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Abstract The Arakli tunnel is located in the eastern

Black Sea region where the most mass movement is

observed in Turkey. Following the tunnel entrance portal

excavations in basaltic tuffs on nearby the Konakonu res-

idential area, an impending failure occurred. Because of the

developed tension cracks and deformations on the ground,

five houses and their gardens were damaged completely.

The present study aims to investigate the mechanism of the

failure. In order to do this, kinematic, limit equilibrium,

and numerical stability analyses were carried out. Firstly,

the kinematic analyses were performed taking into account

the main joint sets for the slopes. The results of the kine-

matic analyses showed that planar and wedge failures were

possible on the portal slope and no failure occurred on the

cut slope. However, the limit equilibrium analysis showed

that neither the planar nor wedge failures were expected to

occur on the portal slope. The numerical stability analyses

were performed to determine if circular failure is to occur

in the slopes. The Phase2 programme was used in the

numerical analyses, and the Strength Reduction Factors

(SRF) of the slopes were determined. According to the

numerical stability analyses, the failure mode for the portal

slope is composite starting with a circular surface and

following a linear surface and circular for the cut slope.

The stability analyses indicated that the failure mechanism

was not directly controlled by the joints and might be

related to the low strength parameters of the rock mass and

joints. Finally, precautions were determined to make the

region stable using the Phase2 programme. After support

installation, the SRF values for the portal and cut slopes

increased from 1.21 to 1.63 and from 1.32 to 1.71,

respectively. These results showed that the proposed sup-

port units prevent the effects of failure and were essential

for the long-term stability.

Keywords Slope stability � Mass movement � Numerical

analysis � Support design

Introduction

Stability analysis of rock slopes is crucial for safety design

in geotechnical engineering and open-pit mining. Various

methods are performed for evaluation of the slope stability.

Kinematic, limit equilibrium, and numerical analyses are

widely used by engineers for the designing of safe slopes.

The kinematic analysis deals with the motion of the bodies

without consideration of the forces that give rise to motion

(Kliche 1999). The analysis is generally used in the initial

evaluation of the slopes. If the slopes were determined to

be unstable based on the kinematic analysis, additional

analyses, such as the limit equilibrium method, would be

implemented for the evaluation of rock slopes (Karaman

2013). Limit equilibrium analysis takes into account the

shear strength along a failure surface, the influences of

water pressure, and the effect of external activities, such as

seismic accelerations or reinforcing units (Kentli and Topal
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2004). Notwithstanding this, it is usually insufficient if the

slope fails by a complicated mechanism such as excavation

disturbance, discontinuity orientation (Eberhardt 2003).

Numerical analyses (e.g. finite element method, finite dif-

ference method, and boundary element method) are ful-

filled to confirm findings obtained from the kinematic and

equilibrium analysis (Gurocak et al. 2008). Because each

analysis method considers a different set of geotechnical

factors, at least two methods shall be used in the evaluation

of rock slopes.

Mass movement in the eastern Black Sea region

(EBSR) in Turkey is one of the most frequently observed

natural disasters. A number of researchers (e.g. Genc

1993; Bulut et al. 2000; Akgun and Bulut 2007; Akgun

et al. 2008; Yalcin and Bulut 2007; Kesimal et al. 2008;

Reis 2008; Yalcin 2008; Karsli et al. 2009; Akgun 2011;

Nefeslioglu and Gokceoglu 2011; Nefeslioglu et al. 2011;

Reis et al. 2012; Alemdag et al. 2013; Karaman et al.

2013; Alemdag et al. 2014; Osna et al. 2014; Topsakal

and Topal 2015; Alemdag et al. 2015) have investigated

the slope stability problems observed in the EBSR. The

mountainous area of the EBSR receives the highest

amount of rainfall. Because of the heavy traffic load and

topographical conditions of the EBSR, the Turkish Gen-

eral Directorate of Highways authorities decided to con-

struct the Arakli tunnel (Fig. 1). The Arakli tunnel is

excavated through the volcanic rocks of the Eocene-aged

Kabaköy Formation. Along the tunnel alignment, the

lithology of the rocks changes in short distances. Because

the entrance portal of the tunnel involves basaltic tuffs, it

is the most problematic section of the tunnel. This con-

dition requires an evaluation of tunnel portal slopes with

proper analysis techniques chosen. For this reason, the

excavation design of the portal and cut slopes taking into

account their stability properties contribute to the appli-

cability of the project in terms of its cost, safety, and

timing. On the other hand, collapse of the portal slopes

may cause the cutting off of traffic and loss of life. The

entrance portal section of the Arakli tunnel was planned to

excavate on the nearby Konakonu residential area.

