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Abstract: Mass movements are very common 
problems in the eastern Black Sea region of Turkey 
due to its climate conditions, geological, and 
geomorphological characteristics. High slope angle, 
weathering, dense rainfalls, and anthropogenic 
impacts are generally reported as the most important 
triggering factors in the region. Following the portal 
slope excavations in the entrance section of 
Cankurtaran tunnel, located in the region, where the 
highly weathered andesitic tuff crops out, a circular 
toe failure occurred. The main target of the present 
study is to investigate the causes and occurrence 
mechanism of this failure and to determine the 
feasible remedial measures against it using finite 
element method (FEM) in four stages. These stages 
are slope stability analyses for pre- and post-
excavation cases, and remediation design assessments 
for slope and tunnel. The results of the FEM-SSR 
analyses indicated that the insufficient initial support 
design and weathering of the andesitic tuffs are the 
main factors that caused the portal failure. After 
installing a rock retaining wall with jet grout columns 
and reinforced slope benching applications, the factor 
of safety increased from 0.83 to 2.80. In addition to  

 
slope stability evaluation, the Rock Mass  
Rating (RMR), Rock Mass Quality (Q) and New 
Austrian Tunneling Method (NATM) systems were 
also utilized as empirical methods to characterize the 
tunnel ground and to determine the tunnel support 
design. The performance of the suggested empirical 
support design, induced stress distributions and 
deformations were analyzed by means of numerical 
modelling. Finally, it was concluded that the 
recommended stabilization technique was essential 
for the dynamic long-term stability and prevents the 
effects of failure. Additionally, the FEM method gives 
useful and reasonably reliable results in evaluating 
the stability of cut slopes and tunnels excavated both 
in continuous and discontinuous rock masses. 
 
Keywords: Portal failure; Stability analysis; Finite 
element method; Tunnel support design; Remedial 
measures Rock Mass Rating (RMR); Rock Mass 
Quality (Q); New Austrian Tunneling Method (NATM) 

Introduction 

In spite of the rapid advances in geotechnical 
engineering science, still slope failures impose 
heavy social, economic, and environmental losses. 
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Every year worldwide, this process causes deathly 
casualties and remarkable direct and indirect 
economic losses. To reduce or prevent the failure 
damages, slope stability analyses and stabilization 
are needed and to do the best, it necessitates a clear 
understanding and evaluation of the processes that 
control the behavior of the slopes. Over the past 30 
years, many governments in the world have 
expended notable amount of resources in 
appraising mass movement hazards and 
considerable amount of scientific studies have been 
performed (e.g. Guzzetti et al. 1999; Del Gaudio et 
al 2000; Gardner and Saczuk 2004; Borja-Baeza et 
al. 2006; Sarkar and Anbalagan 2008; Ahmadi and 
Eslami 2011; Wang et al. 2013; Manouchehrian et 
al. 2014; Ju et al. 2015; Yang et al. 2016; Du et al. 
2017; Wang et al. 2017). 

Determining the stability of rock slopes is 
usually difficult because of the changeable nature 
of rock masses which mostly contain faults, joints, 
anisotropy, bedding, foliation, cleavage, and 
schistosity or naturally occurring discontinuities. 
In geotechnical engineering applications, projects 
related to open (e.g. slopes, tunnel portals) and 
underground excavations primarily require 
evaluation stability analysis of slopes so as to 
maintain the slope in stable condition within 
construction and operation periods. In general, 
slope stability is examined at different phases of 
field exploration with varying details. If the mass 
failure (not discontinuity controlled) may occur 
because of weathering or presence of highly jointed 
rock mass, the slopes fail along a cylindrical surface 
which is called circular failure. It is very significant 
to determine the position of most critical circle in 
analysis of such failure. In this case, the circular 
failures are investigated carefully using limit 
equilibrium or numerical techniques in order to 
prevent environmental losses (Wyllie and Mah 
2004; Li et al. 2011). 

In Turkey, a large rate of the mass movements 
causing monetary loss annually occurs in the eastern 
Black Sea region. As reported in the literature (e.g. 
Genc 1993; Bulut et al. 2000; Akgun and Bulut 2007; 
Akgun 2011; Alemdag et al. 2014, 2015; Kaya et al. 
2016), the main triggering factors of mass 
movements that occur frequently in this region are 
high frequency of heavy rainfall, weathering, high 
steep slopes, and human activities. It should be 
noted that the city Artvin, which is highly 

susceptible to mass movements, is located in the 
eastern Black Sea region. In this area, the 
geomorphology is characterized by a steep 
topography increase from mainly north to south. 
The incline of slope varies between 25o and 55o 
where the dispersed settlement is located. The fields 
are usually covered with soil and vegetation and 
rock exposures are observed mainly along the road 
cuts and deep valleys. Weather conditions in the city 
are warm and dry in summers, and cool and rainy in 
winters. The maximum precipitation, mainly in the 
form of rain occurs in autumn (between September 
and November). According to meteorological data 
(MGM 2016), the highest temperature recorded in 
Artvin city and the surrounding area is 22.3°C in 
July and the lowest temperature is 7.3°C in January. 
The average annual precipitation is 338.7 mm. 

Due to increasing traffic load, and as a 
precaution to decrease traffic congestion in the 
coming years, the improvement of the Artvin–
Hopa government highway (KM: 6+500–13+787) 
was adjudicated by the authorities of Turkish 
General Directorate of Highways (KGM). The 
project included the construction of the 
Cankurtaran Tunnel (Figure 1) comprised mainly 
of volcanic and sedimentary rocks and situated 
between KM: 7+980–KM:13+208. Towards the 
right tube slope (Figures 2a and 2b) of the entrance 
portal (KM: 7+990), a failure has occurred (before 
the top heading excavation of the tunnel in the 
right tube) 13 m behind the slope face with a width 
of 34 m and length of 29 m (Figures 2c and 2d). 
This study aims to carry out engineering geological 
studies including field measurements, laboratory 
studies, and slope/tunnel stability analyses in 
order to understand the causes and mechanism of 
the portal failure; and to determine the most 
economic and reliable remediation measures in 
order to make the portal slope and tunnel stable. 

