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ABSTRACT 

The building project requires every time the assessment of the sliding risk of slopes which may contain different dispositions under 

excavation work. In order to demolish a care clinic, we undertook the geotechnical study in the site, which consists in determining 

the geotechnical nature of the soil, the evaluation of the mechanical quality of the ground, and the estimation of the bearing 

capacity as well as the foreseeable earthworks of the layers. In this paper, two-dimension numerical analysis by the computer code 

FLAC2D based on the finite difference method (FDM) are investigated to assess the safety factor (FoS) of excavated slopes of 45° 

and 90° degrees in long term (LT) and Short term (ST) states. The results show a clear impact of the influence of the slope degrees of 

soil layers behavior in the landslide, what allowed us to draw several recommendations. 
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1. INTRODUCTION 

Soil excavation and reclamation are fundamental steps of infrastructure development. The management of such excavated soils 

discharged through construction works is therefore an important consideration in geotechnical and geo-environmental engineering 

[1]. A ground movement presents different phases, different rupture mechanisms, and different materials. The study of a slip 

therefore requires knowing whether the problem is that of a given instant or if evolution is the key to the study [2]. Thus, the 

rigorous selection of soil parameters requires a deep understanding of soil behavior and proper knowledge of in situ and laboratory 

testing techniques [3,4]. 

The stability of natural slopes is a problem which interest geotechnical community in the literature until now, where; there is an 

increasing recognition of the need for assessment of landslide susceptibility and hazard and for landslide risk management. 

Stochastic versus deterministic slope stability analyses have been addressed to deal with soil properties variability via different 

analytical and approximate methods [5- 20]. Slopes need to be engineered considering the factors that influence slope design like 

depth of the pit, geology, rock strength, ground water pressures and blasting. An understanding of geology, hydrology, and soil 

properties is essential to apply slope stability principles properly [21, 22]. Determining the sliding surface is one of the important and 

complex problems in geotechnics. The shear failure mechanisms of embankment slopes and natural excavations or slopes depend 

on the shape of the rupture surface observed or assumed. In all cases, the stability calculations are carried out in short-term total 

stresses and / or in long-term effective stresses [23].  

Over the years, numerous methods have been developed for assessing the factor of safety (FoS) of any slope against failure. 

Bishop [24], Fellenius [25], Janbu [26], Lowe and Karafaith [27], Morgenstern and Price [28] and Spencer [29] have contributed 

significantly towards the development of the slope analysis method. To determine the minimum FoS of any slope, the shape of 

potential failure surface should be assumed first. Application of different optimization techniques to search critical failure surface 

(CFS) still poses challenges to the geotechnical engineers. Many researchers have introduced different minimization/ optimization 

techniques for slope problems to estimate the CFS [30-41]. No prior assumption is required regarding the shape of failure surface, 

and it directly converges towards the CFS with the associated minimum FoS value.  

 In civil engineering projects, practical limitations significantly affect the ability to assess the stability of slope cuttings and 

benches in real-time, using analytical approaches such as kinematics, limit equilibrium (LE) and finite element (FE) methods or 

distinct element modeling. These key components enable geotechnical engineers to undertake site investigations, develop 

geotechnical models and assess slope stability faster and in more detail with less exposure to fall of ground hazards in the field [42-

48]. Numerical techniques are used to obtain the distribution of slope stresses and deformations, and making it possible to 

determine the influence of different parameters and conditions of the natural slopes during the sliding process [49- 58]. They are 

particularly useful for the analysis of the conditions of stability when the slope is subjected to a variation of loading or geometry 

[59]. The degree of precision of the calculations will depend however on the quality of determination of the shear parameters, but 

also on the means of calculations used.  

The safety factor is based on the type of soil, reliability of the soil parameters, importance of the structure, and consultant 

caution especially when dealing with problematic soils [60]. The factor of safety FoS of a slope can be computed with a finite 

element or finite difference code by reducing the rock/soil shear strength in stages until the slope fails (strength reduction method 

(SRM)). The resulting factor of safety is the ratio of the actual shear strength to the reduced shear strength at failure [61-63]. This 

technique is also adopted in several well-known commercial geotechnical finite element or finite difference programs like PLAXIS 

2D, SNAIL, ANSYS, FLAC 2D [64, 65]. Theoretically, the slope is said to be stable if Fs> 1. The limit equilibrium state (rupture) is 

obtained when Fs = 1. But in practice, the coefficient Fs is between 1.15 and 1.30, taking into account different factors [66-71]. 

