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Abstract
Slope failures along road cuts and highways pose significant threats to motorists and pedestrians. In this study, the stability of 
rock slopes along the Foça–Bağarası (FB) Highway in Turkey has been investigated using kinematic analysis and numerical 
modeling. The investigations were conducted at five survey stations along the highway. The results of the kinematic analysis 
showed that the joint sets at all the five stations along the FB Highway formed critical intersections that could result in wedge 
failures. Also, the kinematic analysis results showed significant toppling failure risks along the highway. The results of the 
finite element analysis showed that the slopes at some of the stations were in a critical state even without the influence of pore 
pressure. Also, the results showed that should the piezometric surface (or water table) rise to the mid-section of the slopes 
or higher, there would be a great likelihood of failures occurring. In addition, Strength Reduction Factor values calculated 
under seismic conditions showed that the slopes had a great vulnerability to seismic activity. The numerical modeling results 
were consistent with the kinematic analysis results as well as field observations and showed that the FB highway slopes stood 
a great risk of failure, especially during periods of major rainfall or seismic activity.
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Introduction

Slope failures are geological hazards that could result in 
fatalities (Su et al. 2022; Tanoli et al. 2022). In this regard, 
over the years, significant efforts have been made by 
researchers across the globe to identify, predict, and ulti-
mately mitigate slope stability problems (Yang et al. 2021; 
Gupta and Mukherjee 2022; Kundu et al. 2022). That not-
withstanding, slope failures along road cuts and highways, 
for instance, continue to obstruct traffic and pose significant 
threats to motorists and pedestrians (Bushira et al. 2018; 
Zhao et al. 2018; Singh and Kumar 2020). Moreover, scores 
of people have sadly lost their lives as a result of unfortunate 
incidents of slope failures, especially due to the occurrences 

of such failures in open-pit mines (Dash 2019; Mikroutsikos 
et  al. 2021). This demonstrates the level of complexity 
involved in the quest to mitigate slope failures.

Many approaches have been developed and used for 
investigating rock slope failures. These include the empirical 
approach, which essentially consists of rock mass classifica-
tion systems such as the Rock Quality Designation (RQD) 
(Deere 1963), the Rock Mass Rating(RMR) (Bieniawski 
1989; Celada et al. 2014), the Q system (Barton et al. 1974; 
Barton and Bar 2015; Bar and Barton 2017), the Slope Mass 
Rating (SMR) (Romana 1985), and the Geological Strength 
Index (GSI) (Hoek 1994; Hoek et al. 1995; Marinos and 
Carter 2018).

The analytical approaches, such as the kinematic analysis, 
limit equilibrium analysis, and block theory approaches, are 
also commonly used to assess rock slope stability. Probabil-
istic methods are combined with the abovementioned ana-
lytical methods, should the need arise, to consider variations 
in discontinuity and intact rock properties and to estimate 
the probability of failure and reliability index for rock slopes. 
The kinematic analysis is typically performed using lower 
hemisphere or upper hemisphere stereonets. With the aid 
of such stereonets, kinematic analyses for various failure 
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modes can be effectively conducted. Kıncal (2014), for 
example, successfully developed and made use of two new 
stereographic projection methods to perform slope stabil-
ity analysis at an albite mine in Turkey. Likewise, Zheng 
et al. (2019a) developed a modified stereographic technique 
for kinematic (flexural toppling).analysis. Relatedly, Zheng 
et al. (2017) applied a probabilistic kinematic analysis pro-
cedure to an open-pit slope in the USA. Also, Alameda-
Hernández et al. (2019) used close-range terrestrial digital 
photogrammetry and kinematic analysis to assess the stabil-
ity of a rock slope in Spain. Recently, some other research-
ers have conducted studies on rock slope stability using 
the analytical approach. Zheng et al. (2019b), for example, 
used the limit equilibrium method (LEM) to investigate 
block-flexure toppling failure in rock slopes. Alemdag et al. 
(2021) used kinematic analysis and Geographic Informa-
tion System (GIS)-based techniques to investigate rock fall 
potential along a motorway in Turkey. In the aforementioned 
study, Geographic Information System (GIS)-based instabil-
ity maps were produced zoning the high-risk areas. Kundu 
et al. (2022) suggested a kinematic analysis procedure based 
on the Slope Mass Rating (SMR); the procedure (developed 
into a computer program called EasySMR) was applied to 
some rock slopes in India. Du et al. (2022) proposed a new 
analytical procedure for investigating rock slope stability; 
the suggested procedure was validated by applying it to rock 
slopes of the Dexing Copper Mine (China). In all the above-
mentioned studies, various recommendations were suggested 
for ensuring the stability of the investigated slopes.

