbrite with blocky to Massive
structure (rock symbol is ET-10).

Type 2: Poorly lithified Sandstone and Conglomer-
ate are dominant rock type which their Structure
were Blocky (rock symbol is ET-11).

Type 3: Lithified sandstone and Conglomerate and
Massive to blocky are Lithology and Structure,
respectively (rock symbol is ET-12).

Type 4: Fault zone which has laminated to very
blocky structure (rock symbol is ET-21).

Overall, the rock masses of ET-21 zone are strongly
faulted and mixed. Obviously, the study of the
structural features and discontinuities within the rock
mass can have an important effect on the rock. As
shown in Table 2, quantitative description of rock
discontinuities, e.g. persistence, orientation and spac-
ing were carried out according to the suggested
method of ISRM (Brown 1981). For this aim, the
scan-line survey method of the ISRM (Brown 1981)
description criteria was applied. It should be noted that
the depth and position of the tunnel are below ground
water level.

@ Springer
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Fig. 2 MadeKuh fault and the stereographic diagrams of the measured plates

Table 2 Features of discontinuities in different zones of Engineering Geology

Symbol Thickness of bedding (cm) Joint spacing (cm) Joints dip/dip direction Persistence (m)
J 1 Jz J3 J 1 J2 J3

ET-10 - 500-550 400-420 - 002,76 065,80 - 1-3

ET-11 - <10 <10 <10 014,32 119,64 1-3

ET-12 20-40 10-20 - - 019,78 - - 1-3

ET-21 <10 <10 <10 <10 No available 7-10

3.1 Rock Mass Classification

Some rock mass classifications such as Rock Quality
Designation (RQD), Rock Mass Rating (RMR),
Quality system (Q), Geological Strength Index (GSI)
have been performed on the engineering geological
units of the Kerman water conveyance tunnel. The
rock mass properties were determined using result of
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these systems. RMR system was initially developed by
Bieniawski (1974) on the basis of his experiences in
shallow tunnels also the version 1989 of RMR
(Bieniawski 1989) has been presented. The GSI, is a
new rock mass classification system that was devel-
oped by Hoek (1994). The Q-system was developed as
a rock tunneling quality index by the Norwegian
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Geotechnical Institute (NGI) (Barton et al. 1974) and
the last update was released in 2004.

As shown in Table 3, values of rock mass classi-
fications (RQD, Q, RMR, and GSI) show that faulted
zone have a lower quality compared to other forma-
tions. Based on Q and RMR classifications, the faulted
zone classify into poor and very poor classes.

4 Evaluation of Squeezing Phenomena

To determine the squeezing conditions and the poten-
tial of this phenomenon, several qualitative and
quantitative methods such as empirical, semi-empir-
ical, and theoretical-analytical are presented by
researchers. Beside these methods, probabilistic
method of Bayesian network also have been proposed.

The empirical methods are based on the rock mass
classification system. The two main approaches of
these methods are proposed by Singh et al. (1992) and
Goel et al. (1995). In the semi-empirical methods, the
expected deformation of the tunnel is defined in a
hydrostatic stress field. The common starting point to
quantify the squeezing potential of the rock in this
method is the use of ‘‘competency factor’’ defined as
the ratio of uniaxial compressive strength rc/rcm, of
rock/rock mass to the overburden stress, cH. Three
common semi-empirical methods are Jethwa et al.
(1984), Aydan et al. (1993) and Hoek and Marinos
(2000) approaches (Barla 2001; Singh et al. 2007).
Theoretical-analytical method is based on the strength
and deformation parameters of the rock mass. In this
method, recognition of the rock stress—strain behavior
is necessary. The two major methods in this group are
Barla (1995) and ISRM approaches (Singh and Goel
1999).

Table 3 Rock mass classification system

Geological symbol RQD RMR RMR,; Q GSI
ET-10 75-90 63 100-130 11 64.5
ET-11 65-80 44 90-115 438 49.5
ET-12 65-75 38 70-85 4.1 425
ET-21 10-20 20 <30 <0.07 20

4.1 Empirical Approach

In empirical methods, the analysis is purely based on
experience and comparison. Various types of empir-
ical approaches have been proposed by different
authors for the assessment of the potential squeezing
phenomenon. Depending on the indicators used, the
approaches can be grouped into the following three
categories:

(a) Strength-stress ratio approach
(b) Strain estimation approach; and
(c) Rock mass classification approach.

