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Abstract
In view of the geotechnical engineering and engineering geology, the Seyrantepe underground openings have important 
characteristics. Although these underground openings have thin roof thickness, large parallel span, thin pillars and low rock 
mass strength, they are standing up for years. Due to the rock masses being complicated and inhomogeneous material and 
containing discontinuities, it is commonly difficult to obtain the required mechanical parameters for the analyses. In this 
paper, a combined analysis, including failure-based back analysis, Hoek–Brown and Mohr–Coulomb failure criteria, was 
executed to determine the cohesion, frictional angle and tensile strength of the rock mass. Integrated numerical, analytical 
and empirical analyses were performed to assess the stability of the underground openings, which were excavated from 
limestone. The effects of the adjacent openings on the stability and failure zones were also investigated. The analysis shows 
that considerably important parameter for the roof stability is the tensile strength of the rock mass. While the lowest tensile 
strength is obtained from Hoek–Brown criterion, Mohr–Coulomb criterion gives the highest tensile strength. Numerical 
analysis shows that adjacent openings affect the stability and failure process. According to the bending theory, the limit 
of the roof span ranges between 11 and 22.5 m depending on roof thicknesses of 9 and 25 m, respectively. Although these 
underground openings are standing for a long time, results of the analyses show that some protective measures against 
instability are necessary.

Keywords  Underground openings · Stability analysis · Analytical analysis · Back analysis · FEM · Limestone

Introduction

Gaziantep is one of the most important historical cultural cit-
ies of southeastern Turkey. The geological formation of the 
city is mainly limestone. The ability to easily cut, shape and 
use limestone as a building material has enabled the creation 
of many artificial underground openings. Stone used for the 
construction of houses in the city was supplied by creating 
underground openings that provided the opportunity to work 

in both the summer and winter. Most of the time, basements 
were made by excavating rock when houses were built, and 
the stones obtained were later used for houses. Today, most 
of these underground openings are old abandoned quarries 
excavated for supplying stone to Gaziantep and the sur-
rounding vicinity. The Seyrantepe underground openings 
are one of the largest abandoned quarries of the city.

The Seyrantepe underground openings are located in 
Şehitkamil district of Gaziantep. The openings were exca-
vated in a small hill and are three levels (Fig. 1). Currently, 
the Gaziantep Metropolitan Municipality is considering 
using these openings as a historical museum; however, insta-
bility is a major concern.

The underground openings have the following character-
istics: thin roof thickness, large parallel span, thin pillars, 
low rock mass strength and being unsupported for years. 
Although the openings excavated from limestone have 
survived and maintained their original integrity for years, 
there is some indication of yielding and partial collapse on 
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different scales at several locations. Stability is the main 
geotechnical problem with these underground openings.

Many studies were conducted to investigate instabil-
ity problems in underground openings. Waltam and Park 
(2002) investigated the stability of three lava tubes in Cheju 
Island, South Korea. They suggested a ratio of tube width 
to roof thickness for checking the stability of the lava tubes. 
Canakci (2007) investigated the possible causes of two col-
lapsed caves in Gaziantep, Turkey. Similar to Waltam and 
Park (2002), Hatzor et al. (2010) discussed the stability of 
shallow karstic caves in blocky rock masses. Suchowerska 
et al. (2012) investigated the roof collapse of underground 
cavities for different rock properties and geometries using 
Hoek–Brown failure criterion. They presented stability 
charts to predict the roof collapse of underground cavities. 
Ulusay et al. (2013) investigated the short- and long-term 
stability of Avanos Underground Congress Centre carved 
into soft Tuffs in Cappadocia, Turkey. They performed 
experimental, numerical and analytical analyses. Addition-
ally, an in situ monitoring program was conducted to inves-
tigate crack propagation.

This paper assesses the stability of the Seyrantepe 
underground openings and discusses the stability problems 
encountered in the underground openings. First, laboratory 
tests were performed on rock core samples to determine the 
physical and mechanical properties of the intact rock. Then, 
the geotechnical properties of the rock mass were evaluated 
through rock mass classification systems. The Geomechan-
ics Classification (RMR), the Geological Strength Index 
(GSI) and Rock Quality Index (Q) were used for rock mass 

classification. A combined analysis, including back analysis, 
Hoek–Brown and Mohr–Coulomb failure criteria, was con-
ducted to determine the geotechnical parameters of the rock 
mass. Finally, the stability of the manmade underground 
openings was evaluated using numerical, analytical and 
empirical methods, and the results are discussed along with 
the field observations.