 In this paper; in order to understand the evolution of excavated cutting slope behavior of a care clinic in Jijel province in Algeria 

and their deformation and the consequences of failure to implement effective engineering decision, the finite difference procedure 

(FDM) is used to analyze the regularity of the excavation process of cutting soil slopes and obtain the safety factor FoS in long-term 

(LT) and short-term (ST) states for slope cutting calculated with 45° and 90°, by using numerical software FLAC2D used by applying 

the so-called shear strength reduction (SSR) technique under Mohr-Coulomb constitutive models. 

 

2. DESCRIPTION OF THE CASE STUDY PROJECT 

In order to demolish a care clinic to rebuild another new in the Jijel province, in Algeria (figure 1), We undertook the foreseeable 

earthworks of the layers as well as the geotechnical study in the site, which consists in determining the geological nature of the soil, 

the evaluation of the mechanical quality of the ground, and the estimation of the bearing capacity.  
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Figure 1: (a) Recent site photos, (b) new clinic's design. 

 

The site is characterized by a terrain with a regular sloping topography oriented towards the West, the site is stable and does not 

pose any problem related to the topography (Figure 2). The TAHER region in Jijel Province consists essentially of quaternary and 

Pliocene formations, consisting of clays, and marls [72]. 

 

 

 

 

 

 

Figure 2: Earthwork Plan in Scale of: 1/200. NFF: Level of foundation excavation, NPP: Parking platform level, NES: Basement level, 

CPFR: Rating of the reference platform (00.00 level), Red line: boundary of the land, Blue line: limit of excavation, Black line: planned 

construction. 

 

 The deciphering and interpretation of (satellite) photo of the site studied (Figure 3) allows the existence of known lineaments 

because the geomorphologic features of large magnitude are visible. The geological interpretation is largely due to the fact that 
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certain lineaments correspond to very known geological structures. The contrast in color of an object with its environment is a good 

deciphering criterion. For our site and with the visual interpretation of satellite photo which compared with field data, have found 

that the brown tint corresponds to sandy clays. The abrupt limits of vegetation sometimes have a geological significance, certain 

soils give rise to typical plant associations. In our site, vegetation cover at low density does not provide any index. The 

morphological criteria are the most important and the most encountered in landscapes. In our case, the study area has a regular 

pouring westward facing slope. No instability index were observed in the area. In our site the hydrographic network is of dense 

weak, or one recorded no presence of talweg in of ravines close to the site. The runoff water is abundant given the slope of the 

zone. 

 

 

Figure 3: Google earth photo of the study site. 

 

 

 

Figure 4: Ombrothermal diagram of the study area 

 

From a climatological point of view, the region of Jijel province has a Mediterranean (temperate) climate marked by a rainy 

period which extends from October to May. Thunderstorms are sometimes very violent, of short duration and therefore of intense 

intensity (which increases their role in erosion). The dry periods that range from May to September will have some repercussions in 
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the hydrogeology of the region. The temperature is a factor having a great influence on the evapotranspiration and therefore it 

plays an important role in the behavior of the soil vis-à-vis meteoric waters. The ombrothermal diagram makes it possible to 

determine the driest months corresponding according to the definition of Gaussen and Bagouler [73] to the month where the 

average precipitation is less than or equal to twice the average temperature. It results from the combination of the two main climatic 

parameters. This relationship makes it possible to establish an ombrothermal graph on which the temperatures are plotted on the 

double scale of precipitation (Figure 4). When the precipitation curve goes above that of temperatures, the corresponding period is 

in excess. On the other hand, if the temperature curve of that of precipitation, the corresponding period will be in deficit. In 

conclusion, we can say that the study region is located in a humid area. 

 

3. PHYSICAL AND MECHANICAL PROPERTIES OF THE SOIL LAYERS 

 The geological and geotechnical reconnaissance of a sloping soil mass must first make it possible to locate the different layers 

which constitute it and to give its general configuration. Geotechnical reconnaissance must then make it possible to obtain 

information on the physico-chemical and mineralogical characteristics of the soils constituting the massif, but also and above all on 

their mechanical and hydraulic characteristics from the results of in-situ and laboratory tests. 