Singh et al. (1992) approach is based on 39 case
studies, in which data on rock mass quality (Q) and
overburden (H) are collected and then, the following
equation is used for predicting squeezing conditions:

H =350 Q'3 (m) (1)

where H is overburden (m) and Q is rock mass quality.
For squeezing condition:

H>> 350 Q13 (m)

Goel et al. (1995) have proposed the following
simple empirical approach, which is based on the rock
mass number (Qn):

H = (275Q)*)B~"! (2)

where H is overburden (m) and B is tunnel span or
diameter ~ (m). For  squeezing  condition:
H > (275N%33)B 01,

In this approach, different squeezing behaviors of
the rock mass are classified in five categories including
self-supporting, non-squeezing, mild squeezing, mod-
erate squeezing, and high squeezing. The limit
between squeezing and non-squeezing conditions
obtained when H less than (275N%%) B=*! (Barla
2001; Singh and Goel 1999). Table 4 shows the
evaluated squeezing conditions of rock masses accord-
ing to Singh et al. (1992) approach. As can be seen, all
zones except ET-12, have the potential of squeezing.
Table 5 shows the results of the squeezing potential
evaluation of the rock masses in Kerman water
conveyance tunnel based on Goel et al. (1995)
approach. As shown in the table, according to the
critical height of overburden, the squeezing potential
for all zones have predictable.

@ Springer



1676

Geotech Geol Eng (2019) 37:1671-1685

Table 4 Estimation of squeezing potential for Kerman water conveyance tunnel, based on Singh’s approach

Symbol Geology Engineering Rock mass quality (Q) Height of overburden (m) Critical height Squeezing

of overburden (m) condition
ET-10 11 900-1000 778 Squeezing
ET-11 4.8 500-600 590 Squeezing
ET-12 4.1 300400 560 Non-squeezing
ET-21 < 0.07 > 200 144 Squeezing

Table 5 Estimation of squeezing potential for Kerman water conveyance tunnel, based on Goel’s approach

Symbol Geology SRF N Height of overburden (m) Critical height Squeezing condition
Engineering of overburden (m)

ET-10 1 11 900-1000 778 Squeezing

ET-11 5 4.8 500-600 590 Squeezing

ET-12 1 4.1 300-400 560 Squeezing

ET-21 5 0.35 > 200 144 Squeezing

4.2 Semi-empirical Methods

The most popular semi-analytical approaches used for
the analysis of a tunnel squeezing phenomenon are
proposed by Jethwa et al. (1984), Aydan et al. (1993)
and Hoek and Marinos (2000). These approaches are
described and used for the analysis of the present
work.

The semi-empirical approaches illustrated for pre-
dicting squeezing. However, they also provide some
tools for estimating the expected deformation around
the tunnel by using closed-form analytical solutions
for a circular tunnel in a hydrostatic stress field. The
common starting point of all these methods for
quantifying the squeezing potential of rock is the use
of the ‘‘competency factor’’, which is defined as the
ratio of the uniaxial compressive strength of rock/rock
mass to overburden stress.

4.2.1 Jethwa et al

Jethwa et al. (1984) defined Eq. 4 for determining the
degree of squeezing on the basis of rock mass uniaxial
compressive strength and a tunnel depth below the
earth surface:

N, = Gcm/PO = Gcm/'YH (3)

@ Springer

where G, is rock mass uniaxial compressive strength,
Py is in situ stress, 7y is rock mass unit weight, and H is
tunnel overburden.

The classifications of squeezing potential according
to Jethwa et al. (1984) approach are given in Tables 6
and 7.

4.2.2 Aydan et al

Aydan et al. (1993) approach suggested a method
based on the experiences obtained from Japanese
tunnels. These researchers proposed a relationship
between the strength of the intact rock (o) and the
overburden pressure (YH), assuming that the uniaxial
compressive strength of the intact rock (G;) and of the
rock mass (G.y,) are the same. The normalized strain

Table 6 Squeezing classification according to Jethwa et al.
(1984)

N, Earth’s behavior
<04 Highly squeezing
0.4-0.8 Moderately squeezing
0.8-2 Mildly squeezing
>2 Non-squeezing
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Table 7 Determining the behavior of rock mass squeezing for the Kerman water conveyance tunnel, based on Jethwa approach