Geology

The general geology of Gaziantep was defined by Tolun 
and Pamir (1975), Terlemez et al. (1997), MTA (1997) and 
Coşkun and Coşkun (2000). The geological formations of 
the provincial settlement mainly involve Yavuzeli (Ty), Firat 
(m1) and Gaziantep (e) formations. A Yavuzeli formation 
consists of reddish dark brown, dark grey and blackish, 
unbedded, partly quite thick, porous basalt deposits that have 
thickness of approximately 50 m. A Firat formation, uncon-
formably underlying the Yavuzeli formation, has a whitish, 
dingy yellow coloured, thin- to thick-bedded, partly unbed-
ded reefal limestone. A Gaziantep formation, conformably 
underlying the Firat formation, consists of clayey limestone, 
limestone and chalky limestone. It shows changing features 
and has a thickness of approximately 100–250 m. It is from 
the Latest Eosen (Priabonian) and Early Oligocene (Stam-
pian) Epochs, as determined by Terlemez et al. (1992). Most 
of the underground openings in the city occur in Gaziantep 
and Firat formations.

Fig. 1   Location and general 
view of the Seyrantepe under-
ground openings
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According to a visual geological investigation, the Sey-
rantepe underground openings are located in the Gazi-
antep formation, which includes whitish to light grey and/
or beige, soft strong, fresh to slightly weathered, thin- to 
thick-bedded, almost horizontal clayey, locally massive, 
marly limestone (Fig. 2). The rock mass is extremely mas-
sive. The joints are not closely spaced, according to ISRM 
(2007), and the persistence of the joints is rare. The bed-
ding is widely spaced and nearly horizontal (Fig. 3a, b).

Stability problems observed 
in the underground openings

The Seyrantepe underground quarry has adjacent parallel 
openings. The upper level includes eight large openings and 
seven small openings. Figure 4 shows the plan and inner 
view of the underground openings on the third level. The 
spans of the underground quarry change between 5 and 
55 m, and average heights are 5.6 m. The openings are con-
nected to each other from the inside on the levels. The cross 
section is approximately rectangular. The roofs are declined 
following bedding planes so that roof thickness varies from 
2 to 30 m. Each opening has pillars to support its roof rock. 

Fig. 2   Geological map and 
cross sections of the upper level 
of Seyrantepe underground 
openings (modified from MTA 
1997)
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Fig. 3   Horizontal bedding of 
the Seyrantepe underground 
openings

Fig. 4   The plan and inner views 
of the third level of the Sey-
rantepe underground openings
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Although the underground openings have stood for years, 
some stability problems were observed.

According to the authors’ observations, stability is 
affected by the following factors.

1.	 Stress-induced failures are the stability problems that are 
most commonly observed in these underground open-
ings. This type of failure occurs when the induced stress 
is greater than the strength of the rock mass. The failure 
can be shear or tension. There are some shear failures 
that developed in the rock pillars between the openings. 
Figure 5a shows the shear failure observed at the rock 
pillar between openings 3 and 4. Typical stress-induced 
failures occur in wide roof spans against thin roof thick-
nesses due to over-bending stress. An example is the 

collapsed roof of the entrance of opening 8, as seen in 
Fig. 5b.

	 A roof collapse was also observed at the entrance 
of opening 5. A general view of opening 5 before 
and after the collapse of the roof is presented in 
Fig. 6a and b. Debris materials are clearly seen 
in Fig. 6b. The spalling of the roof can also be 
seen; the spalling of rock is an indication of stress-
dependent behaviour.

2.	 Weathering is another important factor affecting the 
openings’ stability. There is no sufficient drainage sys-
tem around the underground openings for the discharge 
of surface water and the rock mass is exposed to atmos-
pheric effects. With time, weathering tends to reduce 

Fig. 5   Some examples of stress-
induced failures. a Shearing 
at the rock pillars between 
openings 3 and 4, b the col-
lapsed roof of the entrance of 
opening 8

(a) (b)

Fig. 6   General views of opening 
5. a Before the collapse, b after 
the collapse

(a)

(b)

Debris
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strength and turns the colour of the rock mass. Signs of 
this weakening are clearly observed at different locations 
in the openings (Fig. 7a, b, c, d).

3.	 The cracks that have developed in some locations pos-
sibly affect the openings’ stability. Time-dependent 
strength reduction of the rock mass, additional external 

loads such as new buildings around the openings, earth-
quake loads and so on, or over stresses in the rock mass, 
can induce crack formations. Specifically, crack propa-
gation in a rock mass is a precursory sign of failure. 
In the Seyrantepe underground openings, cracks mainly 
develop in the roofs and pillars (Fig. 8a, b, c).

Fig. 7   Weathering of the rock 
surfaces. a The roof of opening 
5, b the entrance of opening 3, c 
the roof of opening 4, d the roof 
of opening 7

(a) (b)

(c) (d)

Fig. 8   Some examples of the 
cracks developed in the pillars 
and roof. a The outside pillar of 
opening 2, b the roof of opening 
3, c the pillars between open-
ings 3 and 4

(a) (b)

(c)
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Rock mass classification

Using rock mass classification systems, unsupported stand-
ing time, support requirements and support pressure can 
be empirically determined for underground spaces exca-
vated in rock masses. There are numerous classification 
systems used today. The most commonly used systems 
are suggested in the studies of Lauffer (1958), Deere and 
Miller (1967), Wickham et al. (1972), Bieniawski (1989), 
Barton et al. (1974), Grimstad and Barton (1993), Hoek 
et al. (1995), Sonmez and Ulusay (2007) and Aydan et al. 
(2014).