1    Geological Setting 

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

units varying from old to young are the Late 
Cretaceous aged Subasi Ridge Formation, Late 
Cretaceous-Paleocene aged Cankurtaran 
Formation, Paleocene aged Senkaya Ridge 
Formation, Eocene aged Kabakoy Formation, and 
Quaternary aged alluvium (Capkinoglu 1981; 
Guven 1993; Kaya 2012; Kaya and Bulut 2013). A 
simplified geological map of the study and 
surrounding area is illustrated in Figure 3. 

The Subasi Ridge Formation is a volcano-
sedimentary deposit which is characterized by the 
andesitic pyroclastites and intercalations of 
limestone, marl, sandstone, tuff, and siltstone. This 
formation is commonly exposed in the entrance 
section of the Cankurtaran tunnel. The 
Cankurtaran Formation consists of limestone and 
marly-limestone conformably overlies the Subasi 
Ridge Formation. This unit crops out in the inner 
section of the tunnel. The Senkaya Ridge 
Formation is composed of marl with various colors 
(e.g. maroon, gray and yellow), limestone with 
partly red and gray laminate and intercalation of 
the claystone with thin and medium layers. The 
Eocene-aged Kabakoy Formation unconformably 
overlies the Senkaya Ridge Formation and crops 
out in the exit section of the tunnel. This formation 

lithologically consists of basalt, andesite, and their 
pyroclastites. The Quaternary aged alluvium is the 
youngest unit in the area. 

2    Engineering Geological Studies 

Engineering geological properties of the 
andesitic tuffs were determined on the basis of the 
field observations/measurements and laboratory 
tests. The field studies were comprised of 
geological mapping, in-situ tests, geophysical and 
borehole investigations. The detailed information 
obtained from the engineering geological studies is 
given below; 

2.1 Borehole investigations 

Six investigation boreholes, (Figure 4) with a 
total length of 123 m were drilled (late-March) at 
the portal section immediately after the failure. 
These boreholes were used to identify the depth of 
the weathering zone, discontinuity properties, 
groundwater level, water pressure tests, and 
undisturbed sampling. The data obtained from the 
investigation boreholes indicated that the andesitic 
tuffs were composed of two different weathering 
zones. According to the ISRM (2007) suggested 

 
Figure 1 Location map of the study area. 
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method, the upper zone of the andesitic tuffs was 
classified as highly weathered with a ranging from 9 
to 15 m and the fractured lower zone moderately 
weathered (Figure 5). The groundwater level ranged 
between 8.3 and 17.0 m. Further, the Rock Quality 
Designation (RQD) values of the moderately 
weathered andesitic tuff were identified from 
boreholes and classified as good rock mass (84%) 
based on the method suggested by Deere (1964).  

The water pressure (Lugeon) tests (Lugeon 

1933) were conducted in order to determine the 
permeability of the andesitic tuffs and, to gather 
information on the potential of the water inflow into 
the tunnel level. Values obtained from the Lugeon 
test indicated that the highly and moderately 
weathered andesitic tuffs were impermeable (0.12 L) 
and low permeable (2.86 L), respectively. Although 
the joints in the moderately weathered andesitic tuff 
are closely spaced, the low hydraulic conductivities 
can be explained by the filling of fractures with clays 

 
Figure 2 (a) Pre- and (b) post-excavation view of the entrance portal and, field view of the (c) left and (d) right tubes 
after the failure. 
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produced during weathering. These results show 
that the andesitic tuffs are generally dry and often 
show free water discharges such as leakages or drip.   

The depth of boreholes, thickness of weathering 
zone, groundwater level, Lugeon test results, and 
RQD values are presented in Table 1 and Table 2. 

2.2 Laboratory studies and back analyses 

Due to the fact that the upper zone of the 
andesitic tuffs was highly weathered, the soil 
mechanics principle was applied in order to 
determine the unit weights and shear strength 
parameters according to ASTM (2009, 2011) 
standards (Table 2). Triaxial tests were performed 
under consolidated-undrained (CU) conditions on 
the undisturbed highly weathered tuff samples taken 
from the distressed zone of the slope, in order to 
identify the peak cohesion (c) and peak internal 
friction angle (ϕ) values of the unfailed slope body. 
According to laboratory tests the peak c and ϕ values 
were determined as 15 kPa and 28°, respectively. 
Furthermore, the residual shear strength 
parameters of the failed slope body were calculated 
by the help of limit equilibrium back analyses, using 

the multiple solution method of Sancio (1981). Back 
analyses were carried out along the selected sections 
shown in Figure 4 which were parallel to the 
movement direction (A-A´, B-B´ and C-C´). In this 
method, assuming the limit equilibrium condition 
(FOS=1), the c and ϕ values are determined. 
Considering the circular shape of the failure surface, 
the back analyses were performed using the Bishop’s 
simplified method (Bishop 1955) by means of Slide 
v6.0 (Rocscience Inc. 2010) software. The 
probabilistic analysis was applied to carry out the 
back analysis of two variables at the same time. 
Because the groundwater level passed through the 
moderately weathered andesitic tuff when the 
failure occurred, the highly weathered andesitic tuff 
was considered unsaturated in the back analyses. 
The residual cohesion and residual internal friction 
angle values at the sliding time were found to be 7 
kPa and 36°, respectively from the back analyses 
(Figure 6). 