Excavations with an approximate height of 22 m for the

portal and 19 m for the cut slopes triggered a mass

movement. This failure damaged five houses, caused the

development of cracks on the ground and garden walls,

and tilting of fences and trees (Fig. 2). These deforma-

tions indicate the existence of an impending failure in the

study area. The tension cracks on the ground have retro-

gressively developed and enlarged by the retrogressive

failures. The initial tension cracks close to the slope faces

are followed by the next cracks towards the Konakonu

residential area. Therefore, detailed geotechnical studies

were carried out to understand the mechanism of

impending failure and to determine the support design to

make the region stable by means of field and laboratory

studies.

Geology of the study and surrounding area

The study area is located in the northern part of the Eastern

Pontides Tectonic Unit, Black Sea Region, Turkey. The

Eocene-aged Kabakoy Formation, first described by Guven

(1993), shows wide expansion in the study area (Fig. 3).

This formation lithologically consists of andesite, basalt,

and their pyroclastites. The following volcanic rocks

comprising the basaltic and andesitic tuffs, agglomerates,

and basalts are encountered in the tunnel alignment.

Basaltic tuffs to be driven by the entrance portal section

have pale green colours. They contain sporadic pyrite

occurrences, and hematsation is commonly seen in some

places throughout the outcrops. Agglomerates consist of

rounded-basalt pyroclastics having diameters of between 2

and 30 cm. Chloritisation is seen as patches in cement

material of rock. Basalts are in dark to dark gray colour,

and they present a massive texture without any observable

weathering products. Basaltic dykes, generally located

along faults, are associated with the Kabakoy Formation

(Kaya 2008).

The Pliocene-aged Besirli Formation is encountered

along the southern part of the study area (Fig. 3). The

formation occurs as local outcrops with a thickness of

3–5 m, rests disconformably on the underlying units and

comprises breccias and conglomerates that are weakly

cemented. Further, coarse-grained sandstone, thickly bed-

ded sandy limestone, and basaltic agglomerates can be seen

within this formation (Guven 1993).

Quaternary recent sedimentary units are reflected by

alluvium of the streams, river valley deposits, and slope

debris. The widest outcrop of the alluvium can be observed

in the Karadere stream valley (Fig. 3). It consists of various

materials from block to clay-sized materials. The allu-

vium’s thickness changes in the range of 16 to 28 m. Slope

debris are cropped out on slopes in the study area and

surroundings and are angled, tabular, and sometimes less

rounded in shape depending on the rock types. The amount

of sand, silt, and clay is more than the gravel and block

elements (Kaya et al. 2011a, b).

Geotechnical investigations

In order to determine the geotechnical properties of the

basaltic tuffs, field and laboratory studies were carried out

in the scope of this study. Twelve investigation boreholes

(Figs. 3, 4) having a total length of 303 m were drilled so

that the discontinuity properties and groundwater level
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might be identified. Four of them (KTS 1–4) were drilled to

explore the properties of the basaltic tuffs located in the

entrance portal at the design stage of the Arakli tunnel. The

other eight boreholes, denoted by SK 1–8, were drilled for

investigating the mechanism of the failure related to the

slope excavations.

Laboratory experiments were performed on the rock

cores taken from the boreholes. They were implemented

according to the methods proposed by ISRM (2007) to

determine the physico-mechanical and elastic properties of

the basaltic tuffs, including uniaxial compressive strength

(rci), point load strength index (IS(50)), unit weight (c),
Young’s modulus (Ei), and Poisson’s ratio (m). Further, the
Rock Quality Designation (RQD) values were determined

using the method suggested by Deere (1964) and range

from 54 to 85 %. Table 1 shows the findings of the labo-

ratory tests.

The quantitative description of the joints in the basaltic

tuffs such as orientation, persistence, roughness, spacing,

degree of weathering, infilling, and aperture were deter-

mined by analyzing the cores in accordance with methods

suggested by the ISRM. According to the ISRM (2007), the

joints in the basaltic tuffs are closely spaced with medium

persistence, open, undulating, and moderately weathered

(Table 2). A total of 178 joint measurements were taken

and their orientations were processed by using computer

software called Dips v5.1 (Rocscience 2004a), according to

the equal-area stereographic projection and dominant joint

sets have been determined on the basaltic tuffs (Fig. 5).