In this study, rock mass classification systems such as 
the RMR (Bieniawski 1989), Q (Barton et al. 1974; Grim-
stad and Barton 1993) and GSI (Hoek et al. 1995; Sonmez 
and Ulusay 2007) were employed to characterize the rock 
mass and to estimate the rock mass strength parameters of 
the Seyrantepe underground openings. The values of clas-
sification systems were computed in terms of the worst and 
best conditions of the area, and the results are presented in 
Table 1. A range of the rock mass values was considered in 
place of a single value to overcome some of the uncertainties 
of the classification systems.

Determination of the geotechnical 
parameters

The main problem encountered in designing and 
analysing underground structures is to determine in situ 
strength and deformation parameters. Specifically, due to 
discontinuities in rock mass, there are some experimental 
difficulties in determining these parameters. Sampling of 
the rock mass, along with discontinuities for laboratory 
experiments, creates significant difficulties in determining 
the strength and deformation parameters of the rock 
masses. To overcome this, some laboratory tests, such as 
the uniaxial compression test, can be performed on intact 
rock samples, and in situ geotechnical parameters can be 
computed by including rock mass classification systems 
in the calculations.

In this study, basic laboratory tests were conducted to 
determine the intact rock properties of the Seyrantepe 
underground openings. Due to the lack of cohesion, 
fr ictional angle and tensile strength of the rock 

mass, a combined analysis, including back analysis, 
Hoek–Brown and Mohr Coulomb failure criteria, was 
conducted. The details are presented in the following 
subsections.

Laboratory tests

To determine the necessary geotechnical parameters for 
rock mass, drillings were performed in the field, and rock 
mechanics tests were conducted on 20 good-quality rock 
core samples obtained from the borings. The tests involved 
the determination of unit weight (γ), uniaxial compressive 
strength (UCS), modulus of elasticity (E), Poisson’s ratio (ν) 
and water content (w) of the surrounding limestone as intact 
rock under both dry and fully saturated conditions. These 
tests were conducted in accordance with the test procedures 
suggested by the ISRM (2007). The results of the tests are 
presented in Table 2. Under dry conditions, the average val-
ues of unit weight, uniaxial compressive, modulus of elastic-
ity and Poisson’s ratio are 18.3 kN/m3, 4.08 MPa, 9.85 GPa 
and 0.18, respectively. Under fully saturated conditions, the 
average values of unit weight, water content (%), uniaxial 
compressive, modulus of elasticity and Poisson’s ratio are 
21.5 kN/m3, 18.4%, 2.64 MPa, 8.11 GPa and 0.13, respec-
tively. It is clear from Table 2 that, under fully saturated 
conditions, a decrease of more than 60% occurs in strength 
compared with dry conditions. In terms of strength and 
deformability, the intact rock is extremely weak, according 
to the ISRM (2007).

It should be noted that the strength values given in 
Table 2 were obtained from intact core samples, but the 
rock mass strength of the limestone is expected to be lower 
than that of the intact rock due to the rock mass quality. To 
calculate the shear strength parameters and tension strength 
of the rock mass, this case was considered by means of rock 
mass classification systems. Then, the calculated values were 
compared with failure-based back analysis results.

Determination of the rock mass geotechnical 
parameters considering Hoek–Brown failure 
criterion

Using the relationship between the Hoek–Brown and 
Mohr–Coulomb criteria, the strength and deformation 
parameter of the Seyrantepe underground openings were 
obtained. The Hoek–Brown input parameters are Geological 
Strength Index (GSI), the rock mass disturbance factor (D), 
Hoek–Brown material constant of intact rock (mi), uniaxial 
compressive strength of intact rock 

(

�
ci

)

 and modulus of 
elasticity of intact rock (Ei).

Table 1   Rock mass classification for limestone

Classification Rating range Average value

Geomechanics Classification (RMR) 77–83 80
Rock Quality Index (Q) 39.1–76.2 57.6
Geological Strength Index (GSI) 85 85
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The Geological Strength Index (GSI) developed by Hoek 
(1994) introduces a number which can be used for the esti-
mation of rock mass strength from the lithology, structure 
and surface conditions of the discontinuities. During the 
early years of the GSI, it was estimated directly from RMR. 
The correlation between RMR and GSI has proved to be 
unreliable over the years. Therefore, it is recommended that 
GSI should be evaluated directly from the charts presented 
by Hoek and Marinos (2000). The rock mass surrounding 
the Seyrantepe underground openings is extremely massive 
marly limestone, which includes few widely spaced disconti-
nuities with very rough to rough, fresh to slightly weathered 
surface. So an average GSI value of 85 is considered from 
the chart introduced by Hoek and Marinos (2000)