In addition to the empirical and analytical methods, 
numerical modeling (continuum and discontinuum) meth-
ods have successfully been used to solve complex rock slope 
stability problems. Continuum methods have been adopted 
by some researchers for investigations on rock slope stabil-
ity. Jiang et al. (2015) used 3-D Strength Reduction Finite 
Element Method (FEM) to evaluate the stability of a com-
plex rock slope in China while Pandit et al. (2018) used 2-D 
Finite Difference Method (FDM) to evaluate the stability 
of a gold mine pit slope in India. Similarly, Azarfar et al. 
(2019) used 3-D FDM to evaluate the stability of a mine 
pit slope and to model faults. Pradhan and Siddique (2020), 
as well, evaluated the stability of twenty rock slopes in the 
Himalayas using 2-D FEM; in their study, the slopes were 
categorized based on their stability state (strength reduction 
factor values) as either stable, quite stable, or unstable. Also, 
Liu et al. (2021) evaluated the stability of a limestone quarry 
slope in China using a finite difference code.

Some researchers have also used Discontinuum meth-
ods such as the Distinct Element Method (DEM) codes for 
investigating rock slope stability. Qi et al. (2016) evaluated 
the stability of a rock slope in China using 2-D DEM while 
Faramarzi et al. (2017) evaluated the stability of a power 
plant pit in Iran using 3-D DEM. Likewise, Dadashzadeh 

et al. (2017) conducted a study on rock slope stability in 
Turkey using 3-D DEM and Response Surface (RS) method. 
Also, Li et al. (2018) used 3-D DEM and microseismic (MS) 
monitoring to assess the stability of a hydropower station 
(dam) slope in China while Wang et al. (2020) developed a 
procedure integrating statistics-based 3-D DEM and strength 
reduction methods for rock slope stability. Recently, Li et al. 
(2022) employed discrete fracture networks (DFN) in assess-
ing the stability of a heavily fractured rock slope. Wu and 
Hsieh (2021) as well modeled the post-failure behavior of a 
landslide using the distinct element method.

The foregoing discussion shows the various options that 
are available for assessing slope stability. It is important to 
note that the most appropriate method to use for slope stabil-
ity analysis is usually determined by factors such as time and 
budgetary constraints as well as the degree of complexity of 
the problem. The empirical method, for instance, provides 
a quick and less expensive initial assessment of the stabil-
ity of rock slopes since it is usually difficult to evaluate the 
stability of a rock slope in real time in both civil and mining 
engineering projects using the analytical or numerical mod-
eling methods (Bar and Barton 2017). On the other hand, 
the analytical and numerical modeling approaches are best 
suited for comprehensive investigations of rock slope stabil-
ity compared to the empirical approach.

In this study, the stability of rock slopes along the State 
highway between the towns of Foça and Bağarası (Turkey) 
has been investigated using kinematic analysis and numeri-
cal modeling. The main rock formation in the study area is 
volcanic tuffs which are known to be weak rocks and easily 
undergo weathering and deformation. Due to this, slope fail-
ures frequently occur along the highway; as a result of these 
failures, the road is usually blocked to traffic. In addition, 
these failures may cause significant harm to both life and 
property. This study, therefore, seeks to assess the stability 
of the rock slopes to help mitigate the slope failures along 
the State highway.