Rock mechanics laboratory tests were 
performed on the rock cores taken from the 
moderately weathered andesitic tuff. The physico-
mechanical and elastic properties, such as unit 
weight (γ), point load strength index (IS(50)),  

Figure 4 Detailed geological map of the entrance portal section and its vicinity. 
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uniaxial compressive strength (σci), Young's 
modulus (Ei), and Poisson’s ratio (νi) were 
determined according to ISRM (2007). Table 2 
shows the results of the laboratory tests.  

2.3 Geotechnical properties of the joints in 
the moderately weathered andesitic tuff 

The quantitative description of the joints in 
the moderately weathered andesitic tuff, such as 
orientation, spacing, persistence, infilling, 
roughness, aperture, and degree of weathering, 
were determined by the scan-line surveys and 
analyzing the cores according to the ISRM (2007) 
suggested method. These joints were described as 
being closely spaced with medium persistence, 
undulating, open, and moderately weathered 
(Table 3). In order to determine the main joint sets, 
a total of 715 joint measurements were taken and 
their orientations were processed by utilizing the 
Dips v5.1 (Rocscience Inc. 2004) software with 

respect to equal-angle stereographic projection 
(Figure 7). 

The Barton-Bandis failure criterion (Barton 
and Bandis 1990) was used to define the peak and 
residual shear strength parameters of the joint 
surfaces in the moderately weathered andesitic tuff. 
The suggested equations for the criterion are given 
below; 

( 20) 20( / )r b r Rφ φ= − +                   
      (1)

 

tan logn r
n

JCSJRCτ σ φ
σ

  
= +  

  
 

 
      (2)

 

where, σn: normal stress acting on the joint surface 
(MPa), τ: shear strength of the joint surface (MPa), 
JCS: strength of the joint surface (MPa), JRC: joint 
roughness coefficient, φr: residual friction angle, φb: 
basic friction angle, R: Schmidt rebound value of 
the dry joint surface, and r: Schmidt rebound value 
of the wet joint surface. 

This method was performed in two steps. 
Firstly, the deformation controlled direct shear 
tests proposed by Mining Research Laboratories 
(Canada) (1977) were carried out on the block 
samples, which had dimensions of 60x60x10 mm 
and the basic friction angle (φb) was determined to 
be 21° based on the drawn τ–σ graph (Figure 8a). 
The residual cohesion value (cr) was assumed to be 
0 kPa in this criterion and the φr value was 
calculated as 16° using Eq.(1). Secondly, the 
Barton-Bandis failure envelope was drawn using 
Eq.(2), by drawing the tangent representing the 

Table 2 Physico-mechanical and elastic properties of the highly and moderately weathered andesitic tuffs, RQD and 
Lugeon values 

Property 
Highly weathered andesitic tuff Moderately weathered andesitic tuff
Min. Max. Ave. SD. Min. Max. Ave. SD. 

Rock quality designation (RQD, %) - - - - 59 93 84 12.59 
Lugeon (L, l/min/m) 0 0.32 0.12 0.06 0.92 5.74 2.86 2.12 
Point load strength index (IS(50), MPa) - - - - 0.37 4.28 1.72 0.82 
Uniaxial compressive strength  (σci, MPa) - - - - 5.47 63.38 25.47 12.41 
Young’s modulus (Ei, GPa) - - - - 11.09 44.57 28.85 15.02 
Poisson’s ratio (νi) - - - - 0.18 0.23 0.20 0.11 
Natural unit weight (γn, kN/m3) 17.34 18.56 17.67 1.18 23.12 24.65 24.26 2.02 
Saturated unit weight (γs, kN/m3) 18.72 22.16 20.01 2.54 24.67 26.73 25.78 1.68 
Cohesion (c, kPa)a 14 17 15 2.21 - - - - 

Internal friction angle (φ, 
°)a 26 33 28 4.13 - - - - 

Cohesion (c, kPa)b - - 7 - - - - - 

Internal friction angle (φ, °)b - - 35 - - - - - 

Min.: Minimum; Max.: Maximum; Ave.: Average; SD.: Standard deviation; a Values obtained from CU tests; b Values 
obtained from back analyses. 

Table 1 Summary of the borehole data 

Borehole 
no 

Depth 
(m) 

Elevation 
(m) 

Thickness* 
(m) 

Depth# 
(m) 

CGP-1 18.0 207 6.1 15.2 

CGP-2 18.0 209 4.0 14.0 
CGP-3 20.0 208 2.2 12.9 
CGP-4 35.0 225 15.0 23.2 
CGP-5 15.0 204 9.0 - 
CGP-6 18.0 196 9.1 18.0 

Notes: Thickness* refers to the thickness of the highly 
weathered andesitic tuff (m); Depth# refers to Ground 
water depth#. 
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Mohr-Coulomb failure envelope, the cohesion and 
peak friction angle of the joint surfaces were 
determined as 18 kPa and 32°, respectively (Figure 
8b). These values were later used in the numerical 

analyses. The parameters used in the 
Barton-Bandis failure criterion and results 
are given in Table 4.  

2.4 Rock mass properties of the 
andesitic tuffs 

In order to determine the deformation 
modulus (Em) of the highly and moderately 
weathered andesitic tuffs, a total of 15 
pressuremeter tests were conducted in the 
CGP 2 and 4 boreholes according to the 
procedures suggested by Menard (1975) 
and ASTM (2000). The pressuremeter test 
was developed by Menard (1956) for in-situ 
evaluation which can provide the stress and 
deformation relationships for a particular 
ground condition. Eq.(3), as suggested by 
Menard (1975), was used in the calculation 
of the deformation modulus. 