D is a parameter which is related to the degree of distur-
bance due to stress relaxation and blast damage. The value 
of D is ranged from 0 for undisturbed rock masses to 1 for 
very disturbed rock masses. Hoek and Brown (2019) present 
some cases in which the control of blasting and method of 
excavation are of considerable importance. Hoek and Brown 
(2019) suggest D = 0 for excellent quality-controlled blasting 
or excavation by a road-header or tunnel boring machine and 
mechanical or hand excavation in poor-quality rock masses 
due to resulting in minimal disturbance to the surrounding 
rock mass. Since the Seyrantepe underground openings were 
excavated in soft marly limestone by hand and machinery 

using traditional tools and no blasting, the rock mass distur-
bance factor (D) is assumed to be 0.

Hoek–Brown material constant (mi), uniaxial com-
pressive strength 

(

�
ci

)

 and modulus of elasticity (Ei) are 
the constants related to the intact rock which are used in 
Hoek–Brown failure criterion. Wherever possible, the values 
of these constants are obtained by statistical analysis of the 
results of a set of triaxial tests on core samples. When the 
triaxial tests are not available the values of mi, 

(

�
ci

)

 and E
i
 

can be estimated from the tables suggested by Hoek (2007).
Hoek (2007) suggests mi = 9 ± 2 for micritic limestones, 

10 ± 2 for sparitic limestones, 12 ± 3 for crystalline lime-
stone and 7 ± 2 for marls. Since the rock mass surrounding 
the Seyrantepe underground openings is marly limestone, 
Hoek–Brown constant (mi) is estimated to be 10 from the 
table suggested by Hoek (2007) due to no triaxial test results. 
The average uniaxial compressive strength of the intact rock 
(

�
ci

)

 and the average modulus of elasticity of intact rock 
(Ei) are calculated from the results of uniaxial compressive 
strength tests on dry core samples as 4.08 MPa and 9.85 
GPa, respectively.

The RocLab (v.1.0) software (Rocscience 2002) was used to 
determine the internal friction angle, cohesion, tensile strength 
and modulus of elasticity of the rock mass. These parameters 
were then compared with the parameters obtained from the 
back analysis. Table 3 presents the geotechnical properties 

Table 2   Laboratory test results 
performed on the core samples 
obtaining from the borings

Borehole no Sample 
depth (m)

Unit weight
(kN/m3)

Water con-
tent (%)

UCS
(MPa)

Modulus of elas-
ticity, Ei (GPa)

Poisson’s ratio

Sk-1 saturated 2 21.7 18.7 2.74 8.0 0.12
Sk-2 saturated 3 21.7 18.0 2.79 8.2 0.13
Sk-3 saturated 2 21.3 18.2 2.67 8.4 0.14
Sk-4 saturated 3 21.5 18.6 2.60 8.1 0.13
Sk-5 saturated 2 21.6 19.1 2.61 7.9 0.14
Sk-6 saturated 3 21.6 19.6 2.54 8.3 0.12
Sk-7 saturated 2 21.7 17.2 2.60 8.4 0.12
Sk-8 saturated 3 21.4 17.3 2.56 8.0 0.13
Sk-9 saturated 2 21.3 18.4 2.60 7.9 0.14
Sk-10 saturated 3 21.5 18.4 2.70 7.9 0.11
Average saturated 21.5 18.4 2.64 8.11 0.13
Sk-1 dry 2 18.4 - 4.07 9.2 0.17
Sk-2 dry 3 18.3 - 4.17 10.3 0.19
Sk-3 dry 2 18.5 - 4.02 9.1 0.18
Sk-4 dry 3 18.1 - 3.92 9.8 0.17
Sk-5 dry 2 18.4 - 4.21 9.9 0.18
Sk-6 dry 3 18.3 - 4.24 10.1 0.19
Sk-7 dry 2 18.4 - 4.00 10.2 0.20
Sk-8 dry 3 18.5 - 4.03 10.5 0.19
Sk-9 dry 2 18.1 - 4.11 9.5 0.18
Sk-10 dry 3 18.2 - 4.00 9.9 0.19
Average dry 18.3 4.08 9.85 0.18
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of the rock mass according to the generalized Hoek–Brown 
failure criterion. The cohesion, internal friction angle, tensile 
strength and elastic modulus of the rock mass with GSI = 85, 
mi = 10, D = 0, σci= 4.08 MPa and Ei= 9.85 GPa are calculated 
as 322 kPa, 47.3°, 132 kPa and 9.13 GPa, respectively.

Determination of the rock mass geotechnical 
parameters considering Mohr–Coulomb 
failure criterion

Tensile strength, cohesion and the frictional angle of rock 
masses in the Seyrantepe underground openings were also 
predicted from Mohr–Coulomb criterion. According to this 
criterion, the following relationships exist between cohesion, 
frictional angle, tensile strength and uniaxial compression 
strength.