 To recognize the soil in depth, and take intact and altered samples to allow the execution of tests in the laboratory; we have 

completed our recognition by carrying out three tests with a dynamic penetrometer; they have been pushed to a depth of 10 

meters. The test consists in seeing the heterogeneity of the soil, in making a correlation with the mechanical soundings, and also in 

qualitatively evaluating the bearing capacity of the carrying soil layers, as well as the execution of two tests of pressure meters. To 

carry out the in-situ investigation program, we used a boring machine, in order to know the geological nature of the soil and to take 

samples. In addition is to know the compactness of the site, we used a dynamic penetrometer. 

 The vertical sections which are made reveal the following lithology; deposits (0.0 / 0.8m), gravelly and pebbly sandy clay (0.8 / 

3.2 to 4m) and marl (3.2 to 4m / 10m). The geological survey sections have shown that the ground is constituted by a gravelly and 

stony clay, resting in depth beyond 3.0 to 4 m on a marly substratum. Resistance to dynamic penetration varies in an orderly manner 

from the surface to the depth of 10m. The average resistance between 50 and 70 bars, then it increases remarkably in depth to reach 

values above 100 bars. 

 

3. 1 Laboratory tests 

For geotechnical engineering, the soil strength is usually expressed in terms of the two soil strength parameters, namely the 

cohesion c and angle of internal friction ϕ [74]. In soil mechanics, the soil strength is usually expressed in terms of the Shear Tests, 

and for the selection of representative soil parameters is to consider the particular stress path imposed by the loads [75], in terms of 

the Standard consolidation test or oedometer test (OED). 

After receiving the samples in the laboratory, we carried out tests and analyzes in the laboratory, to determine the physico-

mechanical characteristics as shown in the tables (1) and (2). 

 

Table 1: Soil physical parameters 

Depth. 

(m) 

Identification 

W (%) γ (t/m3) γd (t/m3) Sr(%) 2 (mm) 0.08(mm) WL(%) IP(%) 

2.0/2.5 17 1.79 1.51 61 90 64 42 21 

3.0/3.5 18 1.82 1.53 65 89 68 40 20 

4.0/4.5 18 1.86 1.57 69 96 85 45 23 

 

 The values of the water content of the sandy clays and the marls tested are between 17 to 18%, compared to the saturation 

water content, this humidity represents a degree of saturation between 61 and 69%, which indicates that the soil is moderately 

humid. Dry density values for sandy clays are between 1.51 and 1.53 t /m3. For the apparent wet density, the values are from 1.79 to 

1.82 t / m3. For the marl revealed at depth, the dry and wet density values are respectively 1.57 t / m3 and 1.86 t / m3. The 

classification of soils based on the criterion of dry density makes it possible to qualify the sandy clay and marl as semi dense. The 
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granulometric (Grain size) analysis shows that the soil in depth is fine, it reveals a fraction of passers-by at significant 80µ, that is to 

say a rate higher than 64%. The fraction of clay elements remains predominant in the soil. The plasticity of a soil is apprehended by 

the Atterberg's limit method. The test makes it possible to determine the liquidity limit (WI), the plasticity limit (Wp) and the 

plasticity index (Ip). The samples of the sandy clay and marl tested, gave a liquidity limit of between 40 and 45% and a plasticity 

index of the order of 20 to 23%. According to the Casagrande's abacus it is a little plastic soil.  

 

Table 2: Soil mechanical parameters 

Depth. (m) 

Shear test  Odometer test (OED) 

Cuu (bars) Φuu (°) Pc (bars) Cc (%) Cg (%) 

2.0/2.5 0.35 9 2.10 18.60 3.32 

3.0/3.5 0.29 11 1.95 17.84 2.99 

4.0/4.5 0.46 8 2.14 20.35 3.65 

 

Mechanical parameters allow direct access to the bearing capacity of the soil, compatible with acceptable deformation (settlement). 

To determine these parameters, we used the Casagrande's box for the shear test and the Terzaghi's Odometric frame for the 

compressibility test. By mechanical shear characteristics, we intend the cohesion and the internal friction angle which is deduced 

from the shear test. This is how we carried out kind undrained tests (UU); they were carried out using the rectilinear shearing 

machine at a speed of 1mm / min in sandy clay and 1.2mm / min in marl. The values of cohesion for sandy clay varies between 0.29 

to 0.35 bars, the values of the friction angle is between 9 to 11°. Concerning the marl revealed in depth, the intrinsic values are 0.46 

bars of cohesion and 8° of angle of friction. 