The geophysical studies were 
performed using the seismic refraction 
method in the two lines (Figure 4) using a 
12-channel Geometrics ES3000 model 
seismograph to determine the dynamic 
Poisson’s ratio (νm) of the highly and 
moderately weathered andesitic tuffs. 
Seismic refraction is a geophysical 
exploration method which uses the basis of 
seismology to estimate the properties of the 
earth’s subsurface using the refracted 
seismic waves. When performing the 
seismic studies primary-wave (Vp) and 
secondary-wave (Vs) velocities were 
determined for andesitic tuffs studied. The 
dynamic Poisson’s ratio values were 
calculated using Eq.(4) proposed by Bowles 
(1988).  

The Geological Strength Index (GSI) 
value of the moderately weathered andesitic 
tuff was defined using Eq.(5) suggested by 
Hoek et al. (2013) and it was classified as a 
blocky rock mass in accordance with the 
last version of the quantitative GSI chart. 
The rock mass parameters such as Hoek-
Brown constants (mb, s, a), uniaxial 

compressive strength (σcm), cohesion (c), and 
friction angle (ϕ) are necessary inputs for 
numerical analyses. In order to determine these 
parameters for moderately weathered andesitic tuff, 

 
Figure 6 c-ϕ graph of the highly weathered andesitic tuff showing 
the back analysis results.  
 
Table 3 Quantitative description of the joints in the moderately 
weathered andesitic tuff  

Property Value 

Joint set number 3 + random 

Joint set orientation JI: 22/045     J2: 46/338    J3: 43/016 

Joint spacing (cm) (0.5-131) a10.96 

Persistence (m) (0.2 -35) a9.10  

Aperture (mm) (0-24.0) a1.92 

Infilling  <5 mm soft clay 

Roughness  Rough, undulating 

Weathering  Moderately weathered 

Groundwater condition Dripping  

a: Average 

Figure 7 Stereographic projection of the joint sets in the 
moderately weathered andesitic tuff. 
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the Hoek-Brown failure criterion proposed by 
Hoek et al. (2002) was used and rock mass 
parameters were calculated using Eqs.( 6)-(11). 

To determine the post-peak behavior of the 
moderately weathered andesitic tuff, the method 
proposed by Cai et al. (2007) was utilized. The 

residual Geological Strength Index (GSIr) and 
residual Hoek-Brown constants (mbr,  sr,  ar) were 
calculated using Eqs.(12)-(15).  

Since the mechanical excavation will be 
applied, a disturbance factor (D) value of zero was 
considered. The mi constant of the moderately 
weathered andesitic tuff was defined with the help 
of Roclab v1.0 (Rocscience Inc. 2002) software and 
assumed to be 13.  

The estimated rock mass parameters for each 
zone and equations used in the calculations are 
given in Table 5. 

3    Slope Stability Analyses 

In relevant literature limit equilibrium, 
empirical, stress analysis, physical, and numerical 
methods are generally used to determine the 
stability of the rock and soil slopes (e.g. Fellenius 
1936; Janbu 1954; Bishop and Morgenstern 1960; 
Lowe and Karafiath 1959; Morgensten and Price 
1967; Spencer 1967; USCE 1970; Sarma 1973; Fell 
et al. 1996; Shukra and Baker 2003; Hart et al. 
2008; Karaman et al. 2013). In numerical stability 
analyses analytic element method (AEM), finite 
difference method (FDM), boundary element 
method (BEM), discrete element method (DEM), 
and finite element method (FEM) based softwares 
are used for the reflection of rock mass behavior. 
The major advantage of using numerical methods, 
rather than conventional limit equilibrium method, 
is that the joint properties of the discontinuous 
rock masses can be modelled. Since finite element 
method (FEM) considers the geometry of slope, 
forces acting on a slope forming material and 
physico-mechanical/ elastic parameters, it has 
become one of the most preferred methods in 
geotechnical projects by designers. In order to find 
out the factor of safety (FOS) in accordance with 
the conventional limit equilibrium methods in 
conception, Griffiths and Lane (1999) combined 
the finite element method (FEM) with the shear 
strength reduction technique (SSR) to determine 
the FOS value. In the FEM-SSR method, the factor 
of safety (FOS) is symbolized by the Strength 
Reduction Factor (SRF). The SRF value is the ratio 
between the actual and the model strength at the 
stability limit. The main advantage of the SSR 
method is that there is no need to the primary 

 
Figure 8 σ-τ graphs for (a) ϕb and (b) ϕp-cp values of 
the joints in the moderately weathered andesitic tuff. 

Table 4 Parameters used in the Barton-Bandis failure 
criterion and the shear strength parameters of the joints 
in the moderately weathered andesitic tuff 

Parameter Value 

Basic friction angle (φb, o) 21 

Dry Schmidt rebound (R) 38 

Wet Schmidt rebound (r) 29 

Residual friction angle (φr, o) 16 

Residual cohesion (cr, kPa) 0 

Joint compressive strength (JCS, MPa) 37 

Joint roughness coefficient (JRC) 9 

Peak cohesion (cp, kPa) 18 

Peak friction angle (φp, o) 32 
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guess at determination of critical failure surface. 
Due to the rapid advances in computer systems, 
FEM-SSR method is increasingly used today (e.g. 
Matsui and Sam 1992; Shukra and Baker 2003; 
Hammah et al. 2006; Li 2007; Karaman 2013; 
Kaya et al. 2015; Kaya 2016). 

