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Abstract The purpose of this study is to determine the engi-
neering geological properties of the rock masses and to rec-
ommend a convenient support design for the Salarha Tunnel
located in northeast Turkey. The detailed geotechnical studies
were performed in three phases as surface, subsurface and
laboratory studies to assess the rock masses that mainly con-
sist of sedimentary and volcanic rocks. Empirical, analytical
and numerical methods were combined for safe tunnel design.
The RMR, Q and NATM systems were used as empirical
methods to define the rock masses and to determine the pre-
liminary support design. The convergence-confinement ana-
lytical method was utilized. The performance of the suggested
empirical support design, extent of the plastic zones and de-
formations were analyzed by means of the finite element
method (FEM)-based 2D and 3D numerical modeling.
According to analytical and numerical analyses results, the
empirical support design was sufficient to prevent stability
problems developing around the rock masses surrounding
the tunnel. The interpretations of results demonstrate that the
3D numerical method seems to fit even better with the respec-
tive outcomes from the analytical method. Thus, it is sug-
gested that the empirical, analytical and numerical methods
should be combined for a more reliable support design.
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Introduction

Determination of the most suitable and economical support
design is highly applicable to tunnel project design and con-
struction. In the early stages of tunnel design, designers base
their estimations on previous experience, and commonly pre-
fer to use empirical, analytical and numerical approaches (Li
et al. 2011; Zhang and Goh 2012, 2015; Goh et al. 2016,
2017). The rock mass rating (RMR), rock mass quality (Q)
and New Austrian tunneling method (NATM) rock mass clas-
sification systems are used by many engineering geologists
and tunnel engineers owing to their practicality. Although
these empirical methods are useful tools in preliminary sup-
port design estimation, they do not ensure necessary informa-
tion in stress and strain evaluation for tunneling. Therefore,
the analytical methods are employed as a first estimation of
the design parameters, providing guidance in the conceptual
stage of the design process. A number of analytical methods
are currently used for the design and analysis of tunnels con-
sidering the elastic or elasticoplastic models of material be-
havior (i.e. Muir-Wood 1975; Brown et al. 1983; Detournay
1986; Wang 1996; Carranza-Torres and Fairhurst 1999;
Carranza-Torres 2004, 2009; Park and Kim 2006; Wang
et al. 2014). Among them, the convergence-confinement
method (Carranza-Torres and Fairhurst 1999, 2000) has
played an important role in providing insight into the interac-
tion between the lining support and the surrounding ground
mass. This method is based on a concept that involves an
analysis of the ground-structure interaction by independent
studies of the behavior of the ground and of the tunnel support.
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Due to the rapid advances in computer systems, numerical
methods have gained popularity in determination of deforma-
tions and stress distributions, and control of the tunnel support
design for the best solution. If empirical and analytical
methods are integrated into numerical techniques, more real-
istic results in tunnel support design and stability analysis are
obtained. The numerical analyses such as analytic element
method (AEM), boundary element method (BEM), finite dif-
ference method (FDM), discrete element method (DEM) and
finite element method (FEM) have been increasingly used
today in geotechnical projects to control the validity of results
obtained from empirical and analytical techniques. Since nu-
merical methods consider the geometry of underground open-
ings, in situ stresses acting on surrounding rocks and physico-
mechanical/elastic parameters, they are powerful design tools
in underground constructions. The DEM and FEM have be-
come most preferred methods in tunnel applications by many
researchers. The DEM is rapidly gaining in popularity for
analyzing the behavior of tunnels excavated in jointed rock
masses (i.e. Barton et al. 1994; Bhasin et al. 1996; Goodman
1995; Vardakos et al. 2007; Barla et al. 2013; Boon et al.
2015). The DEM is especially useful for kinematic studies
of large block systems where highly jointed rock masses
around the tunnel are modeled. The magnitude of block move-
ments that can be analyzed is larger compared to that obtained
from most continuum models. The computation requires the
input of joint location and orientation. This information is not
normally known prior to construction of the tunnel. Even so,
parameter studies can be performed by assuming various joint
configurations in the DEM. However, highly complex under-
ground conditions and tunnel characteristics can be analyzed
in the FEM. The capability of the FEM includes the simula-
tion of complex constitutive laws, non-homogeneities and the
impact of advance and time-dependent characteristics of the
construction methods. At present, confidence in the obtained
results is largely drawn from case histories to which the FEM
had been applied successfully (i.e. Ozsan and Basarir 2003;
Sari and Pasamehmetoglu 2004; Gurocak et al. 2007; Karakus
et al. 2007; Basarir 2008; Ozsan et al. 2009; Solak 2009;
Gurocak 2011; Kaya et al. 2011; Kaya and Bulut 2013;
Akgun et al. 2014; Satici and Unver 2015; Yalcin et al.
2015; Agan 2016).

The Turkish General Directorate of Highways (KGM) decid-
ed to build a tunnel for a short connection between the Rize
periphery and Kucukcayir government highways (KM: 0 +
0004 + 289) due to the increasing traffic load and as a precau-
tion to decrease traffic congestion in the coming years. The
Salarha Tunnel is situated between KM: 0 + 200-3 + 150
(2.950 km). The tunnel will be constructed as a double-tube
modified horse-shoe shaped tunnel using the conventional
drilling-blasting and mechanical excavation methods depending
on the existing ground conditions and behaviors. The planned
span and height of the tunnel are 12 m and 9 m, respectively.
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The overburden varies between 20 and 290 m. The location of
the project is shown in Fig. 1.