Symbol Geology Uniaxial compressive Height of Overburden Degree of Squeezing
Engineering strength (Gcm) overburden (m) pressure (MPa) squeezing (Nc) condition
ET-10 8 900-1000 900-1000 0.4 Moderately
squeezing
ET-11 5.2 500-600 500-600 0.5 Moderately
squeezing
ET-12 39 300-400 300-400 0.7 Moderately
squeezing
ET-21 2.7 > 200 > 200 0.2 Highly
squeezing

levels, n,, 1y, and 1, are defined by the following

equations:

N, = &p/6e = 26017 (4)
N, = &/ee = 30,7 (5)
N = &r/ee = 505 (6)

where ¢€,, € and g are the strain values after yield
point and & is the elastic strain limit obtained from the
laboratory tests. Based on a closed-form analytical
solution, they developed for computing the strain level
&g around a circular tunnel in a hydrostatic stress field.
Aydan et al. (1993) proposed five different degrees of
squeezing behaviors (Table 8). Table 9 shows the
results of evaluation of Kerman water conveyance
tunnel squeezing conditions based on this method. At

the beginning, the values of parameters Nps MNss Mg 5
and &} were calculated in each zone and then the
squeezing potential was evaluated. Results of the
evaluations show that the rock mass of ET-21 has very
heavy squeezing condition (VHS) and for other zones
squeezing potential not predicted.

4.2.3 Hoek and Marinos

Hoek and Marinos (2000) used the ratio of the rock
mass uniaxial compressive strength G, to the in situ
stress py as an indicator of potential of tunnel
squeezing problem. In particular, Hoek and Marinos
(2000) by studying a number of tunnels in Venezuela,
Taiwan, and India, proposed the Eq. 7. This equation
can be used for assessment of tunneling problems
under squeezing conditions. According to this

Table 8 The classification of squeezing behavior based on Aydan et al. approach (Malan 1999)

Classification Degree of Symbol Theoretical

Explain the behavior of the tunnel

squeezing conditions

1 Non- NS gh/e. <1 The rock behaves elastically and the tunnel will be stable
squeezing

2 Light LS 1<€j/e. < M,  The rock exhibits a strain hardening behavior. As a result, the tunnel will
squeezing be stable and the displacement will converge as the face effect ceases

3 Fair FS My <&j/ee <My The rock exhibits a strain-softening behavior and the displacement will
squeezing be larger

4 Heavy HS N, <&j/ec <My The rock exhibits a strain-softening at a much higher rate. Subsequently,
squeezing displacement will be larger and it will not tend to converge as the face

effect ceases

5 Very heavy VHS e < &§/se The rock flows, which will result in the collapse of the medium and the

squeezing displacement will be necessary to re-excavate the opening and install

heavy supports

@ Springer
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Table 9 Evaluation of squeezing behavior of rock mass in the Kerman water conveyance tunnel using Aydan approach

Symbol of Normalized £j /ae Elastic Tangential ~ Poisson’s  Yang Uniaxial Squeezing
Engineering strains 9 strain (g,) strain (e)) ratio Module compressive condition
Geology — (%) (%) (GPa) strength (MPa)
N Ns np
ET-10 1.10 092 0.89 0.86 0.65 0.56 0.25 11 115 NS
ET-11 1.14 094 091 025 0.85 0.21 0.33 8 102.5 NS
ET-12 1.24 101 095 0.15 1.07 0.16 0.33 4.8 71.5 NS
ET-21 1.68 128 1.12 103 0.6 6.04 0.3 2.55 <30 VHS

equation, for the case which tunnel strain (%) is equal
or less than 1, no squeezing occurs.

(3P /Py1)/(3.8P; /Py +0.54)
& (%) = 0.15(1 —Pi/Po)c;C ! !

(7)

where ¢ is the tunnel strain in percentage, P; is the
support pressure (MPa), o, is the rock mass uniaxial
compressive strength (MPa) and Py is the in situ stress
(MPa).

Table 11 represents the results of the squeezing
evaluation according to this method. According to
results of Hoek and Marinos approach (Table 10),
three parts of the tunnel length are under the non-
squeezing condition and only 3.1% of the ET-21
section are posed to severe squeezing conditions.

Under these conditions, re-excavation of the tunnel
and heavy support installation are necessary
(Table 11).