Description of the study area

The investigated rock slopes lie along the highway linking 
the towns of Foça and Bağarası in the northwestern part 
of Izmir (Turkey). Three different suites of volcanic rocks 
exist in the study area (Akay and Erdoğan 2004). These are 
(from youngest to oldest): The Foça alkaline volcanic rocks, 
Foca volcanic rocks, and the Yuntdag volcanic rocks. The 
lithological units mapped in the area as part of this study 
are andesitic lithic and vitric tuffs, rhyolitic lithic and vitric 
tuffs, basalt, rhyolite, and alluvion. The oldest lithological 
unit in the study area is the vitric tuff, which is overlain by 
the lithic tuff. Basalt dikes intrude the vitric and lithic tuffs. 
The rhyolite unit exists as domes within the volcanic tuffs. 
The lithological map of the study area is shown in Fig. 1.
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Materials and method

A detailed geotechnical (scanline) mapping was conducted 
on the rock slopes along the highway linking the towns of 
Foça and Bağarası, and discontinuity data were collected 
from the slope faces at a total of five stations (FB1–FB5) 
along the highway (see Fig. 1). Block samples of the rock 
units were also collected from the field. The block samples 
were then drilled in the laboratory to obtain core samples 
with a length to diameter ratio of 2:1. These prepared core 
samples were then tested in the laboratory to obtain the 
physico-mechanical properties of the rock materials such 
as unit weight and compressive strength. Kinematic analy-
sis was conducted using Dips 7.0 software (Rocscience 
2019) to identify the potential plane, wedge, and toppling 
failures along the highway. The two essential parameters 
used for conducting the kinematic analyses are the dis-
continuity orientation data (obtained from the scanline 
mapping) and the discontinuity friction angle. The mean 
discontinuity friction angle of the rock units (volcanic 
tuffs) along the Foça–Bağarası (FB) Highway was deter-
mined from direct shear tests to be 30°. The stability of 
the rock slopes was also assessed using numerical mod-
eling (finite element analysis). The behavior of the slopes 
was modeled under various conditions of saturation and 
seismic activity using  Rs2(Phase2) software (Rocscience 
2014). The intact rock and rock mass were modeled using 
the Generalized Hoek–brown criterion and the rock mate-
rial was treated as elastoplastic. The rock mass properties 
were estimated based on field conditions and laboratory 
results using Rocdata software (Rocscience 2016). In the 
numerical modeling, the shear strength reduction (SSR) 
method was used to calculate strength Reduction Factors 
(SRF) (akin to Factor of Safety values) for the various 
slopes under gravity stresses as well as saturated and dry 
conditions. In this way, detailed information was obtained 
about the behavior of the various slopes in response to 
pore pressure and seismic activity. It is important to note 

that the study area is an earthquake-prone region. For this 
reason, the numerical modeling was also conducted under 
seismic (positive to right direction of seismic waves) con-
ditions using peak ground acceleration (PGA) values of 
0.1 g and 0.2 g. Figure 2a shows one of the slopes (FB1) 
which was modeled. The original model of slope FB1 is 
shown in Fig. 2b.

Fig. 1  Lithological map of the 
study area with survey stations 
(FB1–FB5)

Fig. 2  Slope at station FB1: a actual slope; b original model
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Results and discussion

Kinematic analysis

The polar equal area (lower hemisphere) plots of the dis-
continuities mapped at the five stations (FB1-FB5) along 
the highway are shown in Fig. 3. The orientations of the 
dominant joint sets in Fig. 3 as well as the respective slope 
orientation data used to conduct the kinematic analysis are 
presented in Table 1. The results of the kinematic analysis 
conducted for the various stations along the FB Highway 
(see Table 2) show significant risks of the plane, wedge, 

and toppling failures along the FB Highway. The percent-
ages of critical discontinuities that can result in plane fail-
ures range from 15.66%(FB1) to as high as 50.00%(FB3). 
The severity of the plane failure risks can be better appre-
ciated by considering the contributions of the mean joint 
sets (J1-J4) to potential plane failures. Results of such an 
analysis indicate that all poles (100%) of Joint sets 2 (J2) 
at stations FB1 and FB4 are at risk of plane failure. Simi-
larly, all joint poles of joint sets J1(FB3) and J3(FB5) as 
well as 81.25% of poles in joint set J4(FB2) fall within the 
plane sliding zone.