In this study, empirical, analytical and numerical support
procedures were applied to the Salarha Tunnel. An engineer-
ing geological investigation including field and laboratory
studies followed by classification of rock masses using the
RMR, Q and NATM systems was carried out to determine
the support elements. Field studies consisted of geological
mapping, drilling, scan-line survey and geotechnical descrip-
tion. The necessary preliminary support design was estimated
by means of the empirical method. An analytical approach
called the convergence-confinement method was used in order
to determine the radial displacements for the unsupported tun-
nel case. In addition to the analytical method, 2D and 3D FEM
analyses were undertaken in order to define the extent of the
failure zones and total displacements developed around the
tunnels. Furthermore, the performance of the empirical sup-
port design suggested by the Q system was controlled by the
help of the numerical analyses.

In this context, based on the convergence-confinement
analysis results, this paper compares and assesses the 2D
FEM analysis results versus the 3D numerical analysis. The
strengths and weaknesses of the 2D and 3D methods in design
of the tunneling project were determined. Another aim of this
study is to ensure a methodology in order to increase the
confidence of tunnel engineers in the use of the 3D FEM
method as a numerical tool for the prediction of tunnel
behavior.

Geological setting

Based on the lithological and structural evidence, the Eastern
Pontides is subdivided into southern and northern zones
(Ketin 1966). The study area is located in the northern part
of the Eastern Pontides tectonic assembly in the Black Sea
region of Turkey. The tectonic assembly consists of different
units in varying ages, ranging from Paleozoic to Quaternary.

In the study and surrounding area, the geological units
varying from old to young are Late Cretaceous-Paleocene-
aged Caglayan and Bakirkoy Formations, and the Eocene
aged Kaplica and Kabakoy Formations (Korkmaz and Gedik
1988; Guven 1993).

The oldest unit cropping out in the area is the Caglayan
Formation, which is composed of basalt, andesite and pyro-
clastic rocks with intercalations of sandstone, marl and red
limestone. This formation has a regionally significant lateral
distribution. The Caglayan Formation is overlain by the
Bakirkoy Formation which is composed of weathering of
white-bordeaux colored marl, claystone and limestone.
Further upwards, the Early-Middle Eocene aged Kaplica
Formation which is composed of thick bedded and coarse
sandstone, marl and intercalation of pyroclastic rocks follows
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Fig. 1 Location map of the study area

the sequence by a slight unconformity. The Kaplica Formation
passes upward into the Kabakoy Formation composing of
andesite, basalt and agglomerates. The youngest unit in the
area is the Quaternary-aged alluvium. A simplified geological
map of the study and surrounding area is given in Fig. 2.

Engineering geological investigations

Engineering geological properties of the rock masses cropping
out along the Salarha Tunnel were determined by the help of
field and laboratory studies. According to the geological
cross-section along the tunnel alignment prepared by using
the drilling and field study data, the tunnel ground was
subdivided into five sections by considering their lithological,
structural and geotechnical properties, and overburden. The
geotechnical properties of the rock masses in the portal sec-
tions were also delineated. The five sections are shown in
Fig. 3, illustrating the geological cross-section. The detailed
information obtained from geotechnical studies are given in
the following chapters.

Field and laboratory studies

Field studies included geological mapping, scan-line survey
and borehole investigations. Because of highly steep terrain
and dense vegetation, nine investigation boreholes (Figs. 2
and 3) with a total length of 655 m were drilled by the
KGM in order to observe the rock mass characteristics at the
tunnel level, identify the discontinuity properties, assess the
groundwater level and determine sampling for the laboratory
tests. Two of the boreholes (BH 1-2) were located at the
entrance portal, two boreholes (BH 8-9) at the exit portal in
the tunnel section and another five (BH 3-7) towards the
middle of the tunnel route.

Laboratory tests were performed on the core samples taken
from the boreholes in accordance with the methods suggested
by ISRM (2007) to determine the physico-mechanical prop-
erties of the rock materials including unit weight (y), uniaxial
compressive strength (o), Young’s modulus (E;) and
Poisson’s ratio (v;). Furthermore, the rock quality designation
(RQD) values were identified from the boreholes using the
techniques suggested by Deere (1964). The quantitative de-
scription of the discontinuities in the rock masses such as
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Fig. 2 Simplified geological map of the close vicinity of the study area (modified from Korkmaz and Gedik, 1988)

number of sets, spacing, persistence, infilling, roughness, ap-
erture and weathering degree was defined by analyzing the
cores and scan-line surveys according to the method sug-
gested by ISRM (2007).

The entrance portal of the tunnel (section 1, ~7% of the
tunnel) will be driven in the Bakirkoy Formation mainly
consisting of marl and claystone. The uniaxial compressive
strength value of the rock materials ranged from 6.06 to
70.47 MPa. The discontinuities in the rock masses are very
closely spaced, with very high persistence, open (filled with
soft clay and calcite), rough-planar and moderately to highly
weathered. The RQD values range between 0 and 90%.
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Approximately 25% of the tunnel (section 2) will be driven
in sandstone, marl and agglomerate intercalation of the
Kaplica Formation with strength values varying from 5.98 to
33.34 MPa. The discontinuities in the rock masses are closely
spaced, with high persistence, open (filled with clay), rough-
undulating and slightly to moderately weathered. The RQD
ranges from 0 to 100%.