In this study, the geometry of the portal slope 
was modeled with a FEM based computer package 
called as Phase2 v8.0 (Rocscience Inc. 2011). 
Phase2, which allows 2-D plane strain modelling, is 
powerful and flexible software that has the Shear 
Strength Reduction (SSR) method combined with 

the FEM and interpretation modules (FEM-SSR). 
The slope profile along the B-B´ section is drawn 
incorporating field information and the finite 
element analyses have been performed along this 
profile section. In the analyses models, finer zoning 
was applied and a total of 500 uniform typed and 
six-nodded triangular finite elements were chosen 
in the mesh. The solutions were made under 
gravitational loading (gravitational stress 
distribution throughout the slope).  By using the 
actual ground surface option, the ground surface 
above every finite-element was determined and the 

Table 5 Calculated rock mass parameters of the highly and moderately weathered andesitic tuffs 

Researcher Equation Note Equation 
number 

Highly 
weathered 
andesitic 
tuff 

Moderately 
weathered
andesitic 
tuff 

Menard 
(1975) ( )1 2m

PE V
V

Δ = + ν  Δ 
 MPa (3) 16.37 2461.95 

Bowles 
(1988) ( )

2 2

2 2

2
2

P S
m

P S

V V
V V

−ν =
−

  (4) 0.41 0.23 

Hoek et al. 
(2013) 891.5 / 2= +GSI JCond RQD  

RQD: 
84 % 
JCond89: 
13 

(5) - 61.5 

Hoek et al. 
(2002) 

100
28 14

b

GSI
D

im me
 
 
 

−
−=  

mi: 13 
D: 0 (6) - 3.29 

100
9 3
GSI

Ds e
 
 
 

−
−=  GSI: 61.5 (7) - 0.0139 

( )- /15 -20/31 1
2 6

GSIa e e= + −   (8) - 0.503 
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V: Sum of the initial volume of the measuring cell and mean additional volume injected into the measurement probe; 
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(m/sec), Vs: Secondary-wave velocity (m/sec); JCond89: Joint condition rating defined by Bieniawski (1989); a: Peak 
values and b: Residual values necessary input for tunnel analysis calculated by Cai et al. (2007). 
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vertical stress in the element based on the weight of 
material above it was defined. In order to prevent 
displacements occurring at the bottom and along 
the vertical boundary of the model, the vertical and 
horizontal displacement was set to zero. Free 
boundary condition was applied to the ground 
surface. The horizontal stress ratio was entered as 1, 
representing hydrostatic initial stresses (horizontal 
stress = vertical stress). After introducing the 
external boundary mesh type, field stress and the 
material properties of the weathered andesitic tuffs 
that comprise the slope were defined using the 
geotechnical parameters given in Table 2 and Table 
5. The analyses models were divided into two 
separate zones. The highly weathered upper zone of 
the andesitic tuff was assumed to be a continuous 
rock mass and the fractured lower zone was 
assumed to be a discontinuous rock mass. Through 
the development of special elements (joint 
elements sometimes also known as interface 
elements), the continuum-based FEM can also be 
applied to the modelling of discontinuous rock 
masses (Goodman et al. 1968; Ghaboussi et al. 
1973; Beer 1985). These elements can have either 
zero thickness or a thin, finite thickness. They can 
assume linear elastic behaviour or plastic response 
when stresses exceed the strengths of 
discontinuities (Hammah et al. 2008). In FEM-
SSR method, discontinuity is represented as a joint 
element, which provides relaxed connectivity 
between two adjacent rock walls in contact. A joint 
is assigned strength and stiffness properties. The 
properties of the joint sets (orientation, spacing, 
length, and shear strength parameters) located in 
the moderately weathered andesitic tuff (Table 3 
and Table 4) were inserted into the analyses 
models as the joint network and the ends of all 
joints in a network were assumed to be closed. 
Normal and shear stiffness parameters of the joints 
were estimated using the method suggested by 
Barton (1972) based on the deformation properties 
of the rock mass and the intact rock. Another 
important parameter in the analysis was the 
groundwater. In order to define the groundwater, a 
piezometric line was drawn above the external 
boundary based on information obtained from 
borehole investigations and changes in the total 
stress were investigated. The auto Hu option was 
used to estimate the pore pressures based on the 
inclination of the ground water surface. Since the 

groundwater level passed through the moderately 
weathered andesitic tuff (considered as fractured 
rock mass) when the failure occurred, the effect of 
negative pore pressure (referred as matric suction) 
occurring above the water table on the highly 
weathered andesitic tuff (considered as soil) was 
not considered in the analyses. The Mohr-Coulomb 
failure criterion suggested by Mohr (1900) was 
used in the FEM-SSR analyses to describe the 
properties of the rock masses and joints in order to 
get more realistic results and to model the zones in 
a single failure criterion method. Because the 
elastic-perfectly plastic (EPP) model best replicates 
the limit equilibrium analysis, both highly and 
moderately weathered andesitic tuffs were 
considered to be EPP material. To understand the 
occurrence mechanism of the failure at the right 
tube portal slope and to determine remedial 
measures, FEM-SSR analyses were carried out in 
three stages under static and dynamic conditions 
as follows. 

3.1 Slope stability analysis for the pre-
excavation and post-excavation cases 

In order to investigate the stability of the slope 
having a natural topographical geometry (before 
the excavation), the slope profile given in Figure 5a 
was modeled in the Phase2 software. The 
unsaturated highly weathered andesitic tuff, which 
comprises the upper zone of the slope was defined 
using the shear strength parameters (c= 7 kPa and 
ϕ= 35°) obtained from back analyses. In order to 
identify the lower zone of the slope, c= 1641 kPa 
and ϕ= 36° values for the moderately weathered 
andesitic tuff and c= 18 kPa and ϕ= 32° values for 
the joints were utilized. 