In this method, the tunnel strain is calculated for
P; = 0. The method also shows that the ET-21 zone
has very severe squeezing behavior. Experiences show
that the ratio of a tunnel wall deformation to tunnel
radius should kept constant (about 2%), to prevent
serious instability (Hoek 2007). In order to obtain the

Table 10 Classification of Hoek and Marinos for evaluation
of squeezing behaviors (Singh et al. 1992)

Class no. Squeezing level Tunnel strain (%)
1 Few support problems <1

2 Minor squeezing <g<

3 Severe squeezing 25<e <

4 Very severe squeezing <&<10

5 Extreme squeezing & >10

@ Springer

required maintenance for the controlled axial strain in
the tunnel wall at the critical region, a graph has been
provided (Fig. 3). This graph is plotted using the
Hoek—Marinos equation and putting various support
pressures and gains in proportion to the axial strain.
Based on this graph, minimum support pressure
necessary to keep the ratio of wall deformation to
tunnel radius less than 2% is 6.3 MPa.

4.3 Theoretical-Analytical Approach

Theoretically, the squeezing condition around a tunnel
opening is encountered when tangential stress is
bigger than rock strength. Barton et al. (1974) suggest
that the ratio of maximum tangential stress (calculated
from elastic theory) to unconfined compression
strength (6¢/6.) can be used to define squeezing rock
pressure. Singh et al. (1992) suggest that a necessary
condition for squeezing rock conditions is (Eq. 8):

Go > (¢ (8)

where oy is the tangential stress and q, is the uniaxial
crushing strength of the rock mass.

4.3.1 Barla Approach

Barla (1995), by working on case studies of various
tunnels in Venezuela, Taiwan, and India, suggested
Eq. 9 and a classification for squeezing behavior
(Table 12)

cycm/PO (9)

where G, is rock mass uniaxial compressive strength,
Py is in situ stress.

Evaluation of squeezing behavior according to
Barla (1995) is shown in Table 13. Barla’s results
show that ET-10, ET-11 and ET-12 are under mild-
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Table 11 Evaluation of the squeezing condition of the Kerman water conveyance tunnel using the Hoek—Marinos approach

Symbol of Engineering Uniaxial compressive strength Overburden pressure Tunnel strain Squeezing
Geology (Cem) (MPa) (%) condition
ET-10 8 22.6 0.28 Few support
problems
ET-11 5.2 11.4 0.1 Few support
problems
ET-12 39 8.2 0.13 Few support
problems
ET-21 2.7 13.2 3.1 Severe squeezing
Fig. 3 Proposed value for 7
support system for the
tunnel stability 6
5
<4
&
o 3
2
1
0
0 1 2 3 4 5 6 7 8 9 10
Support pressure (MPa)

Table 12 Classification of squeezing conditions in terms of
the Barla and ISRM approach (Singh et al. 2002)

Squeezing Degree G”"/PO (Barla) GG/Gcm (ISRM)

Non-squeezing > 1 <1
Mildly-squeezing 0.4-1 1-2
Moderately-squeezing 0.2-0.4 2-4
Highly-squeezing < 0.2 >4

squeezing conditions and ET-21 is under High-
squeezing condition.

4.3.2 ISRM Approach
ISRM suggested Eq. 6 and classifies squeezing rock

condition as shown in Table 12. ISRM’s results of the
squeezing evaluation of the Kerman water conveyance

tunnel are presented in Table 13. As shown in the
table, ET-10, ET-11, ET-12 and ET-21 are under
High-squeezing condition.

69/Ocm (10)

According to both methods, all zones have squeez-
ing conditions, but these conditions are more severe
for ET-21 compared to other zones. In these rock
masses, the predicted squeezing degrees of Barla
approach are less than the values predicted by ISRM.

4.4 Bayesian Networks Method

In this research, the phenomenon of squeezing was
assessed by Bayesian networks (BNs). BNs were
introduced by Pearl (1985) to more easily deal with
conditional dependency relationships between the
(observable or unobservable) random variables of a
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Table 13 Estimation of squeezing conditions using theoretical-analytical approach

pressure (MPa)

Squeezing condition
in ISRM

Squeezing condition ‘i;m
in Barla

Gem

Symbol of Rock mass compressive Overburden
Engineering Geology  strength (G¢p)

ET-10 8 22.6

ET-11 52 114

ET-12 39 8.2

ET-21 72 132

Highly-squeezing 5.7 Mildly-squeezing 0.35
Highly-squeezing 4.4 Mildly-squeezing 0.46
Highly-squeezing 4.2 Mildly-squeezing 0.48
Highly-squeezing 9.8 Highly-squeezing 0.2

statistical model, and they have been shown to have
advantages to deal with inference, classification, and
decision making problems (Aguilera et al. 2011).
Recently, this method has been used in civil engineer-
ing and geotechnical applications (Landuyt et al.
2013; Cain et al. 2003; Batchelor and Cain 1999;
Jimenez-Rodriguez and Sitar 2006; Huang et al. 2012;
Medina-Cetina and Nadim 2008; Song et al. 2012;
Schubert et al. 2012; Peng et al. 2014; Zhang et al.
2011; Sousa and Einstein 2012).