The rest of the tunnel (sections 3—5, approximately 68% of
the tunnel) will be driven in the gray-colored agglomerates of
the Kabakoy Formation. The strengths of the agglomerates
ranged from 13.47 to 46.57 MPa. The discontinuities are com-
monly moderately spaced, with low persistence, open (filled
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Fig. 3 Geological cross-section showing the borehole locations and sections along the tunnel alignment

with clay), rough-undulating and slightly to moderately
weathered. The RQD value ranges between 0 and 100%.

Groundwater was reported at a depth ranging between 8.1
and 32.1 m. Although the discontinuities within the rock
masses are generally closely spaced, low hydraulic conductiv-
ities are expected due to the filling of fractures with clays
produced during weathering. These results show that the rock
masses are generally dry and often show free water discharges
such as leakages or drips.

Table 1 shows the laboratory test results and RQD values
defined for five sections.

Rock mass properties

The rock mass parameters such as Hoek—Brown constants (imy,,
s and a), deformation modulus (E,,), uniaxial compressive
strength (o.,), and Poisson’s ratio (v,,) are necessary input
parameters for the analytical and numerical analyses. In order
to determine the rock mass parameters that utilize the geological
strength index (GSI), the Hoek—Brown failure criterion pro-
posed by Hoek et al. (2002) was used. The GSI value, Hoek—
Brown constants, E,,,, 0., and v, values were calculated using
Egs. 1-7 suggested by Hoek et al. (2013), Hoek et al. (2002),

Table 1 Physico-mechanical

properties of the rock materials Properties Section 1 Section 2 Section 3 Section 4 Section 5
and RQD values
Boreholes BHI, BH2 BH3, BH4, BH6 BH7 BHS, BHY
BH5
Unit weight (22.13-25.83)  (21.62-27.68)  (26.19-27.33)  (23.29-27.56)  (23.49-26.27)
(3 kN/m?) 22.60 94,94 96.92 9537 94,98
Uniaxial compressive  (6.06-70.47)  (5.98-33.34)  (38.04-45.54)  (15.53-28.41) (13.47-46.57)
strength (0., MPa) 218 1 230.10 42,64 22031 530
Young’s modulus (1.75-29.50)  (1.67-19.95)  (10.66-13.12)  (3.54-8.07) (3.84-13.01)
(Ei GPa) %5.08 8,56 12.20 579 716
Poisson’s ratio (v;) (0.20-0.36) (0.19-0.36) (0.19-0.24) (0.22-0.22) (0.20-0.29)
2032 2027 2021 20.29 2024
Rock quality (0-90) (0-100) (45-99) (30-100) (0-100)
designation a1 ag7 a9 ag() ag3
(ROD, %)

? Average value
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Table 2 Calculated rock mass parameters for the tunnel sections

Researcher Equation Note Eq.no Sectionl Section2 Section3 Section4  Section 5
Hoek et al. (2013) GSI=1.5JCondge + ROD/2 (1) 13 42 71 66 64
Hoek et al. (2002) 51100 2) 0.31 2.14 6.74 5.54 5.25
mp = mje ZB*MD)
P 3) 0.0001 0.0016 0.0399 0.0216 0.0183
§ = e(w)
a—= % +1 (6—651/1578-20/3) “4) 0.570 0.510 0.501 0.502 0.502
~ MPa (5 0.91 5.73 16.19 6.76 8.14
o= o (mp+4s—a(my—8s))(my, /4+s)
em ci- 2(T+a)(2+a)
Hoek and Diederichs (2006) o) GPa  (6) 0.17 1.57 9.16 3.72 4.37
E, =100 (m)
Aydan et al. (1993 7 0.45 0.31 0.25 0.30 0.28
Y (1999) U = 025(1 + ¢ o) @
Cai et al. (2007) GSI, = GSIe 0134 ®) 11 24 27 27 27
100 &) 0.29 1.12 1.42 1.41 1.41
e = miel*5%)
(as10) (10) 0.00005  0.00021 0.00031 0.00031 0.00031
s, =e\ 7’
(11) 0.580 0.534 0.527 0.527 0.527

_ 1. 1(,~GSr/15_,20/3
ar=3+3 (e )

JCondyy: joint condition rating (Bieniawski 1989)

Hoek and Diederichs (2006), and Aydan et al. (1993),
respectively.

Disturbance factor (D) was considered to be zero assuming
the controlled blasting and mechanical excavation method was
applied. The m; constant of the rock materials was defined with
the help of RocData v5.0 (Rocscience Inc. 2016a) software and
taken as 7 for section 1, 17 for section 2 and 19 for sections 3-5.

In order to determine the post-peak behavior of the rock
masses upon tunnel excavation, the method proposed by Cai
et al. (2007) was applied. The residual GSI (GSI,) values and
residual Hoek—Brown constants (my,, s, and a,) were calculat-
ed using Eqgs. 8-11.

The equations used in the calculations and estimated rock
mass parameters are presented in Table 2.

Rock mass classifications and empirical support design

In this study, most commonly utilized rock mass classification
systems such as RMR, Q and NATM were employed to

characterize the rock masses along the tunnel alignment and
to conduct empirical preliminary support design. In the clas-
sification systems, the data obtained from field studies, bore-
holes and laboratory tests were used.

The RMR system was proposed by Bieniawski (1974) and
revised in 1989. The main input parameters of this system are
the uniaxial compressive strength of the intact rock, RQD,
discontinuity properties and groundwater conditions. In this
study, the latest version of the RMR (Bieniawski 1989) system
was considered. According to the RMR system, the quality of
the rock masses along the Salarha Tunnel alignment varies
from very poor to fair (Table 3).