The Barton–Bandis failure criterion proposed by Barton

and Bandis (1990) was used to calculate the peak shear

strength parameters of the joints. Suggested equations for

the criterion are given as follows:

/r ¼ ð/b � 20Þ þ 20 ðr=RÞ ð1Þ

s ¼ rn tan /r þ JRC log
JCS

rn

� �� �
ð2Þ

where s shear strength of the joint surface (MPa), rn nor-

mal stress acting on the joint surface (MPa), JRC joint

roughness coefficient, JCS strength of the joint surface

(MPa), /r residual friction angle, /b basic friction angle,

Fig. 1 Location map of the study area
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R Schmidt rebound value of the dry joint surface, and

r Schmidt rebound value of the wet joint surface.

This method was carried out in two steps. Firstly, the

deformation controlled direct shear tests proposed by

CANMET (1977) were performed on the block samples

having dimensions of 60 9 60 9 10 mm to determine the

/b value. A s–r graph was drawn using the data obtained

from the tests (Fig. 6a), the /b value was determined to be

31�, and the /r value was calculated as 27� using Eq. 1.

Secondly, to determine the peak shear strength parameters of

the joints, Barton–Bandis failure envelope was drawn

(Fig. 6b) using Eq. 2, and by drawing the tangent repre-

senting the Mohr–Coulomb failure envelope, the peak fric-

tion angle and peak cohesion of the joints were determined

as 41� and 32 kPa, respectively. The parameters used in the

Barton–Bandis failure criterion are given in Table 3.

The Geological Strength Index (GSI) was derived from

the last version of the quantitative GSI chart suggested by

Fig. 2 a Entrance portal of the Arakli tunnel, b failure on the cut slope, c, d tension cracks on the ground, e cracks on the garden wall and

f house stairs formed by the mass movement
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Hoek and Marinos (2000). The GSI value of the basaltic

tuffs was determined to be 39, and the quality of the rock

mass was classified as ‘‘Blocky, disturbed/seamy’’

according to the GSI chart. Rock mass parameters such as

Hoek–Brown constants (mb, s, a), modulus of deformation

(Em), uniaxial compressive strength (rcm), tensile strength

(rtm), cohesion (c0), and friction angle (/0) are essential

input values for the numerical stability analyses. To

determine the rock mass parameters of the basaltic tuffs,

the Hoek–Brown failure criterion was used. The mb, s and

a constants, rcm, rtm, c0 and /0 values were calculated

using the suggested equations by Hoek et al. (2002). Fur-

ther, the deformation modulus of the basaltic tuffs was

determined using the equation of the Hoek and Diederichs

(2006). Because mechanical excavation was applied, the

value of the disturbance factor (D) was considered to be

Fig. 3 Simplified geological map of the close vicinity of the study area (modified from Guven 1993)
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zero. The mi constants of the rock material was determined

using the Roclab v1.0 (Rocscience 2007) software and was

assummed to be 13. The calculated rock mass parameters

and equations used in the calculations are listed in Table 4.

Slope stability analyses

In order to investigate the stability of the slopes within the

study area, the kinematic, limit equilibrium, and numerical

analyses were conducted. The kinematic analyses were

initially applied to specify the possibility of the occurrence

of any toppling, wedge, or planar failure. After determi-

nation of the discontinuity controlled failure types using

the kinematic analyses, the stability was evaluated by the

limit equilibrium analyses. Finally, the numerical stability

analyses were performed to determine if the failure in the

study area was related to circular or composite failures.

Kinematic analyses for the portal and cut slopes

The kinematic analyses were applied along the portal and

cut slopes having different orientations by taking into

account the main joint sets and their friction angle of 41�.
The planar, wedge, and toppling failure modes were

kinematically inspected using the combined method sug-

gested by Wyllie and Mah (2004). According to the results

of the kinematic analyses, a planar failure along the joint

Fig. 4 Detailed geological map of the entrance section of the Arakli tunnel and its vicinity