A piezometric line representing the 
groundwater table passing through the lower zone 
was drawn in the analysis model. According to the 
static analysis performed for the pre-excavation 
case, the SRF value was determined as 1.96 and a 
composite (circular+linear) shaped critical slip 
surface was located in the weathering contact zone 
as expected (Figure 9a). Consequently, since the 
calculated SRF value was greater than the limit 
equilibrium condition (FOS = 1), any failures were 
not expected to occur during pre-excavation case 
and the slope was stable under static conditions. 
Based on the field observations performed before 
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the excavation work, any tension cracks or 
deformations were not detected on the ground 
(Figure 2a). Thus, the stability analysis result 
shows a strong correlation with the real-field 
situation. 

In the post-excavation stage, a portal 
excavation with an approximate height of 13 m 
(Figure 5a) was applied into the pre-excavation 
analysis model and, 10 cm shotcrete with one layer 
wiremesh and 6 m long rock bolts with 2.0 × 2.0 m 
spacing were installed same as the actual situation. 
In order to identify the unfailed slope body, the 
same shear strength parameters and ground water 
conditions used in the pre-excavation analysis 
model were taken into account. The stability 
properties of the unsupported and supported slope 
were investigated respectively. Because the portal 
failure was not triggered by a seismic activity, the 
numerical analyses were performed under the 
static conditions to understand the occurrence 
mechanism of the failure. The characteristics and 
pattern of the installed initial support units for the 
post-excavation case are presented in Table 6 and 
Table 7. As a result of the numerical analyses 
performed for the post-excavation case, the SRF 
values of the unsupported and supported cut slope 
were found to be 0.63 and 0.83, correspondingly 
(Figure 9b) and it was concluded that both values 
were smaller than the limit equilibrium condition 
(FOS=1). As can be seen from Figure 9b, a circular 
shaped stress concentration was developed 13 m 
behind the slope face and exhibited a very good 
match with the original failure surface. The results 
of the FEM-SSR analyses show a close agreement 
with the actual field observations (Figure 5b) and, 
prove that the use of back analyses results in 
stability assessments seem to be reliable. It was 
clearly understood that weathering considerably 
reduced the resistance of the andesitic tuffs against 
sliding and stress relief during the excavation 
played an important role in this failure and the 
applied initial support units were not sufficient to 
make slope stable. Since the failure occurred end of 
the rainy season (late-March), no significant 
groundwater existed within the failed body and no 
surface drainage was observed in the site (Figures 
2a and 2b). However, it was considered that the 
percolation of surface water into the highly 
weathered andesitic tuffs probably played an 
additional role in sliding that resulted in a decrease 

in the shear strength. The special precautions 
proposed to prevent the effects of this failure and 
to stabilize the portal slope are discussed in Section 
3.2. 

3.2 Remedial design consideration 

In the final stage, the selected remediation for 
this failure is discussed. These measures are 
essential for the safety and the cost of the 
engineering projects. In landslide remediation 
applications, there are various methods which 
include bridging, buttressing, flattening, 
reinforcement, rerouting, retaining walls, soil 
hardening, surface and subsurface drainage, 
surface slope protection, thermal treatment, 
unloading, and vegetation (Turner and Schuster 
1996; Abramson et al. 2001; Fahimifar et al. 2013). 
However, tunnel portal failures require special 
design measures in the stabilization process since 
the stability of portal slopes and openings are quite 
important in tunneling projects. Because the rock 
retaining wall with the jet grout columns to be the 
most economic and reliable reinforcement type to 
make the both portal slope and tunnel stable (e.g. 
Guatteri et al. 1988; Pelizza and Peila 1993; Brill et 
al. 2003) thus, it was chosen in order to prevent 
any effect of the tunnel portal failure. In this study, 
the application of the recommended remedial 
measures is carried out in three steps. In the first 
step, the front portion of the slide material will be 
removed from the right tube and a rock retaining 
wall will be constructed (Figure 5c). In the second 
step, to improve the rock filling and slide materials, 
the 80 cm diameter crossed jet grout columns will 
be placed deep into the tunnel base level and a 
composite ground will be created (Figure 5c). In 
the final step, in addition to the jet grout 
application, the upper part of the right tube will be 
benched and reinforced with shotcrete, wiremesh, 
and rock bolts for the long-term stability (Figure 
5d). Considering the information gained from the 
trial jet grout columns applied in the study area by 
Turkish General Directorate of Highways (KGM), 
the shear strength parameters (c and ϕ) and unit 
weight (γ) of the composite ground were inserted 
into the model as 490 kPa, 29° and, 25 kN/m3, 
respectively. Characteristics of the chosen support 
units and their pattern used in the FEM-SSR 
analyses are given in Table 6 and Table 7. 
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The performance of the proposed remediation 
design was controlled in two steps, static short- 
term and dynamic long-term stability, using Mohr-
Coulomb failure criterion. As previously mentioned, 
the validity of the shear strength parameters had 
already been verified in the analyses of the pre- and 
post-excavation stages and the results compared 
well with the observed actual field situation. 
Therefore, in the first step, the static short-term 
stability of the slope design was investigated using 
the shear strength parameters utilized in the pre- 
and post-excavation cases (Figure 9c). The result of 
the slope stability analysis showed that the 
proposed measure was sufficient to stabilize the 
failure which led to a SRF value of 2.80 under 
static conditions (Figure 9c). For the stability of 
slopes, a FOS value that is equal or greater than 1.5 
is generally preferred for static conditions and a 
FOS value of 1.1 is required with earthquake effect 
(KGM 2013). The obtained SRF value is considered 
to be high enough for the short-term slope stability 
with the conservative parameters used. 