The Q system was suggested by Barton et al. (1974) and it
is also known as the Norwegian Technical Institute (NGI)
system. This system is defined by the function of RQD, J,
(joint sets), J. (joint roughness), J, (joint alteration), J,, (water
pressure) and stress reduction factor (SRF). The Q values of
the rock masses were determined using the following
equation:

Table 3 RMR, Q and NATM classifications of the rock masses along the Salarha Tunnel

Section Chainage (km) Rock mass Basic RMR Adjusted RMR Q NATM

1 0+ 200-0 + 400 Bakirkoy Formation 21.1 16.9/Very poor 0.03/Extremely poor C1/Rock bursting
(entrance portal)

2 0 +400-1 + 150 Kaplica Formation 352 33.1/Poor 0.32/Very poor B3/Rolling

3 1 +150-2 + 250 Kabakoy Formation 54.2 49.1/Fair 2.28/Poor B2/Very friable
(maximum overburden)

2 +250-2 + 860 Kabakoy Formation 38.8 34.6/Poor 2.00/Poor B2/Very friable

5 2 +860-3 + 150 Kabakoy Formation 39.9 35.6/Poor 0.33/Very poor B3/Rolling

(exit portal)

@ Springer
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ROD\ ([ J, Jw
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In terms of the Q values, the quality of the rock masses
along the tunnel line ranges between extremely poor and very
poor (Table 3).

The NATM system was developed by Ladislaus von
Rabcewicz, Leopold Miiller and Franz Pacher in Austria be-
tween 1957 and 1965. The main goal of the NATM is to use
field stress of the surrounding rock mass in order to stabilize the
underground opening itself (Bieniawski 1989). Considering the
NATM-based O-NORM B2203 (1994) standard, the rock
masses along the tunnel alignment were classified as rock burst-
ing/Cl1, rolling/B3 and very friable/B2 (Table 3).

The empirical classification results show that the rock mass
classification with the Q system lead to a more conservative
classification than the RMR system for the geotechnical units.
This difference might have resulted from different parameters
which each classification system uses, and also their

sensitivity to the rock behaviors. Although both rock mass
classification systems have been modified and improved con-
tinuously, the results vary with site conditions.

In rock tunnels, the RMR system suggests support elements
only for the particular conditions (horseshoe-shaped span of
10 m, vertical stress lower than 25 MPa, drilling and blasting
construction; Bieniawski, 1989). However, the excavation shape
of the Salarha Tunnel is a modified horseshoe with a 12-m span.
Therefore, the empirical preliminary support systems proposed
by the Q system (Barton 2002) were applied for the Salarha
Tunnel. Considering the empirical method, three support catego-
ries were determined (Table 4). The planned construction char-
acteristics including construction phase, round length, stand-up
time and support time are also presented in Table 4.

Analytical tunnel support analyses

In order to define the support requirements analytically, the
convergence-confinement method was utilized. This

Table 4 Empirical tunnel

support categories for the rock Support type B2/1 < Q < 4/Poor rock B3/0.1 < Q < 0.4/Very poor  C1/0.01 < Q < 0.04/
masses along the Salarha Tunnel rock Extremely poor
Section 3 and 4 2and 5 1
Construction Top heading and bench Top heading and bench Top heading, bench and
phase invert
Excavation Drill and blast Drill and blast Mechanical excavation
method
Round length 1.5-3.0-m advance in top 1.0-1.5-m advance in top 0.5-1.0-m advance in top
heading and bench heading and bench heading, bench and invert
Stand-up time ~100 h Immediate collapse Immediate collapse

Support time

Support
requirements
Roof

Wall

Invert

Commence support after
each blast

Systematic rock bolts 4 m
long, spaced 1.7-2.1 m,
and 50-90-mm-thick
steel fiber/wire
mesh-reinforced
shotcrete (Sfr + B)

Systematic rock bolts 3.5 m
long, spaced 2.1-2.3 m,
and 40-50-mm-thick
steel fiber/wire
mesh-reinforced
shotcrete (Sfr + B)

Install support concurrently
with excavation

Systematic rock bolts 4 m
long, spaced 1.3-1.5 m,
and 120-150-mm-thick
steel fiber/wire
mesh-reinforced shotcrete
(Sfr + B)

Systematic rock bolts 3.5 m
long, spaced 1.5-1.7 m,
and 90-120-mm-thick
steel fiber/wire
mesh-reinforced shotcrete
(Sfr + B)

Install support concurrently
with excavation

Systematic rock bolts 4 m
long, spaced 1.0-1.2 m,
and 150-250-mm-thick
steel fiber/wire
mesh-reinforced shotcrete
(Sfr + B) and steel ribs
(RRS)

Systematic rock bolts 3.5 m
long, spaced 1.0-1.2 m,
and 150-250-mm-thick
steel fiber/wire
mesh-reinforced shotcrete
(Sfr + B) and steel ribs
(RRS)

Systematic rock bolts 3.5 m
long, spaced 1.0-1.2 m,
and 150-250-mm-thick
steel fiber/wire
mesh-reinforced shotcrete
(Sfr + B) and steel ribs
(RRS)
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methodology has been described by Carranza-Torres and
Fairhurst (1999) for rock masses that satisfy the Hoek—
Brown criterion. Convergence-confinement is a procedure
that allows the load imposed on a support installed behind
the face of tunnel to be estimated. Application of the method
requires knowledge of the deformation characteristics of the
ground and of the support (Basarir 2006). In this method, a
tunnel of radius R subjected to far-field stress o, and uniform
internal pressure p; is considered. The scaled internal pressure
P; and scaled far-field stress S, are defined as (Carranza-Torres
and Fairhurst 2000);

Di S
P, = = 13
Mpoi * my? (13)

o, s
So - + —2 (14)

where my, and s are the Hoek—Brown constants, o; is the
uniaxial compressive strength of intact rock (MPa), p; is the
uniform internal (support) pressure (MPa) and o, is the far-
field stress (MPa).