Table 1 Physical, mechanical

and elastic properties of the

basaltic tuffs

Properties Min. Max. Ave. SD

Unit weight (c, kN/m3) 18.32 22.16 20.11 1.92

Uniaxial compressive strength (rci, MPa) 17.31 19.51 18.58 0.89

Point load strength index (IS(50)), MPa) 0.39 2.00 0.80 0.15

Young’s modulus (Ei, GPa) 10.22 11.52 10.98 0.65

Poisson’s ratio (t) 0.31 0.35 0.33 0.02

Rock quality designation (RQD, %) 54 85 66 5

Min. Minimum, Max. Maximum, Ave. Average, SD. Standard deviation
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set J3 and a wedge failure along the intersection of the joint

sets J2 and J3 are expected to occur on the portal slope

(Fig. 7a). However, no failure is expected to occur on the

cut slope (Fig. 7b). Because of the planar and wedge fail-

ures hazard on the portal slope, the limit equilibrium

analysis was implemented to check these failures. The

parameters used in the analyses and results are given in the

Fig. 7 and Table 5.

Limit equilibrium analyses for the portal slopes

Kinematic analysis does not consider any external forces

acting on a slope forming material, slope height, or sig-

nificant geotechnical elements. Thus, slope stability is

Table 2 Quantitative description of joints in the basaltic tuffs

Properties Values

Joint set number 3 ? random

Joint orientation JI: 60/65

J2: 65/173

J3: 70/268

Joint spacing (cm) 15.4a 5.4–55.2)

Persistence (m) 9.8a (5.5–27.5)

Aperture (mm) 1.2a (1.0–19.5)

Infilling \5 mm soft clay

Roughness Rough, undulating

Weathering Moderately weathered

Groundwater condition Dripping

a Average

Fig. 5 Equal-area

stereographic projection of the

joint sets in the basaltic tuffs
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usually analyzed in geotechnical engineering by limit

equilibrium analyses, which provide a direct measure of

stability in view of the safety factor (Kentli and Topal

2004).

Limit equilibrium analyses were carried out using the

software called RocPlane v2.0 (Rocscience 2004b) and

Swedge v4.0 (Rocscience 2004c) for the portal slope

having potential planar and wedge failures assessed by

kinematic analyses. These computer programmes calculate

the safety factor (F) using the method of the Hoek and Bray

(1981) that considers the influences of cohesion and fric-

tion angle of joints. For the stability analyses of the critical

slopes adjoining highway roads and critical engineering

excavations (i.e. tunnel portal slope, open pit mining, etc.),

a safety factor of 1.50 is usually preferred (Turkish General

Directorate of Highways 1997). Therefore, a safety factor

of 1.50 was considered acceptable for the long-term sta-

bility in this study.

When calculating of the F values, forces such as seismic

coefficients and other external forces were not included into

the analysis because the mass movement in the study area

was not triggered by the earthquake. As a result, the F values

of the planar and wedge failure conditions were determined

to be 1.602 and 4.324, respectively, for saturated conditions.

Because the acute angle between the intersection of the joint

sets (J2 and J3) and the strike of portal slope was 31o, a

narrow and long wedge weighing 49.6 tonnes was formed.

Even though wedge failure was kinematically possible, this

condition increased the shear resistance against sliding, and

caused a higher F value of 4.324.

It is very clear that the F values of the portal slope were

higher than both the limit equilibrium condition and

acceptable F value of 1.50 for the stability. Therefore, it

can be concluded that the failures on the portal slope were

not directly controlled by the joint sets and no planar and

wedge failures are expected. The results of the limit

equilibrium analyses are given in Table 6.

The failure on the slopes could be connected with the

circular or composite failures. Thus, in the last stage, the

possibilities of the occurrence of these failure modes were

investigated using the numerical analyses.