Five main parameters that might influence on
squeezing phenomenon are identified: tunnel depth
(H), Rock Tunneling Quality Index (Q), tunnel span or
diameter (B or D), support stiffness (K), and stress
strength ratio (SSR). According to research that
conducted by Feng and Jimenez (2015), it can be
noted that the error rate of the BN, approximately
9.64%, which is considered acceptable for practical
engineering and which, in any case, is lower than error
rates computed with other traditional methods
(Fig. 4).

Table 14 includes the conditional probability
tables for all parameters. This table shows the
qualitative values of each parameter along with their
quantitative values.

The network property vector is defined in which the
values indicate the probability of each parameter being
discussed. By inserting the qualitative values obtained
from Table 14 in Table 15, the probability of each
parameter obtained with regarding to the possibility of
occurrence or non-occurrence of fracturing. By plac-
ing in Eq. 11, it is possible to calculate the probability
of occurrence of the squeezing phenomenon in the
considered project (Singh et al. 2007).

P(Squeezing = yes|X)
_ P(X|Squeezing = yes) P(Squeezing = yes)
B P(X)

(11)

For instance, an example is given to learn how to
use Eq. 11 for the ET-10 zone. In this geological zone
the values of the parameters are: Q = 11 (average),

30%

24.21%

25%

20%

15% 14.02%

10%

Error Area (%)

5%

0%

13.89%

Singh et al. (1992) ®m Hoek (2001) = Jimenez and Recio (2011)
Dwivedi et al. (2013) ® Feng et al. (2013)

Fig. 4 Error rate in different methods of evaluating the squeezing phenomenon (Feng and Jimenez 2015)
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H = 900-1000 (very deep),
D = 5.27 (small) and K = 318 MPa (moderate).

By placing in Eq. 11, the probability of occurrence
of squeezing is obtained in the form of a relation.

SSR =0.35 (low),

According to the results, the probability of squeez-
ing for the ET-10 region is 80%, which indicates a
high probability for the occurrence of this phe-
nomenon. Table 16 shows the probability of squeez-

ing for each zone. As can be seen, for the ET-10 and

0.657 x 0.376 x 0.093 x 0.34 x 0.912 x 0.35

0.657 x 0.376 x 0.093 x 0.34 x 0.912 x 0.35 +0.343 x 0.661 x 0.404 x 0.053 x 0.474 x 0.258 80%
Table 14 Input parameters Parameter Qualitative data intervals
in the BN
H (m) [34-200] [200-300] [300-500] [500-850]
Shallow Medium deep Deep Very deep
Q [0.01-0.1] [0.001-0.1] [0.1-1] [1.5-93]
Extremely weak Very weak Weak Middle
D (m) [2.5-6] [6-20]
Small Big
K (MPa) [2.15-5] [5-500] [500-1936]
Low Middle High
SSR [0.003-0.35] [0.35-8.6]
High Low
Table 15 The probability Parameters mode in Bayesian network  Qualitative data intervals
of each of the parameters
‘pased on the‘ quality values H (m) Shallow Medium deep Deep  Very deep
t‘;i:‘g"’hi‘;‘y;f‘;gor;‘;twork H|Squeezing = yes 183 220 257 340
H|Squeezing = no 52.6 35.1 7.0 53
Q Extremely weak Very weak Weak Middle
Q|Squeezing = yes 29.0 41.1 20.6 9.3
Q|Squeezing = no 7.0 17.5 35.1 40.4
D (m) Small Large
D|Squeezing = yes 37.6 62.4
D|Squeezing = no 66.1 339
K (MPa) Low Middle High
K|Squeezing = yes 52.5 35.0 12.5
K|Squeezing = no 12.9 25.8 61.3
SSR Low High
SSR|Squeezing = yes 91.2 8.8
SSR|Squeezing = no 474 52.6
Squeezing No Yes
P|Squeezing 343 65.7
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Table 16 Estimation of the probability of occurrence of
Bayesian network fragmentation for the tunnel route

Symbol of Engineering Probability of squeezing

Geology (%)
ET-10 80
ET-11 27
ET-12 17
ET-21 96

ET-21 zones, a high percentage of squeezing is
estimated.