The scaled critical internal pressure P;" for which the elas-
tic limit is achieved is defined as (Carranza-Torres and
Fairhurst 2000);

P = (1T 65, (15)

The actual critical internal pressure p;”" is found from the
inverse of Eq. (13);

T Cr. S
p = |:Pi m—hz]mb%i (16)

If the uniform internal pressure p; is greater than this
actual critical internal pressure p;”’, no failure will occur.
In this case, the behavior of surrounding rock mass is
elastic and the inward elastic displacement of tunnel wall
u, is given by:

ol _ OciDi
u” = ER (17)
where G, is the shear modulus of rock mass (GPa) and R is
the radius of tunnel (m).

If the uniform internal pressure p;, on the other hand, is less
than the actual critical internal pressure p;”, failure is expected
to occur. Then, the radius of the broken zone Ry, is defined by:

Ry = Rexp|2( VPV )| (18)

@ Springer

Hoek and Brown (1997) suggested the following equation
to evaluate the total plastic deformation u,” for rock masses:

u? 2G, _ [1=2v, VPT o Ryl 2
R 0,p 2 S,—P R

12, Ry\1* [1-2v, VPT
In{ =2 _
| ()] 155w
Ry
2ln| £ 1
(%)
The vertical stress (o) is assumed as an increasing trend

with depth owing to its overburden weight. The loading con-
dition for vertical stresses was determined by:

o, =vH (20)

where v is the unit weight of rock mass (MN/m?) and H is the
overburden depth (m).

It is known that the undisturbed horizontal stress (0},) is a
variable at shallow depth and tends to a hydrostatic state in
deep medium (Hoek and Brown 1978). The horizontal stress
was estimated from the following equation suggested by
Sheorey et al. (2001):

U E,G
N
1-v,,

(H + 1000) (21)

where 3 is the coefficient of linear thermal expansion
(8 x 10°°/°C), G is the geothermal gradient (0.024 °C/m),
U 1S the Poisson’s ratio of rock mass and E,,, is the deforma-
tion modulus of rock mass (GPa).

The far-field stress o, was calculated using the following
equation (Carranza-Torres and Diederichs 2009):

oyt oy

; (22)

Oo

Carranza-Torres and Fairhurst (2000) suggested the follow-
ing equation for calculating rock mass shear modulus:

Ey

Gy = =
2(1+vy)

(23)

Noncircular tunnel cross-sections are common in practice,
but the convergence-confinement method assumes circular
tunnel shapes. In order to calculate the deformations and
radius of the failure zone, Curran et al. (2003) proposed ap-
proximation of the noncircular cross-section with an equiva-
lent circular tunnel of the same cross-sectional area. The
equivalent diameter D was calculated using the following
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relationship and half of this value was taken as the tunnel
radius in calculations:

D=/—
T

(24)
where A is the area of tunnel cross-section in m> (in this study,
the A value was taken as 99 m? for section 1 and as 91 m? for
sections 2-5).

In this study, the analytical analyses were performed in
two steps. In the first step, the uniform internal pressure p;
was assumed to be zero for the unsupported tunnel case.
The necessary rock properties were changed according to
the formation and they were used as input. The calculated
parameters of each tunnel section are summarized in
Table 5.

Apart from section 5, the plastic zones were developed
around the tunnel. The maximum deformations for the unsup-
ported tunnel in sections 1-5 were found to be 2.35, 0.78,

0.39, 0.45 and 0.48 cm, respectively. The maximum total dis-
placement value for section 1 is much higher than all the other
sections. However, the average total displacement values for
the tunnel are very small. Strain is defined as percentage of the
ratio of tunnel closure to tunnel radius. In the present study, the
strain values for sections 1-5 were calculated as 0.42, 0.15,
0.07, 0.08 and 0.09%, respectively, as shown in Table 5. Hoek
and Marinos (2000) suggested that for formations with strain
values less than 1%, few stability problems are expected.
Therefore, the application of the support systems proposed
by empirical analysis is recommended.

In the second step, the maximum pressure p,"** and the
elastic stiffness K of the suggested support systems were
determined for each section. The extent of the failure zone
and the amount of deformation in the rock mass
surrounding the tunnel can be controlled by the
application of an internal support pressure. This support
can be provided by combinations of shotcrete, rock bolts
and steel sets. Hoek (2007) and Carranza-Torres and Engen
(2017) suggested equations calculating the capacity of