Numerical stability analyses of the portal and cut

slopes

The kinematic and limit equilibrium analyses sometimes

do not work in rock masses having low strength parameters

and dense discontinuities with low shear strength. In this

case, the circular failures without discontinuity controlled

failures, such as planar, wedge, and toppling, or the

Table 3 The parameters used in the Barton–Bandis failure criteria

and /p and cp values

Input parameters Value of parameters

Basic friction angle (/b, �) 31

Dry Schmidt rebound (R) 36

Wet Schmidt rebound (r) 28

Residual friction angle (/r, �) 27

Joint compressive strength (JCS, MPa) 34

Joint roughness coefficient (JRC) 9

Peak friction angle (/p, �) 41

Peak cohesion (cp, kPa) 32

Table 4 The calculated rock mass parameters of the basaltic tuffs

Researchers Equations Notes Equation numbers Values

Hoek and Diederichs (2006) Em ¼ Ei
1� D=2ð Þ

1þeð60þ15D�GSIÞ=11

� �
MPa (3) 1637.18

Hoek et al. (2002) rcm ¼ rci:Sa MPa (4) 0.578

rtm ¼ � s:rci
mb

MPa (5) -0.014

mb ¼ mie
GSI�100
28�14Dð Þ mi: 13 D: 0 (6) 1.472

s ¼ e
GSI�100
9�3Dð Þ GSI: 39 (7) 0.00114

a ¼ 1
2
þ 1

6
e�GSI=15 � e�20=3
� 	

(8) 0.512

c
0 ¼ rci 1þ2að Þsþ 1�að Þmbr

0
3n½ � sþmbr

0
3nð Þa�1

1það Þ 2það Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 6amb sþmbr

0
3nð Þa�1

� �
= 1það Þ 2það Þ½ �

q kPa (9) 164

/
0 ¼ sin�1 6amb sþmbr

0
3nð Þa�1

2 1það Þ 2það Þþ6amb sþmbr
0
3nð Þa�1

� �
r03n ¼ r03max=rci

r
0
3max

r0cm
¼ 0:72

r
0
cm

cH

� ��0:91

r
0

cm ¼ rci
mbþ4s�a mb�8sð Þð Þ mb=4þsð Þa�1

2 1það Þ 2það Þ

(10) 49.83
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composite failures combined with circular and linear sur-

faces might occur. The safety of slopes planned to excavate

in this kind of rock environment is widely analyzed in

geotechnical works using the numerical methods that

ensure a direct measure of the stability.

In this study the numerical stability analyses were per-

formed in three steps. Firstly, the geometry of the each

slope was introduced into the finite element method (FEM)

based software called Phase2 v7.0 (Rocscience 2008).

Phase2 is a powerful and flexible computer package that

Fig. 7 Kinematic analyses of the a portal and b cut slopes

Table 5 The parameters used in the kinematic analyses and results

Orientation of joint sets Orientation of intersections Orientation of slopes Friction angle Stability condition

Planar failure Toppling Wedge failure

J1: 60/65 I1–2: 49/113 Portal face: 80/282 41 Unstable Stable Unstable

J2: 65/173 I1–3: 23/349

J3: 70/268 I2–3: 59/213 Cut slope face: 70/12 41 Stable Stable Stable

Table 6 Results of the limit equilibrium and numerical analyses

Slopes Limit equilibrium analysis Numerical analyses for unsupported case Numerical analyses for

supported case

Probable

failure mode

Safety

factor (F)

Stability

condition

Probable failure

mode

Strength Reduction

Factor (SRF)

Stability

condition

Strength Reduction

Factor (SRF)

Stability

condition

Portal

slope

Planar 1.602 Stable Composite

(circular?linear)

1.21 Unstable 1.63 Stable

Wedge 4.324 Stable

Cut

slope

None – – Circular 1.32 Unstable 1.71 Stable
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has the Shear Strength Reduction (SSR) method integrated

into the FEM and interpretation modules. In the SSR

method, the stability factor (F) is represented by the

Strength Reduction Factor (SRF). The SSR method

involves systematic use of FEM to determine a SRF value

that brings a slope to the verge of failure. The shear

strength parameters of the rock mass are scaled until the

stability limit is reached. The SRF value is the ratio

between the actual and the model strength at the stability

limit (e.g. Griffiths and Lane 1999; Shukra and Baker

2003; Hammah et al. 2006; Li 2007). One of the advan-

tages of the SSR method is that there is no need to guess at

determination of critical failure surface. Because of the

advances in computer systems, this method is increasingly

used today compared to the past.

After introducing the slope geometry, the material and

mass parameters of the basaltic tuffs were described

using the geotechnical parameters such as rci, rcm, rct, m,
c, Em, c

0, /0 values, and groundwater conditions. Fur-

thermore, orientation, length, spacing, and shear strength

parameters (cp and /p) of the joint sets were introduced

into each analyzed model as the joint network. The

Mohr–Coulomb failure criterion proposed by Mohr

(1900) was used in the numerical analyses to define the

material and joint properties in order to get more reliable

results.