Table 17 Summary of analyzes carried out to determine squeezing

5 Result and Discussion

Knowledge of earth conditions, both geologically and
geotechnically is one of the most important parameters
in choosing the method of excavation and designing a
support system for underground spaces. In general, a
tunnel has a tendency toward squeezing condition
when it is excavated in a rock mass with weak
properties or faulted zone and with a high overburden.
Therefore, due to the fact that the Kerman water
conveyance tunnel passes through several numbers of
faults with a high overburden, the squeezing condition
is investigated using different methods, which is

Types of squeezing Percentage of

The probability of occurrence

Probability of occurrence of

prediction methods probability of the squeezing phenomenon in squeezing phenomena in geological
the output of each method zones
Output method ET-10 ET-11 ET-12 ET-21
Singh 0 Squeezing 100 100 0 100
100 Non-squeezing
Goel 0 Squeezing 100 100 100 100
100 Non-squeezing
Jethwa 0 Non-squeezing 66 66 66 100
33 Mildly squeezing
66 Moderately squeezing
100 Highly squeezing
Aydan 0 Non-squeezing 0 0 0 100
25 Light squeezing
50 Fair squeezing
75 Heavy squeezing
100 Very heavy squeezing
Hoek E, Marinos 0 Non-squeezing 0 0 0 100
25 Minor squeezing
50 Severe squeezing
75 Very severe squeezing
100 Extreme squeezing
Barla 0 Non-squeezing 33 33 33 100
33 Light squeezing
66 Fair squeezing
100 Heavy squeezing
ISRM 0 Non-squeezing 100 100 100 100
33 Light squeezing
66 Fair squeezing
100 Heavy squeezing
BN 0-100 Probability of squeezing 80 27 17 96
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Fig. 5 Probability of
squeezing

Bayesian networks

Barla

presented in Table 17. By examining various empir-
ical, semi-empirical and theoretical-analytical meth-
ods, along with the BN method, possibility of
squeezing occurrence acquired in 4 geological zones.
By converting qualitative outputs to quantitative,
comparisons of methods and condition of squeezing
zones have been investigated. According to Table 17,
the probability of occurrence of squeezing in each
geological zone can be obtained by assigning the
probable percentage to each the outputs according to
the scouring state in each method. By converting the
probability of the output data from Table 17 to Fig. 4,
it is possible to analyze the prediction methods of the
squeezing phenomenon. On each side of the graph,
various methods of squeezing prediction have been
named, and the values written from the center toward
the polygon environment which shows the probability
of occurrence of the squeezing phenomenon. The
graph of each geologic region shows a closed graph,
which increases the probability of occurrence of
squeezing phenomena in that area as much as it is

——ET-10

~—ET-11 ET-12 ET-21
Singh
100

Goel

\ //L)/ ) | Jethwa

Aydan

Hoek and Marinos

closer to the polygonal environment or, in other words,
has more area. Therefore, the probability of occur-
rence of squeezing phenomena is high in the two
regions of ET-21 and ET-10, respectively. The
convergence rate of the tunnel environment cannot
be properly achieved prior to an operation of tunnel-
ing. Regarding to the Hoek-Marinos method, input
parameters are obtained through in situ tests, in this
state, determining the tunnel deformation using this
method can be determined correctly. The deformation
of the tunnel wall in the most critical zone, regardless
of the support system, was found to be more than 6%,
indicating that there is a serious squeezing in the
tunnel. To reduce this value to about 2%, the
approximate pressure of the support system is close
to 6.13 MPa (see Fig. 3).
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6 Conclusion

This paper aims to evaluate the phenomenon of
squeezing along the path of the tunnel in various
methods. Considering the methods for estimating the
squeezing potential, two major factors in the occur-
rence of squeezing phenomena are the following: deep
tunnels and existence of weak rock mass in surround-
ing of the tunnel. The Kerman water conveyance
tunnel passes through five zones with different geo-
logical conditions. Based on the results obtained
(Table 17), except Singh’s method for the ET-12
zone, which gained no-squeezing condition, this
phenomena was predicted for the rest of the zones
with different intensities. The highest intensity of
squeezing occurs in the ET-21 geologic zone. This
zone is a faulted area which the highest burden of this
zone reaches 585 m. In addition, a statistical method
called Bayesian networks was used for prediction of
squeezing. In this method, the ET-21 zone was
introduced as a critical zone (Fig. 5).
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