Table 5 Results of the
convergence-confinement

analyses for the Salarha Tunnel

Section 1  Section2  Section3  Section4  Section 5
Uniform internal pressure, p; (MPa) 0 0 0 0 0
Vertical stress, o, (MPa) 0.45 2.24 7.81 3.30 1.50
Horizontal stress, o}, (MPa) 0.37 1.01 2.67 1.39 0.59
Far-field stress, o, (MPa) 0.41 1.63 5.24 2.34 1.05
Scaled far-field stress, S, (MPa) 0.07 0.03 0.02 0.02 0.01
Shear modulus, G,,, (GPa) 0.06 0.60 3.65 1.43 1.70
Equivalent diameter, D (m) 11.22 10.76 10.76 10.76 10.76
Equivalent radius, R (m) 5.61 5.38 5.38 5.38 5.38
Scaled critical internal pressure, P;" (MPa) 0.01394  0.00219 0.00127 0.00159 0.00027
Actual critical internal pressure, p;” (MPa) 0.075 0.119 0.113 0.100 —0.052
Elastic displacement, u,! (mm) 0.00 0.00 0.00 0.00 4.79
Plastic displacement, urpl (mm) 23.55 7.80 3.88 4.47 0.00
Equivalent radius of the failure zone, Ry, (m) 6.76 5.69 5.45 5.53 0.00
Strain, € (%) 0.42 0.15 0.07 0.08 0.09
Maximum support pressure provided by 0.87 0.55 0.33 0.33 0.55
shotcrete, psc - (MPa)
Elastic stiffness of shotcrete, K. (MPa/m) 0.17 0.11 0.07 0.07 0.11
Maximum support pressure provided by rock 0.25 0.15 0.09 0.09 0.15
bolt, pg, " (MPa)
Elastic stiffness of rock bolt, Kg,™** (MPa/m) 0.03 0.02 0.01 0.01 0.02
Maximum support pressure provided by steel 0.39 - - - -
set, pss o (MPa)
Elastic stiffness of steel set, K¢, (MPa/m) 34.43 - - - -
Maximum support pressure provided by 0.39 0.64 0.39 0.39 0.64
combined support, p;™** (MPa)
Elastic stiffness of combined support, K 34.63 0.13 0.08 0.08 0.13
(MPa/m)
Maximum elastic deformation of the 0.01 5.02 5.08 5.08 5.02

combined support, u,™ (m)
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shotcrete, rock bolts and steel sets for a tunnel in a hydro-
static stress field.

The maximum support pressure provided by shotcrete and
the elastic stiffness of shotcrete were estimated from the fol-
lowing equations:

E. (roz_(ro_tc)z)

Ksc =
2(1=v2) (ry=te)ry?

where o, is the uniaxial compressive strength of the shotcrete
(MPa), E. is the Young’s modulus of the shotcrete (MPa), v, is
the Poisson’s ratio of the shotcrete, t. is the thickness of the
shotcrete (m) and r, is the radius of the tunnel (m).

The maximum support pressure provided by the rock bolts
system and the elastic stiffness of rock bolts were determined
from the given equations:

be

max — ~ 27

Psp SISe ( )

Ko — Ebﬂdbz (28)
b= 4ls;s,

where Tyris the ultimate bolt load obtained from a pull-out test
(MN), E,, is the Young’s modulus of the rock bolt (MPa), d, is
the rock bolt diameter (m), 1is the free length of the bolt (m), s
is the circumferential bolt spacing (m) and s, is the longitudi-
nal bolt spacing (m).

The maximum support pressure of steel sets in direct con-
tact with the rock and the elastic stiffness of steel sets were
calculated from the following equations:

AS‘ S
Py =22 (29)
S1ro
EA
K = 30
5= (30)

where oy is the yield strength of the steel (MPa), E; is the
Young’s modulus of the steel (MPa), Ay is the cross-
sectional area of the section (m?), s, is the set spacing along
the tunnel axis (m) and r, is the radius of the tunnel (m).

@ Springer

If more than one of the support systems described earlier is
installed at the same location, their combined effect can be
determined by adding the stiffnesses for each of the individual
supports. The stiffness K; for the three systems acting together
was computed as:

Ky =K + Ky + Ky (31)

The K value was assumed to remain valid until one of the
three supports achieves its maximum possible elastic defor-
mation, and it was computed using the following equation:

max — pS (32)

U,
K

where u,"™ is the maximum possible elastic deformation of
the combined support system (m).

In the convergence-confinement method, the combined
support system is assumed to fail at that point. The support
with the lowest value of u,™* determines the maximum sup-
port pressure available for the three supports acting together.
The support patterns and characteristics of the shotcrete, rock
bolt and steel set were same as those proposed in Table 4 and
Table 7. The maximum support pressure values for each sec-
tion were calculated as 0.39, 0.64, 0.39, 0.39 and 0.64 MPa,
respectively (Table 5). According to obtained results, the max-
imum support pressure values are higher than the actual crit-
ical internal (support) pressure values. Therefore, the sug-
gested empirical support design is satisfactory for the tunnel
stability.

2D and 3D numerical tunnel support analyses

The use of the 3D numerical models in underground excava-
tions requires expensive software and great computational
hardware and they are time-consuming procedures. Because
of these limitations, most of the above-mentioned researchers
usually prefer to use 2D modeling software. However, the
results of 2D analyses are often less satisfactory in terms of
deformation and strain estimations when compared to the re-
sults of the analytical analyses. Therefore, it is of major im-
portance to test the validity and performance of the numerical
models developed in 2D plane strain models. In this respect,
the 3D numerical models are useful tools that allow designers
to compare and control the validity of 2D analysis results.