Fig. 8 Numerical analyses of

the a portal and b cut slopes for

the unsupported case
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Fig. 9 Numerical analyses of

the a portal and b cut slopes for

the supported case

Table 7 The characteristics of

the support units used in the

numerical analyses (Turkish

General Directorate of

Highways 2006)

Properties Shotcrete Wire mesh Rock bolt

Young’s modulus (E, GPa) 20 200 200

Poisson’s ratio (t) 0.2 0.35 –

Peak compressive strength (rcp, MPa) 20 400 –

Residual compressive strength (rcr, MPa) 3.5 – –

Peak tensile strength (rtp, MPa) 3.1 500 –

Residual tensile strength (rtr, MPa) 0 – –

Peak load (MN) – – 0.25

Residual load (MN) – – 0.025
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Finally, the finer zoning was applied to the analyzed

models, and six-noded triangular finite elements were

chosen in the mesh. Because the elastic-perfectly plastic

(EPP) model best replicates the limit equilibrium analysis,

the basaltic tuffs were considered to be EPP material. To

understand the mechanism of the failure in the study area,

the horizontal ground acceleration was not added into the

analyses, when calculating the SRF values.

A SRF value of 1.50 was considered acceptable for the

stability same as the limit equilibrium anlaysis. Based on

the results of the numerical analyses, the SRF values of the

portal and cut slopes were found to be 1.21 and 1.32,

respectively (Fig. 8; Table 6). The results of the numerical

stability analyses indicated that the mass movement on the

portal slope was related to the composite failure starting

with a circular surface and following a linear surface along

the joint set J3 (Fig. 8a). However, the mass movement on

the cut slope was connected with the circular failure

(Fig. 8b). Even if any failure would not be expected to

occur along the entire J3 surface based on the limit equi-

librium analysis, the failure may occur because the rock

mass haves low strength parameters that comprise a cir-

cular surface where the mass leads to slide along the J3

according to the numerical analysis. Thus, some special

measures were needed to prevent the effects of failures and

to stabilize the area. The precautions to be taken are

important for the safety and cost of the project. The support

recommendations for the slopes are discussed in the later

section.

Reinforcement of the portal and cut slopes

Rock bolts, shotcrete, and wire mesh were selected as the

reinforcement units for the slopes planned to be excavated.

Their performance was also investigated by Phase2 soft-

ware using the SSR method. In addition, although there is

not any seismic resource in and around the study area, the

North Anatolian Fault zone crosses almost 200 km south of

the area. For this reason, the minimum and possible hori-

zontal ground acceleration was also considered, and it was

taken to be 0.1 g for the long-term stability condition. After

support installation, the SRF values increased from 1.21 to

1.63 for the portal slope (Fig. 9a), from 1.32 to 1.71 for the

cut slope (Fig. 9b), respectively. As a result, in case the

proposed support units apply, the SRF values become

higher than the acceptable SRF value of 1.50. The char-

acteristics of the support units used in the numerical sta-

bility analyses are presented in Table 7 and installed

support units for the long-term stability are given in the

Table 8.

Conclusions

In this study, an impending failure on nearby a residential

area was investigated by kinematic, limit equilibrium, and

numerical stability analyses. After the failure, a detailed

field survey including drilling was performed, and the

necessary data was obtained from the field and laboratory

studies. The results obtained from these analyses can be

summarized as follows:

(a) The kinematic analyses results demonstrated that planar

and wedge failures were possible on the portal slope,

whereas no failure is expected on the cut slope.

However, both planar and wedge failures were not

expected to occur on the portal slope according to the

limit equilibrium analysis, even for saturated conditions.

(b) According to the findings of the numerical stability

analyses based on the finite element method, com-

posite and circular failures are possible on the portal

and cut slopes, respectively.

(c) All results showed that the landslide triggered by the

excavations was not directly controlled by the joints.

The circular failure on the cut slope might be related

to the structure of dense fracture and low strength

parameters of the rock mass, whereas for the portal

slope, the failure mode is composite connected with

both low strength parameters of rock mass and

joints, the feasible measures were determined to

make the region stable.

(d) This study also shows that use of the different

methods in studies where the stability of slopes are

investigated, has a very important role in determi-

nation of occurrence mechanism of landslides, and

realistic and reliable precautions.

Table 8 The installed support

units for the long-term stability
Support units Portal slope Cut slope

Shotcrete Thickness: 15 cm Thickness: 15 cm

Wire mesh Type: Ø6.5 mm one layer Type: Ø6.5 mm one layer

Mesh spacing: 150 9 150 mm Mesh spacing: 150 9 150 mm

Rock bolt Type: Ø28 mm fully bonded Type: Ø28 mm fully bonded

Length: 6 m Length: 6 m

Spacing: 1.2 9 1.2 m Spacing: 1.5 9 1.5 m
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