The compressibility is the object of the oedometric test (OED) which consists in studying the susceptibility of a soil to settlement, 

the tests were carried out on the different samples. The value of the consolidation pressure (Pc) for the sandy clay is between 1.95 to 

2.10 bars, indicating an over-consolidated formation. The value of the compressibility coefficient (Cc) is 17 to 18%, which shows that 

this formation is moderately compressible. The swelling index (Cg) gave a value of 2.66 to 3.32%, showing a non-swelling formation. 

For the marl revealed in depth, the values are 2.14 bars of the consolidation pressure (Pc), 20% of the compressibility coefficient (Cc), 

and 3.65% of the swelling index (Cg). 

 

3.2. Synthesis of physico-mechanical characteristics 

The examination of all physical and mechanical characteristics makes it possible to provide the following elements of assessment; 

The soils analyzed are constituted by a loose formation, for the basic formation (sandy clay). The physical characteristics indicate that 

the soil tested is of fine texture, Their dry density characterizes semi dense soils, Their natural humidity level is qualified as 

moderately humid. For the marl revealed in depth, it has a fine texture, Their dry density characterizes a semi dense formation, their 

degree of natural humidity is qualified as moderately humid. From the mechanical point of view, the sandy clay and the marl are 

characterized by average values of cohesion and the angle of friction. As for their compressibility, the values have shown that these 

formations are over-consolidated, moderately compressible, and not swelling. 

 

4. NUMERICAL MODELING AND ANALYSIS 

Slope stability finite difference (FDM) analysis has been implemented to compare the performance of different slopes degrees (45° 

and 90°) in long-term (LT) and short-term (ST) states by the computer program FLAC2D. It can be used to analyze displacement, 

stress and strain of slopes, especially suitable for nonlinear and large deformation [76, 77]. This program simulates the behavior of 

structures made up of soil, rock or other materials [78, 79]. The materials are represented by elements, or zones, which form a mesh 

adjusted by the user to correspond well to the shape of the object to be modeled [80]. Analyses were performed in undrained (ST), 

in drained (LT), plane strain, conditions. The shear strength reduction (SSR) technique was used as the analysis scheme [81-84]. 

Critical sliding surfaces, identified by shear strains localizations, were founded. The factor of safety (FoS) in FLAC was calculated via 

bracketing approach of c-ϕ reduction scheme [85, 86]. The current two-dimensional analyses were carried out on a soil with elastic 

perfectly plastic behavior bearing the Mohr-Coulomb failure criterion.  
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4.1 Geomechanical Model 

In the present study, a finite difference slope model was considered for the stability analysis through determination the factor of 

safety (SoF). Accordingly, a drained/ and non drained slope of c-ϕ soil with 5 m height and the inclination of 1H:2V was considered 

in the excavation of 45° and the inclination of 1H:1V was considered in the excavation of 90° as shown in Figures (5) and (6). The 

fineness of the finite difference mesh has been examined to eliminate the boundary and size effects on the accuracy of the slope 

stability evaluations. The triangular mesh dimension was chosen to be (40cm×40 cm)/2 including 1896 zones. Appropriate boundary 

conditions were applied in the slope model; the left and right sides of the domain were constrained laterally in the horizontal 

direction and were set free to move in vertical direction; at the bottom surface of the grid, movements in all directions were 

restricted. 

 

4.2 Simulation Analysis of the Cut Slope 

 

 Figure 5 (a): XY shear stresses distribution of 90° cut slope. 

  

Short term (ST) 

   

Figure 5 (b): free slope  Figure 5 (c): loaded slope  

long term (LT) 

 
 

Figure 5 (d): free slope  Figure 5 (e): loaded slope  



                                                                                                                      

© 2020 Discovery Publication. All Rights Reserved. www.discoveryjournals.org     OPEN ACCESS 

 
 

P
ag

e4
7

7
 

ARTICLE ANALYSIS 

The excavated process of slope were simulated by different excavating stages and each excavating stage was simulated to analyze 

the development of stress, strain, displacement and plastic zone in the slope. According to different properties of soil layers, the 

excavation process was divided into two stages; one surface gravelly and stony sandy clay and one layer of Marl. The model was 

developed on the basis of the results of topographic measurements (Figure 2). The results of cut slope of 45° and 90° tilts in ST & LT 

was presented in the figures (5) and (6). 