In the second step, the long-term stability of 
the proposed slope design under fully saturated 
conditions and earthquake effect (pseudo-static 
stability analysis) was investigated. The 
information determined from field/laboratory 
experiments and estimations were employed in the 
analyses by taking the worst conditions into 
account. Because no water drainage took place 
during the shearing in CU tests, the saturated 
highly weathered andesitic tuff was characterized 

by the shear strength parameters (c= 15 kPa and 
ϕ= 28°) obtained from CU tests. In order to 
identify the lower zone of the slope, the shear 
strength parameters of the moderately weathered 
andesitic tuff (c= 1641 kPa and ϕ= 36°) and the 
joints (c= 18 kPa and ϕ= 32°) were used. 

The external factors (i.e., groundwater, 
earthquake, weathering degree and human 
activities) that affect slope stability induce the 
damages. During the earthquake, while the rock 
mass strength and the shear strength of joints are 
progressively reduced, the deformation is increased 
and hence, so is the limit above which further 
damage can be induced. The Black Sea Fault 
beneath the sea which is approximately 17 km away 
from the entrance portal of the Cankurtaran tunnel 
was considered in seismic load determination. An 
earthquake with a magnitude of Mw=6.0 was 
considered in the calculation of the design ground 
motion parameter. Taking into account the 
distance of the Black Sea Fault and ground type, 
the peak ground acceleration (PGA) value was 
calculated as 0.14 g using the Ulusay et al. (2004) 
attenuation relationship suggested for Turkey. 
Therefore, a seismic acceleration coefficient of 0.14 
g was employed for the long-term stability analysis 
of the slope, as a conservative approach. 

According to the dynamic long-term stability 
analysis result, a SRF value of 1.19 was achieved if 
the slope was fully saturated and under the effect of 
earthquake (Figure 9d). This result indicated that 
the obtained SRF value was greater than the 

Table 6 Characteristics of the support units used in the numerical analyses (KGM 2013)

Properties Shotcrete Wiremesh Rock bolt Steel rib 
Young’s modulus (E, GPa) 20 200 200 200 
Poisson’s ratio (υ) 0.2 0.35 - 0.35 
Peak uniaxial compressive strength (σcp, MPa) 20 400 - 400 
Residual uniaxial compressive strength (σcr, MPa) 3.5 - - - 
Peak tensile strength (σtp, MPa) 3.1 500 - 500 
Residual tensile strength (σtr, MPa) 0 - - - 
Peak load (MN) - - 0.25 - 
Residual load (MN) - - 0.025 - 

Type - 
Ø6.5 mm,
150× 150 mm

Ø28 mm 
fully bonded 

I-beam 
160 cm × 42.6 kg/m

Table 7 Pattern of the applied and proposed support units for the portal slope  

Support unit Applied support design for the portal slope Proposed support design for the upper benches 
Shotcrete Thickness: 10 cm  Thickness: 10 cm  

Wiremesh 
Type: Ø6.5 mm one layer;  
Mesh spacing: 150×150 mm 

Type: Ø6.5 mm one layer;  
Mesh spacing: 150×150 mm 

Rock bolt 
Type: Ø28 mm fully bonded; 
Length: 6.0 m; Spacing: 2.0×2.0 m 

Type: Ø28 mm fully bonded 
Length: 6.0 m; Spacing: 1.25×1.25 m 
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acceptable FOS value of 1.1 and utilization of 
proposed measure at the tunnel portal revealed 
that the failure could be stabilized dynamically. As 
a result, it is clearly understood that this 
remediation design is sufficient for the short- and 
long-term stability in these kinds of problematic 
grounds. 

In tunneling projects, not only the stability of 
portal slopes but also the stability of openings in 
portal sections has to be further investigated. The 
detailed information obtained from geotechnical 
studies for tunnel stability is given in Section 4. 

4    Tunnel Support Design of the 
Entrance Portal Section 

In order to conduct the empirical tunnel 
support design and to characterize the weathered 
andesitic tuffs crop out at the entrance portal 
section of Cankurtaran tunnel, most commonly 
utilized rock mass classification systems such as 
Rock Mass Rating (RMR), Rock Mass Quality (Q) 
and New Austrian Tunneling Method (NATM) 
were employed using the data obtained from field 
studies, boreholes, and laboratory tests. 

According to the RMR (Bieniawski 1989) 
system, the moderately and highly weathered 
andesitic tuffs were classified as 28/poor and 
16/very poor, respectively. In terms of the Q system 
(Barton et al. 1974), the moderately weathered 
andesitic tuff was classified as 0.35/very poor and 
as 0.017/extremely poor for highly weathered 
andesitic tuff. Considering the Ö-NORM B2203 

(1994) standard related to NATM system, the 
moderately weathered andesitic tuff was classified 
as B3/rolling and as C2/squeezing for the highly 
weathered andesitic tuff (Table 8). 

The entrance portal section of tunnel will be 
constructed using the conventional mechanical 
excavation method and the planned excavation 
section of double tube tunnel is modified horse-
shoe with 12 m width and 9 m height. The planned 
construction characteristics include construction 
phase, round length, stand-up time and support 
time are presented in Table 8. Because the RMR 
system suggests support elements only for horse-
shoe shaped span of 10 m, vertical stress lower 
than 25 MPa and drilling-blasting construction, the 
support design therefore was obtained using the 
support chart suggested by Barton (2002) based on 
the Q values (Table 8). 