In this study, to determine the deformations and failure
zones around the tunnel excavation and to verify the results
of the empirical and analytical methods, the FEM-based 2D
software RS? v9.0 and 3D software RS® v1.0 developed by
Rocscience (2017, 2016b) were used in the numerical analy-
ses. An automatic mesh around the tunnel was generated and
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based on the elasto-plastic analysis, stresses and deformations
were computed in these programs. In order to analyze the
deformations and tunnel stability, and to explore the concept
of rock support interaction, a simple model was used. Six-
noded triangular finite elements were chosen in the mesh
and finer zoning was applied around the excavation. Based
on the construction procedure of the NATM (KGM 2013), the
excavation boundary of the tunnel was generated considering
its width and height in three stages as top heading, bench and
invert for section 1 (Fig. 4a) and top heading and bench for the
other sections (Fig. 4b). The outer model boundary was set to
be at a distance of 10 times the radius of the tunnel. To sim-
ulate the tunnel excavation in all rock masses, five finite ele-
ment models were generated using the same tunnel geometry,
mesh and different material properties. The slice thickness
was chosen as 10 m in the 3D analyze models. A Hoek—
Brown failure criterion was used to determine the plastic
zones in the vicinity of tunnel. Because the active North
Anatolian Fault (NAF), which is the main source of the earth-
quake hazard in the Black Sea region, is located approximate-
ly 170 km south of the Salarha Tunnel, the analyses were
performed only for the static conditions. The rock mass pa-
rameters used in the numerical analyses are presented in
Table 6.

The numerical analyses were performed in two steps as
unsupported and supported cases for each tunnel section. In
the first step, following the examination of the maximum total
displacements developed around the tunnel excavations with-
out any support (Figs. 5 and 6), the maximum thicknesses of
the plastic zone was determined. The maximum total displace-
ment values around the tunnel show the progression of dis-
placement on the excavation boundary before the support in-
stallation. According to the 2D analyses, the maximum total
displacement values for all sections vary between 0.28—
3.65 cm (Fig. 7). However, when considering the 3D analyses,
the maximum total displacement values are very small and
vary between 0.21-2.00 cm (Fig. 7). Furthermore, there is a
difference between the deformation mechanism of the 2D and
3D models for section 5. Considering the 2D model, an exag-
gerated deformation has occurred at the outer walls. On the
other hand, according to the 3D model, a limited deformation
was observed at the tunnel walls (Fig. 6). This is an interesting
find and an unexpected result of the 2D analysis, because
small displacements at the excavation walls are expected un-
der low in-situ stresses. In general, the total displacement con-
centrations in the 2D models are greater than that of the 3D
models. The reason in these differences may be that in the 2D
model, the excavation perpendicular to the paper is infinitive.
Meanwhile, in the same direction, the excavation dimension is
only 10 m in the 3D model. Moreover, similar results with the
3D FEM analyses have been obtained by the convergence-
confinement analyses and the maximum total displacement
values vary between 0.39-2.35 cm (Fig. 7). The analytical

method used in the paper seems to be in a relatively good
agreement with the 3D finite element computational results,
and proves that the use of 3D modeling in design of the un-
derground excavation seems to be reliable.

It can be seen from Fig. 7 that the maximum total displace-
ment value for section 1 is much higher than all the other
sections. The overall total displacement values for the tunnel
are very small. However, the extent of the plastic zones shows
that there would be a stability problem in section 1; a few
block falls in sections 2—5, if they are not supported. The
plastic zones developed around the unsupported tunnel
boundary are illustrated in Figs. 8 and 9. It should be remem-
bered that RS” and RS® are small-strain FEM-based programs
and, therefore, it cannot accommodate the very large strains.
Therefore, it is more important to consider the extent of the
plastic zone rather than the magnitude of the displacements.
When Figs. 8 and 9 are examined, the most problematic sec-
tion along the tunnel route is section 1 driven in the Bakirkoy
Formation. Maximum total displacement and a larger plastic
zone were developed in this section. Except for sections 1 and
5, the maximum plastic zone concentrations developed at the
top of the excavations depending on the increased in situ
stresses (Figs. 8 and 9). According to the 2D models, the
extents of the plastic zone for the sections are 4.39, 1.67,
2.14, 2.15 and 0.00 m, respectively. On the other hand, the
plastic zones in the 3D models could not be measured, since
the RS® v1.0 software does not have a ruler option. However,
when the plastic zones developed around the unsupported
tunnel excavation, presented in Figs. 8 and 9, are compared,
it is clearly seen that the extent of the plastic zones in the 3D
models are relatively greater than that of the 2D analysis,
especially in sections 2, 4 and 5. Unlike the 3D analyses, the
results obtained from the 2D numerical modeling (0.00—
4.39 m) are smaller than the convergence-confinement meth-
0d (0.00—-6.76 m). This is mainly due to the lost arching action
in the 2D models. It is also thought that these differences are
caused by a finite discretization in the numerical model.

In the second step, the performance of the empirical
preliminary support design obtained from the Q classifica-
tion system was investigated using the same unsupported
2D and 3D analysis models. The support patterns such as
bolt length and spacing, and thickness of shotcrete were
same as those proposed in Table 4, and their characteristics
applied in numerical analyses are presented in Table 7.
Changes in the maximum total displacements and extent
of the plastic zones after support applications were ana-
lyzed and results were compared with the unsupported
cases. Considering the 2D and 3D analyses results, the
maximum total displacement values for all supported sec-
tions vary between 0.26—1.56 cm and 0.15-0.57 cm, re-
spectively. After support installation, the magnitude of
the displacements was slightly reduced except in section
1 (Fig. 7). Compared to the 3D models, it was observed
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Fig. 4 Tunnel excavation
sections for the Salarha Tunnel @
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that no wall and crown deformations developed in the 2D walls. Unlike the 2D analysis results, the acceptable total
models of sections 3 and 4 (Fig. 6). However, in the 2D displacements in the 3D models of all sections took place
models of sections 2 and 5, an exaggerated displacement  inside the supported zone and these results confirm the
concentration indicating a failure occurred at the outer  tunnel stability (Figs. 5 and 6).
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Table 6 Material properties of