Also, Table 2 results show that the joint sets at all the five 
stations along the FB Highway form critical intersections 

Fig. 3  The polar equal area plots of the discontinuities mapped at the five stations

Table 1  Orientation data of 
slopes and joint sets

Slope ID Mean orientation of dominant 
Joint sets (Ji)
(Dip direction/dip angle)- Degrees

Slope orientation
(Dip direction/dip 
angle)-degrees

Total number 
of joint poles

J1 J2 J3 J4

FB1 221/87 218/48 359/89 142/66 217/75 166
FB2 259/63 225/21 104/28 138/65 138/74 98
FB3 158/56 209/64 260/74 9/60 152/74 96
FB4 240/42 153/64 73/40 – 153/72 90
FB5 79/29 131/26 168/41 167/73 145/75 81
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that can result in wedge failures. The percentages of critical 
mean joint intersections that can cause wedge sliding range 
from 33.33%, for station FB5, to 66.67% for stations FB3 
and FB4. Stations FB1 and FB2 have half of the mean joint 
intersections contributing to wedge failures while that of 
station FB5 is one-third.

In regard to toppling failure potential along the FB High-
way, station FB1 shows significant toppling failure risks 
while the rest of the stations (FB2–FB5) virtually have no 
such risks with respect to toppling. A potential toppling fail-
ure observed at station FB1 is shown in Fig. 4a; this field 
observation is consistent with the toppling failure analysis 
for station FB1 (see Fig. 4b), which shows a significant con-
centration of poles in the toppling failure region.

Finite element analysis

The numerical models of the FB Highway slopes (incor-
porating the most critical joints) are shown in Fig. 5. The 
physico-mechanical properties of the rock materials from 
the various stations as well as the strength reduction fac-
tor (SRF) values obtained from the numerical modeling are 
presented in Table 3. The numerical modeling results (see 
Table 3) show that under dry conditions, the computed SRF 
values ranged from 0.9(station FB2) to 1.43(station FB5). 
Also, the results show that the slopes at stations FB1, FB2, 
and FB4 (SRF values less than 1.2) are in a critical state 
even without the influence of pore pressure. On the other 
hand, the results show that station FB3 (SRF value of 1.3), 

Table 2  The kinematic analysis 
results for the FB highway 
slopes

Cri. Critical number of discontinuities, *Cri. Critical number of mean set plane intersections, T Total num-
ber of discontinuities, *T Total number of mean set plane intersections
Ji(a/b) ‘a’ joint poles out of a total of ‘b’ in joint set Ji contributing to potential failures, Iij wedge sliding 
on joints i and j along Iij

Slope ID Plane sliding Wedge sliding Toppling

Cri T % *Cri *T % Cri T %

FB1 26 166 15.66 3 6 50 40 166 24.1
FB2 30 98 30.61 3 6 50 0 98 0
FB3 48 96 50.00 4 6 66.67 0 96 0
FB4 38 90 42.22 2 3 66.67 0 90 0
FB5 32 81 39.5 2 6 33.33 0 81 0
Contributions of dominant joint sets to potential failures
 FB1 J1(2/64), J2(22/22), J4(2/24) I12,  I23,  I24 J1(28/64), J2(12/32)
 FB2 J4(26/32) I24,  I14,  I34 –
 FB3 J1(34/34), J2(10/16), I12,  I13,  I14,  I23 –
 FB4 J1(4/34), J2(30/30), J3(4/26) I12,  I23 –
 FB5 J1(6/12), J3(10/10), J4(16/41) I14,  I24 –

Fig. 4  Toppling failure 
investigation at Station FB1: 
a Observed potential toppling 
failure; b Toppling failure 
analysis
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as well as station FB5 (SRF value of 1.43), is likely to be 
stable when the slope is in a dry state. Notably, reductions 
in SRF occurred in all the slopes when computations for 
SRF were done with the piezometric surface (or water table) 
at the mid-section of the slope (see Table 3). Under this 
condition, SRF values for station FB1 reduced from 1.03 to 
0.88 while that of station FB2 decreased from 0.9 to 0.84. 
Also, under the same condition, SRF values reduced from 
1.3 to 1.2 and from 0.93 to 0.84 for stations FB3 and FB4, 
respectively, while that of station FB5 decreased from 1.43 

to 1.28. Clearly, should the piezometric surface (or water 
table) rise to the mid-section of the slopes, there will be a 
great likelihood of failures occurring.