(1)�
cm

=
2c

m
cos�

m

1 − sin�
m

(2)�
tm

=
2c

m
cos�

m

1 + sin�
m

Here, �
cm

 , �
tm

 , c
m

 and �
m

 are the uniaxial compression 
strength, tensile strength, cohesion and internal frictional 
angle of the rock mass, respectively. To estimate the uniaxial 
compression of the rock mass, the following empirical equa-
tions suggested by Aydan et al. (2012) were used.

In Eq. (3), �
ci
 is the average uniaxial compression strength 

of intact rock. After calculating the uniaxial compression 
strength of the rock mass, the cohesion was obtained from 
Eq. (1) by assigning an initial value to the frictional angle. 
The tensile strength was computed from Eq. (2) in terms 
of the obtained cohesion and frictional angle. Table  4 
shows the geotechnical strength parameters calculated for 
RMR = 80 and the initial values of the frictional angle. As 
seen in Table 4, the Mohr–Coulomb criterion has greater 
tensile strength than that calculated from the Hoek–Brown 
criterion.

Back analysis

To determine unknown geomechanical parameters, bounda-
ries, or initial conditions, systems geometry, using observa-
tional methods such as measurement of field displacements, 
stresses or strains and back analysis techniques, is frequently 
used in geotechnical engineering projects (Sakurai et al. 
2003; Ghorbani and Sharifzadeh 2009). Due to the rock 
masses being complicated and inhomogeneous material 
and containing discontinuities, it is difficult to obtain the 
mechanical parameters by considering only laboratory tests. 
Field tests are generally very expensive and are thus rarely 
conducted.

In terms of the required input data, the back analy-
sis method can be classified into the stress back analysis 
method, deformation back analysis method and coupled 
back analysis method requiring both stress and deforma-
tion data. Although the methods present reasonable results 
by representing rock mass behaviour, installation of the test 
equipment to monitor the stress or deformation around the 
underground space can be troublesome.

(3)σcm =
RMR

RMR + 6(100 − RMR)
σci

Table 3   Geotechnical properties of the Seyrantepe underground 
openings as determined by RocLab software

Geotechnical properties Value

Intact rock strength (σci; MPa) 4.08
Uniaxial compression strength of the rock mass (σcm; MPa) 1.77
Hoek–Brown constant mi 10
Average GSI value 85
Disturbance factor, D 0
Elastic modulus of the intact mass (Ei; GPa) 9.85
Hoek–Brown constant mb 5.853
Hoek–Brown constant s 0.1889
Hoek–Brown constant a 0.5
Elastic modulus of the rock mass (Em; GPa) 9.13
Cohesion (cm; kPa) 322
Internal friction angle ( �

m
;˚) 47.3

Rock mass tensile strength (kPa) 132

Table 4   Calculated rock mass 
geotechnical parameters with 
Mohr–Coulomb criterion

Uniaxial compressive strength of 
the rock mass, �

cm
, (kPa)

Frictional angle of the 
rock mass, �

m
, (°)

Cohesion of the rock 
mass, cm, (kPa)

Tensile strength of 
the rock mass, �

tm
, 

(kPa)

1632 35 424.8 442.3
1632 40 380.5 354.9
1632 45 338 280
1632 47.3 319 249
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In this paper, an observational method to determine the 
shear and tensile strength parameters of rock masses was 
applied to section A-A’ of the Seyrantepe underground open-
ings. This method is performed by considering the failure 
zone of underground spaces. In this case, plastic zones in 
the numerical calculation output should give the failure zone 
shapes observed in the field. A direct approach employs the 
trial values of the unknown parameters as input data until 
the discrepancy between failure shapes observed in the field 
and corresponding failure shapes obtained from a numeri-
cal analysis is minimized. This failure-based back analysis 
procedure is continued until reasonable values of all vari-
ables are determined. Reasonable parameters are obtained 
by considering the failure shapes observed in the field. This 
approach is relatively simple and is suitable for determin-
ing the rock mass geotechnical parameters. Then, a stability 
analysis using these parameters can be performed.

Plaxis (2002) software was used to determine the shear 
strength parameters and tensile strength of the rock mass 
according to failure-based back analysis (Fig. 9). In the anal-
ysis, the unit weight and Poisson’s ratio of the rock mass 
were considered the average values in Table 2 for dry core 
samples. A rock mass elastic modulus was calculated from 
the equation suggested by Hoek et al. (2002) and used as 
well. Afterwards, the cohesion, frictional angle and tensile 
strength of the rock mass were changed until the reasonable 

values were determined according to field observation. For 
averagely cm = 420 kPa, ϕm = 40° and σtm= 185 kPa, com-
patible results with the real failure shape along this section 
of the openings in the field were obtained. The values of unit 
weight, elastic modulus, Poisson’s ratio, cohesion, internal 
frictional angle and tensile strength are presented in Table 5.