the rock masses for the 2D and 3D Section 1 Section 2 Section 3 Section 4 Section 5
numerical analyses
Elastic type Isotropic Isotropic Isotropic Isotropic Isotropic
Rock mass strength, o, (MPa) 0.91 5.73 16.19 6.76 8.14
Deformation modulus, E,,, (GPa) 0.17 1.57 9.16 3.72 437
Poisson’s ratio, v, 0.45 0.31 0.25 0.30 0.28
Material type Plastic Plastic Plastic Plastic Plastic
m; constant 7 17 19 19 19
my, constant 0.31 2.14 6.74 5.54 5.25
s constant 0.0001 0.0016 0.0399 0.0216 0.0183
a constant 0.570 0.510 0.501 0.502 0.502
my, residual constant 0.29 1.12 1.42 141 1.41
s, residual constant 0.00005 0.00021 0.00031 0.00031 0.00031
a, residual constant 0.580 0.534 0.527 0.527 0.527
Disturbance factor (D) 0 0 0 0 0
Dilation parameter 0 0 0 0 0
Vertical stress, o, (MPa) 0.45 2.24 7.81 3.30 1.50
Horizontal stress, oy, (MPa) 0.37 1.01 2.67 1.39 0.59
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Fig.5 The graph showing the maximum total displacement variations along the tunnel line for the unsupported and supported cases according to 2D and
3D numerical analyses
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Fig. 6 2D and 3D numerical analyses showing the maximum total displacement developed in the sections 1 and 2 for the unsupported and supported

cases

Moreover, compared to unsupported cases, the extent of
the plastic zones has been reduced significantly by application
of the shotcrete and rock bolts for all sections (Figs. 8 and 9).
After the support application, the extent of the failure zone
observed in the 2D models of all sections decreased from

0.004.39 m to 0.00-2.21 m. On the other hand, as can be
seen from the 3D models given in Figs. 8 and 9, the plastic
zones have hardly ever occurred. The empirical support appli-
cations have been effective in reducing failure around the most
problematic section 1 driven in the Bakirkoy Formation
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Fig. 8 2D and 3D numerical analyses showing the plastic zones developed in sections 1 and 2 for the unsupported and supported cases
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Table 7 The characteristics of

the support units used in the Properties Shotcrete ~ Wire mesh Rock bolt  Steel set
numerical analyses (KGM 2013)
Young’s modulus (£, GPa) 20 200 200 200
Poisson’s ratio (v) 0.2 0.35 - 0.35
Peak uniaxial compressive strength 20 400 - 400
(O'q], MPa)
Residual uniaxial compressive strength 35 - - -
(0» MPa)
Peak tensile strength (o,,, MPa) 3.1 500 - 500
Residual tensile strength (o,,, MPa) - - -
Peak load (MN) - - 0.25 -
Residual load (MN) - - 0.025 -
Type - 6.5 mm, 028 mm I-beam
150 x 150 fully 160 cm x 17.9 kg/m
mm bonded

(Fig. 8). The heaviest support elements, including steel sets,
were applied to the extremely poor rock mass quality section
1. According to 2D analysis results of section 1, there are still
plastic zones at the level of the invert and crown, unlike in the
3D model (Fig. 8). It was observed that the plastic zones in the
3D models are inside the region of the installed rock bolt
support for all sections (Figs. 8 and 9). As a result, both
convergence-confinement and 3D analyses proved that the
empirical support design suggested by the Q system was suf-
ficient to eliminate the stability problems in the tunnels.

Finally, the results of the convergence-confinement method
in all issues related to the deformational aspects and perfor-
mance of the empirical support design were in better agree-
ment with the corresponding results of the 3D FEM analyses.
The 3D FEM analyses may be very useful for the tunnel en-
gineers in order to determine the tunnel safety in a more ac-
curate way as compared to the 2D FEM analyses method. 3D
finite element analysis gives a more realistic solution of rock-
support interaction and the availability of modern geotechni-
cal engineering software has facilitated the work.

Conclusions

In this study, the preliminary support design of the Salarha
Tunnel, which is planned to be constructed in Rize City,
Turkey, was investigated. Based on the collected data from
field and laboratory studies, the rock mass along the tunnel
was characterized by means of the RMR, Q and NATM clas-
sification systems. After the application of the rock mass clas-
sifications, the three preliminary support categories and the
related geotechnical rock mass parameters forming the tunnel
were determined. In order to define the support requirements
analytically, the convergence-confinement method was uti-
lized. In addition to the analytical analyses, 2D and 3D FEM
analyses were also employed to control the validity of the
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empirical support design and to determine the deformations
and failure zones developed around the rock masses surround-
ing the tunnel. After installation of the support systems, the
extent of the failure zones around the tunnel was generally
reduced. The validity of the numerical simulations was
checked using the convergence-confinement method.
According to results obtained from convergence-
confinement and 3D numerical modeling, the maximum de-
formation values are almost similar. Therefore, it was conclud-
ed that the empirical support recommendations were generally
satisfactory and 3D FEM analysis gives the best solution in
tunnel support design compared to 2D FEM analysis.

Consequently, as a significant supplement of future re-
search work on this subject, it is suggested that the actual field
monitoring data should be collected during the construction
phase of the Salarha Tunnel for calibration of the numerical
models and for controlling the validity of the proposed support
system.
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