Similarly, significant reductions in SRF were recorded in 
all the slopes (FB1–FB5) when SRF was calculated with the 
piezometric surface at the top of the slope; all the slopes had 
SRF values less than 1 and will most likely fail under this 
condition. In addition, SRF values which were calculated 
under seismic conditions (assuming the slopes are in a dry 
state) show a great effect of seismic activity on the slopes. 

Fig. 5  The numerical models of 
the FB Highway slopes (stations 
FB1–FB5)
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With a peak ground acceleration (PGA) of 0.1 g, SRF val-
ues ranged between 0.74(FB2) and 1.14 (FB5) while with a 
PGA of 0.2 g calculated SRF values for FB1–FB5 were all 
less than 1. The obtained results show that the slopes have a 
great vulnerability to seismic activity. Thus, the numerical 
modeling results are consistent with that obtained from the 

kinematic analysis and show that the FB highway slopes 
stand a great risk of failure, especially during periods of 
major rainfall or seismic activity.

Conclusion

In this study, the stability of rock slopes along the State high-
way between the towns of Foça and Bağarası (Turkey) was 
assessed using kinematic analysis and numerical modeling. 
The investigations were conducted at five stations (FB1-
FB5) along the FB highway.

The kinematic analysis results showed significant risks of 
the plane, wedge, and toppling failures along the FB High-
way. The percentages of critical discontinuities that could 
cause plane failures ranged from 15.66%(FB1) to as high as 
50.00%(FB3). Similarly, the obtained results indicated that 
the joint sets at all the five stations along the FB Highway 
formed critical intersections that could result in wedge fail-
ures. Also, the kinematic analysis results showed significant 
toppling failure risks at Station FB1. However, the results 
indicated that the chances of toppling failures occurring at 
stations FB2-FB5 were low.

Fig. 5  (continued)

Table 3  SRF values of the slopes under various conditions

Slope ID/Property FB1 FB2 FB3 FB4 FB5

Unit weight (g/cm3) 1.76 2.05 1.78 1.87 2.09
Uniaxial compressive strength 

(MPa)
25.32 40.66 13.25 16.89 26.95

SRF values
Gravitational loading
 Dry/Piezometric line at toe 

of slope
1.03 0.9 1.3 0.93 1.43

 Piezometric line at middle 
of slope

0.88 0.84 1.2 0.84 1.28

 Piezometric line at top of 
slope

0.79 0.75 0.93 0.7 0.93

Seismic loading
 0.1 g 0.91 0.74 1.01 0.76 1.14
 0.2 g 0.76 0.61 0.82 0.62 0.93



5232 Modeling Earth Systems and Environment (2022) 8:5225–5233

1 3

The numerical modeling results showed that the slopes at 
stations FB1, FB2, and FB4 (SRF values less than 1.2) were 
in a critical state even without the influence of pore pressure. 
However, the results showed that stations FB3 (SRF value 
of 1.3) and FB5 (SRF value of 1.43) were likely to be stable 
should the slope be in a dry state. Significant reductions 
in SRF were observed in all the slopes when calculations 
for SRF were done with the piezometric surface (or water 
table) at the mid-section of the slope and at the top section of 
the various slopes. This implies that should the piezometric 
surface (or water table) rise to the mid-section of the slopes 
or higher, there would be a great likelihood of failures occur-
ring. Also, SRF values calculated under seismic conditions 
showed that the slopes had a great vulnerability to seismic 
activity. The numerical modeling results were consistent 
with the kinematic analysis results as well as field observa-
tions and showed that the FB highway slopes stood a great 
risk of failure, especially during periods of major rainfall or 
seismic activity.

Based on the results obtained, it is necessary to regu-
larly monitor the FB Highway slopes and remove loose rock 
materials from the slope face. Ditches are also required to 
hold on to falling rocks, especially at station FB1. In addi-
tion, the construction of retaining walls should be consid-
ered to protect the traffic from the danger caused by falling 
blocks.

Data availability The datasets produced during and/or analyzed during 
this study are available from the corresponding author upon reason-
able request.
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