Stability analysis of the Seyrantepe 
underground openings

To analyse and design underground spaces, there are a num-
ber of numerical, analytical and empirical techniques that 
can be used. Numerical approaches, such as the finite ele-
ment, discrete element, or hybrid methods of analysis, are 
typically employed. Analytical solutions for the stability of 
near surface underground openings in rock masses are rarely 
used because of the inherently discontinuous nature of the 
problem. While empirical approaches are practical and easy 
to perform, they can be misleading in some cases. Therefore, 
each method has particular handicaps and advantages. The 
use of only one method is not reliable or economical enough 
to evaluate stability (Alejano et al. 2008). In this section, we 
present integrated numerical, analytical and empirical analy-
ses to assess the stability of the Seyrantepe underground 
openings.

Plastic Points

Shear Tension

2 3 4 5 871

Fig. 9   Failure-based back analysis for the prediction of unknown geotechnical parameters

Table 5   Geotechnical properties of the rock mass based on back analysis

Material Unit weight, γ, (kN/
m3)

Elastic modulus, Em, 
(GPa)

Poisson’s ratio, ν Cohesion, cm, (kPa) Frictional angle, 
�
m
, (˚)

Tensile strength, �
tm
,  

(kPa)

Limestone 18.3 9.13 0.18 420 40 185
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FEM analysis

Plaxis (2002) software was used to model the underground 
openings. The sizes and material properties of the openings 
were considered input data for the software. Cross section 
A-A’ was considered to evaluate stability. The geotechni-
cal parameters given in Table 5 were used in a numerical 
analysis due to the results being compatible with the real 
failure shape observed in the field. Mohr–Coulomb failure 
criterion was governed to describe the failure behaviour of 
the rock. The in situ principal stresses ratio was considered 
to be 0.4 for this shallow soft rock mass. Because the ground 
water table is well below the base of the openings, the effect 
of pore water pressure was not included in the analysis. The 
vertical outer boundaries have horizontal fixity, while the 
horizontal base boundary has fixities in both the horizontal 
and vertical directions in the model. A 15-node triangular 
element and a very fine level of mesh were used to obtain 
higher quality stress distributions. Local refinements around 
the underground spaces were also made to improve the accu-
racy of the results. The wall located between openings 5 and 
7 along section A-A’, as seen in Fig. 6a, was included in the 

stability analysis. It was modelled as a plate element and 
represented by elastic behaviour in a numerical analysis. The 
modulus of elasticity and Poisson’s ratio were assumed to be 
2.5 GPa and 0.30, respectively, for the wall. The wall thick-
ness was 0.2 m. The other mechanical properties of the wall 
required for numerical calculations are presented in Table 6.

Figure 9 shows the plastic zones obtained from the analy-
sis of section A-A’. Here, the elements that fail in shear are 
indicated in red, whereas yielded elements in tension are 
indicated in white with the Mohr–Coulomb failure crite-
rion. As seen in Fig. 9, the roof between the pillars (between 
openings 4 and 5) and the briquette wall fails in tension. The 
rock pillars between openings 3 and 4 and between openings 
4 and 5 fail in shear.

Maximum and minimum principal stress trajectories 
around the underground openings are presented in Fig. 10. 
The value of these principal stresses determines how the 
rock mass behaves to induced stresses. A comparative study 
of those principle stresses with different opening geometries 
may somehow help to predict the relative stability condi-
tions. Figure 10 also illustrates a natural rock arch formation 
located at approximately ground level above the flat roof 
surface. A real loosened zone is formed below the natural 
rock arch, which cannot transmit any load to the supports.

This study also investigates the effects of the adjacent 
openings on failure and stability. For this purpose, the single 
isolated openings 5 and 7 are addressed. Figure 11 shows 
the failure zone around the opening without considering the 
adjacent openings. In this case, the tension failure zones are 
concentrated around the middle roof span of the opening 
and near the ground surface in the roof. The factor of safety 

Table 6   Mechanical properties of the briquette wall

Modulus 
of elastic-
ity (GPa)

Wall 
thickness, 
d, (m)

EA
(kN/m)

EI 
(kNm2/m)

w 
(kN/m/m)

ν (Pois-
son’s ratio)

2.5 0.2 5×105 1.67 × 103 7 0.3

Natural rock arch

Fig. 10   Principal stresses’ trajectories
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against failure is calculated as 1.86. When considering the 
effects of the adjacent openings, plastic zones develop, as 
seen in Fig. 9. Tension failure zone develops towards the 
weaker pillars in the roof. Additionally, the weak pillars 
between openings 3 and 4 and between openings 4 and 5 
fail in shear. The global factor of safety against failure of the 
openings is calculated to be 1.45 in this case.

Analytical analysis

In this section, an analytical analysis method based on the 
beam bending theory was discussed to investigate the sta-
bility of the underground openings. Beam bending theories 
include fixed and simply supported beam analyses (Fig. 12a, 
b). When Euler Bernoulli’s beam bending theory is applied 
to the roof of the openings, the limit of the roof span (L) 
under its dead weight (q = γ × h) can be calculated by equat-
ing the maximum tension stress to tension strength. In this 
case, the limit of the roof span (L) is obtained from follow-
ing equation.

where �
tm

 is the tensile strength of the rock mass. � takes the 
values of 2 and 4/3 for fixed and simply supported beams, 
respectively. The tensile strength of the rock mass can be 
calculated using the equation suggested by Aydan et al. 