To determine the induced stresses, 
deformations, and developed plastic zones around 
the tunnel and to verify the results of the Q system, 
the FEM based Phase2 software was used in the 
numerical tunnel analyses. Characteristics of the 
chosen support units and their pattern employed in 
the FEM analyses are given in Table 6 and Table 8. 
In order to simulate the excavation boundary of 
double-tubed tunnel including composite ground, 
the finite element model was generated along the 
X-X´ section (Figure 4). According to construction 
procedure of the NATM specification suggested by 
KGM (2013), two-phased excavation model 
consists of top heading and bench was applied to 
the analysis model. Same failure criterion, 

Table 8 Rock mass classes according to the Rock Mass Rating (RMR), Rock Mass Quality (Q) and New Austrian 
Tunneling Method (NATM) systems and emprical tunnel support units 

Classification system Highly weathered andesitic tuff Moderately weathered andesitic tuff 

RMR 
Basic RMR value 16.0 46.4 
Adjusted RMR value 16.0 28.0 
Classification Very poor Poor 

Q 
Value 0.017 0.35 
Classification Extremely poor Very poor 

NATM 
Class C2 B3 
Classification Squeezing Rolling 

Support 
Left tube Systematic rock bolts 4 m long, spaced 1.0-1.2 m and ≥250 mm thick reinforced 

shotcrete (Sfr+B) with two layer wiremesh and steel ribs (RRS) in crown and wall 
Right tube 100 mm thick reinforced shotcrete (Sfr+B) with one layer wiremesh in crown and wall 

Excavation method Mechanical excavation 
Construction phase Top heading and bench 
Round length 0.5-1.0 m advance in top heading and 1.5 m in bench 
Stand-up time Immediate collapse 
Support time Install support concurrently with excavation 
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material/joint properties (peak and residual shear 
strength values) and boundary types including 
external boundary, mesh type, field stress, and 
groundwater conditions utilized in the slope 
stability analyses were considered in the tunnel 
analyses models (Figure 10a). The post-peak 
behavior of the moderately weathered andesitic tuff 
was characterized using the residual shear strength 
parameters given in Table 5. To determine the 
plastic zones and yielded elements in the vicinity of 
the tunnel, the FEM analyses were performed for 
the unsupported and supported cases in three steps.  

In the first step, following the examination of 
in-situ stress distributions, the yielded points, 
principal stress distributions, and induced 
displacements developed around the tunnel 
excavations before the support installation 
(unsupported case) were inspected. Further, the 
maximum thickness of the plastic zones and total 
displacements were examined. According to 
Lugeon test the highly and moderately weathered 
andesitic tuffs are generally impermeable (0.12 L) 
and low permeable (2.86 L), respectively. These 
properties cause the water inflow into the tunnel 
level such as permanent leakages or drip in rainy 
seasons. Because the highest rate of precipitation 
for the site was observed only in the spring, the 
portal stabilization and excavation studies will be 
carried out in dry season to provide a safe work 
environment. According to FEM analysis results of 
the planned excavation scenario, the maximum 
total displacement emerged in the highly 
weathered zone and maximum stress concentration 
developed only at the top of the excavation in left 
tube (Figure 10b and Table 9). The elements 
undergoing yielding and extent of the plastic zones 
show that there would be a stability problem in the 
left tube if it is not supported. However, the 
stability problem is not expected to occur in the 
right tube excavated in composite ground. 
Therefore, the support elements have to be 
installed immediately after excavations in left tube 
without allowing the deformations.  

In the second step, the performance of the 
proposed empirical support design was 
investigated using the same analysis model. To be 
on the safe side, the support system proposed for 
highly weathered andesitic tuff was applied to the 
left tube and 100 mm shotcrete was applied to the 
right tube. The characteristics of the support 

elements and its pattern used in the FEM analysis 
are given in Table 6 and Table 8. Changes in the 
thickness of the plastic zones and the maximum 
total displacements after the support applications 
were analyzed and the results were also compared. 
After the installation of support elements, it was 
found that the empirical support design was 
sufficient to eliminate the stability problem in the 
left tube and the maximum thickness of the plastic 
zones were decreased from 11.69 m to zero (Figure 
10c and Table 9).  

In the final step, long-term dynamic 
performance of the support elements were 
investigated using the same analysis model 
considering the appropriate parameters (fully 
saturated and earthquake effect). A seismic 
acceleration coefficient of 0.14 g was employed in 
the FEM analysis. According to the analysis, the 
support systems reduced the maximum thicknesses 
of plastic zone value from 11.69 m to 1.94 m in the 
left tube and there was no considerable plastic zone 
in the crown and walls. Therefore, it was concluded 
that there would not be stability problems for the 
tunnel driven in entrance portal section and the 
support recommendations gave satisfactory results 
for the long-term dynamic conditions (Figure 10d 
and Table 9). Based on the long-term analysis of 
the tunnel, remedial measures are suggested with 
design guidelines to provide the stability of tunnel 
portal.  

5    Conclusions  

A portal failure occurred at the entrance 
section of the Cankurtaran tunnel after slope 
excavation in highly weathered andesitic tuffs. 
Therefore, a detailed engineering geological 
investigation including surface, subsurface, 
laboratory studies and FEM based slope and tunnel 
stability analyses were performed. The outcomes 
can be summarized as follows: 

(1) The numerical stability analysis for the pre-
excavation case with a SRF value of 1.96 
demonstrated that circular or composite failures 
are not possible to occur in the slope having 
natural topographical geometry. However, circular 
toe failure is expected in post-excavation case of 
the portal slope with a SRF value of 0.83 even 
supports with shotcrete, wiremesh and bolts.  
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(2) The findings obtained from FEM-SSR 
analyses showed that the main triggering factors of 
the failure are insufficient initial support design 
and weathering of lithology. Thus, the rock filling 
retaining wall improved with jet grout columns and 
reinforced slope benching are recommended as 
remedial measures to prevent the failure. After 
installing the support elements, the SRF value 
increased from 0.83 to 2.80. 

(3) Finite element method (FEM) was 
undertaken to check the validity of the empirical 
preliminary tunnel support requirements obtained 
by the Q system. According to results acquired 
from the numerical analyses, it was found that the 
empirical support design is enough to reduce the 
maximum thickness of the plastic zones occurred 
in the roof and walls of the left tube.
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