(4)L =

√

� × h × �
tm

�

(2012) as a function of the tensile strength of intact rock 
(

�
ti

)

 and the RMR value of the rock masses as follows:

Using the Eq. (4) and Eq. (5), the relationship between 
RMR and roof span was obtained for σti = 462.5  kPa 
(obtained from Eq. (5) for σtm = 185 kPa and RMR = 80) 
and γ = 18.3 kN/m3, as seen in Fig. 13.

The average RMR value of the Seyrantepe underground 
openings is 80, as previously mention. As seen in Fig. 13, 
the limit of the roof span computed from a fixed beam 
approach is higher than that of a simply supported beam 
approach. For section A-A’ of the Seyrantepe underground 
openings, which has a roof thickness of 9 m, the limit 
of the roof span is approximately 13.5 m for the fixed 
beam approach and 11 m for the simply supported beam 
approach. These analyses show that stability problems 
such as cracking and falling rock should be expected due 
to the larger roof spans measured along this section of 
the openings. This conclusion was in accordance with our 
observations.

A recently collapsed roof with a span of 38.5 m con-
sidered in FEM is also analysed using the bending theory 
with the fixed and simply supported beam approaches. 
The roof rock thickness is 9 m. Figure 14 shows the shear 
forces and bending moments along the beam. Figure 15 
shows the normal stresses caused by bending moments. 
The compression strength of the rock mass is 1632 kPa for 

(5)σ
tm

=
RMR

RMR + 6(100 − RMR)
σ
ti

Plastic Points

Shear Tension 

Fig. 11   The failure zone around the openings 5 and 7 without considering the adjacent openings
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an RMR of 80 according to Eq. (3). Due to the lack of ten-
sile strength of the rock mass, back analysis results were 
considered in the bending theory to be 185 kPa. Normal 
stresses indicate that the compression stress (σc) exceeds 
the compression strength of the rock mass when the roof 
is considered to be only simply supported. In this case, 
crushing occurs at the upper surface of the roof around 
midspan. The tension stress (σt) of a simply supported 
beam exceeds the tension strength of the rock mass nearly 
all of the lower surface of the roof. As a result, tensile 
cracking should be expected on this surface. When con-
sidering the fixed beam approach, tensile stress exceeds 
tensile strength of the rock mass along the lower surface of 
the roof in a partially narrower area, and along the upper 
surface of the roof near the supports. In other words, sta-
bility problems caused by over-tension stresses should be 
expected at these locations.

Empirical analysis

Empirical correlations based on rock mass quality can be 
used to determine the limit span or diameter of under-
ground excavations. Barton et al. (1974) evaluated more 
than 200 case records and suggested an equation between 
unsupported span and the Tunneling Quality Index (Q) by 
considering the degree of safety, type of excavation and 
stand-up time. These requirements to determine the unsup-
ported design span are represented as excavation support 
ratio (ESR) value in the equation. The ranges of the ESR 
values for the type of excavation can be seen in Barton 
et al. (1974). Then, a similar equation was proposed by 
Kaiser et al. (1986) for the RMR classification system. 
Recent studies were performed by Aydan and Tokashiki 
(2011). Based on their observation of natural limestone 

Fig. 12   Illustrations of the 
mechanical models, distrib-
uted load [q], shear forces [V] 
and bending moments [M] for 
beam bending theory. a Fixed 
supported beam, b simply sup-
ported beam
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caves on Ryukyu Island, the authors determined four sta-
bility classes, namely stable, local unstable, considerably 
local unstable and unstable. The boundaries of each class 
are drawn by the following two equations to determine the 
limit of the roof span as a function of RMR with linear and 
power functions.

where a and b are the empirical coefficients that can be 
obtained from Aydan and Tokashiki (2011) for each bound-
ary of the stability classes.

(6)L = a.RMR + b (as linear function)

(7)L = a.RMRb (as power function)

The equations suggested by these studies are given in 
Table 7. Barton et al. (1974) suggested using the value 
of ESR as 1.3 for excavation categories such as storage 
rooms, surge chambers and access tunnels. The analysis 
was executed by taking the value of ESR as 1.3. The aver-
age RMR and Q values were used in the equations. The 
data obtained for RMR and the spans of the Seyrantepe 
underground quarry were plotted on the Aydan and Toka-
shiki (2011) stability graph (Fig. 16). The position of the 
quarry is indicated by a straight line. As seen here, the 
Seyrantepe underground openings are located in stable 
(I) and local unstable (II) zones. Recently, roof collapse 
observed in opening 5 is in a local unstable zone, and 

Fig. 13   Stability assessment 
chart of the Seyrantepe under-
ground openings with Euler 
Bernoulli bending theory

Fig. 14   Shear forces and bend-
ing moments for the recently 
collapsed roof span
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the Seyrantepe underground openings are mostly stable, 
depending on the span and RMR value. Figure 17 com-
pares the limit of the roof spans based on the equations 
given in Table 7. The spans of the Seyrantepe underground 
quarry range between 5 and 55 m. According to Barton 
et al. (1974), the limit of the roof span is calculated as 
13.2 m. According to Kaiser et al. (1986), it is 15.8 m. 
The observations show that there are many spans greater 
than those calculated by Barton et al. (1974) and Kaiser 
et al. (1986), and they are still stable or local unstable. 
Figure 17 implies that the equations of Barton et al. (1974) 
and Kaiser et al. (1986) give conservative results for the 
Seyrantepe underground openings.

Conclusions

This paper presents a stability assessment of the Sey-
rantepe underground openings and discusses its impli-
cations in geotechnical engineering. To determine the 
geotechnical parameters of the rock mass, experimental 
numerical and theoretical studies suggested by various 
researchers were carried out. Integrated numerical, empiri-
cal and analytical methods were undertaken to investigate 
the stability.

The experimental results and visual site characteriza-
tion study showed that although the limestone surrounding 

Fig. 15    Normal stresses caused by bending theory along the recently collapsed roof span

Table 7   The equations for the 
limit of the roof span using in 
empirical analysis

References Equations Notes Limit span, L (m)

Barton et al. (1974) L = 2 × ESR × Q0,4 ESR = 1.3
Q = 57.6

13.2

Kaiser et al. (1986) L = ESR × exp(
RMR−25

22
) ESR = 1.3

RMR = 80
15.8

Aydan and Tokashiki (2011) L = a.RMR + b
L = a.RMRb

I–II: a = 1.2; 
b = -60

II–III: a = 3.0; 
b = -120

III–IV: a = 4.3; 
b = -130

I–II: a = 0.001; 
b = 2.4

II–III: a = 0.003; 
b = 2.4

III–IV: a = 0.005; 
b = 2.4

36
120
214
36.9
110.8
184.7
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the openings is a good-quality rock mass, it is a weak rock 
in terms of intact rock strength. The strength of the rock 
is drastically reduced under saturated conditions. It is 
expected that the alteration and process of freezing–thaw-
ing accelerates further degradation of the rock and affects 
the openings’ stability. Furthermore, more detailed studies 
are recommended for long-term stability in view of the 
effects of degradation due to wetting–drying and freez-
ing–thawing processes and the time-dependent character-
istics of the surrounding rock mass.

The results of the combined analysis showed that 
Mohr–Coulomb criterion gives the highest tensile strength 
and that the lowest tensile strength is obtained from 
Hoek–Brown criterion. Cohesion is similar for both failure 
criteria. Failure-based back analysis seems quite promising 

to determine the cohesion, frictional angle and tensile 
strength of the rock mass.

The numerical analyses showed that adjacent spans affect 
the stability, failure mechanism (shear or tension) and failure 
places. When considering a single isolated opening, the fac-
tor of safety against failure is calculated to be greater than 
that considered for adjacent openings. Tension failures occur 
around the midspan and at the places near the ground surface 
of the roof for a single isolated opening. When consider-
ing the adjacent openings, tension failure zones in the roof 
develop towards the weaker pillars. In other word, weaker 
pillars determine the failure mechanism of the roof.

According to the bending theory, the limit of the roof 
span ranges between 11 and 22.5 m depending on a roof 
thickness of 9 and 25 m, respectively, for the RMR of rock 

Fig. 16   Stability graph based 
on the equations of Aydan and 
Tokashiki (2011)

Fig. 17   Comparison of the limit 
of the roof spans based on the 
equations given in Table 7
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masses. Rock masses behave elastically up to these values. 
When the span is greater, the rock mass will yield, and plas-
tic zones will occur. The fixed supported beam bending the-
ory indicates that the tensile stress exceeds tensile strength 
of the rock mass both along the lower surface of the roof in 
a partially narrower area than simply supported beam bend-
ing theory and along the upper surface of the roof near the 
supports. According to both bending theory, plastic tensile 
zones are expected around midspan, and this conclusion is 
in accordance with finite element method analysis.

The empirical functions proposed by Barton et al. (1974) 
and Kaiser et al. (1986) gave more conservative results 
compared with Aydan and Tokashiki (2011). A recently col-
lapsed roof observed in opening 5 is in a local unstable zone, 
and the Seyrantepe underground openings are mostly stable, 
according to Aydan and Tokashiki (2011). This situation 
corresponds to the stability categories observed in the under-
ground openings. Therefore, it can be said that the empiri-
cal functions proposed by Aydan and Tokashiki (2011) per-
formed much better than others when evaluating the stability 
categories of the Seyrantepe underground openings.
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