 

Figure 6 (a): XY shear stresses distribution of 45° cut slope. 

  

Short term (ST) 

 
  

Figure 6 (b): free slope  Figure 6 (c): loaded slope  

long term (LT) 

  

Figure 6 (d): free slope  Figure 6 (e): loaded slope  

 

Figure (5-a) shows the XY-stress distribution of 90° degrees cut slope. The overburden pressure decrease and free face increase 

because of unloading. These cause the shear stress concentration in the toe of slope, and the maximum shear stress value is 35 kPa. 

The maximum shear stresses distribution value of cut slope is appeared in the Lower slope. Meanwhile, the closer to the slope 
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surface, the smaller of maximum shear stresses rate. As shown in figure (5-b and 5-c), the maximum safety factor (FoS) of excavated 

free slope and loaded slope are respectively 1.47 and 1.25. The failure band/ or circle occur and is still large in the range of first 

layer. It may be due to the unloading and resilience of soil excavation. Figure (5-d and 5-e) shows the failure band distribution of 90° 

tilt cut slope in LT state. The failure distribution are decreasing with increase in the depth of excavation. The maximum safety factor 

(FoS) of excavated free slope and loaded slope are respectively 1.67 and 1.35. Meanwhile, due to unloading and resilience of slope 

soil, the failure distribution at the first layer is maximum.  

Figure (6-a) shows the XY-stress distribution of 45° degrees cut slope. The overburden pressure decrease and free face increase 

because of unloading. These cause the shear stress concentration in the toe of slope, and the maximum shear stress value is 18 kPa. 

The maximum shear stresses distribution value of cut slope is appeared in the Lower slope. Meanwhile, the closer to the slope 

surface, the smaller of maximum shear stresses rate. Sliding failure band with 45° Cut slope is shown in figure (6-b) and (6-c). The 

maximum safety factor (FoS) in short term (ST) state of free slope and loaded slope are 2.33 and 2.04, respectively. Where we notice 

that the slope slide failure band has occurred to the whole second layer of marl Unlike in the 90° cut slope. Sliding failure band with 

45° Cut slope is shown in figure (6-d) and (6-e). The maximum safety factor (FoS) in long term (LT) state of free slope and loaded 

slope are 2.72 and 2.38,respectively. Where we notice that the slope slide failure band has occurred to the middle of second layer of 

marl Unlike in the 90° cut slope. 

 From the figures (5-b,c,d,e) it can be seen that a non-circular slip surface is generated for first layer slopes of 90°. It is also 

observed from the figures (6-b,c,d,e) that the circular slip surface is passing through the entire layers in cases with slope inclination 

of 45°. The red shaded portion of the slip surface indicates the band of trial slip surfaces with the different factors of safety. 

 

5. DISCUSSION OF THE RESULTS 

According to the mentioned above step-by-step excavation, every step of the safety factor (FoS) can be calculated by strength 

reduction method. Firstly, a safety factor is assumed and soil shear strength parameters c & Phi of the potential slip surface decrease 

by safety factor time. Then, using FLAC program interaction to calculate stress and deformation of the slope that was given the load 

and boundary conditions until the system balance stable state. Find out resistant shear force and sliding force of all units on the 

potential slip surface and judge its convergence. As the simulation analysis with 45° & 90° cut slope in ST & LT states, the safety 

factor of excavation of slope by steps are shown in the figure (7). 

 

 

Figure 7: Summary of safety factors results 

 

As seen in figure (7); the safety factor (FoS) is varying between 2.1 to 2.7 when excavating the slope to 45°; At short term (ST) it 

varying between 2.1 in loaded case to 2.4 in free case, At long term (LT) it varying between 2.4 in loaded case to 2.7 in free case. And 

the safety factor (FoS) is varying between 1.3 to 1.7 when excavating the slope to 90°; At short term (ST) it varying between 1.3 in 
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loaded case to 1.5 in free case, At long term (LT) it varying between 1.4 in loaded case to 1.7 in free case. Consequently; the safety 

factor reduces with the increase in slope excavation degrees. It also reduces when loading slopes. Frequently; we can found that the 

safety factors are less in short term in comparison with long term states. 

 

6. CONCLUSION 

In this paper, 2D numerical simulation of care clinic's slope stability sliding susceptibility which contain a excavation steps was 

carried out. This study allowed us to confirm that the variability of the slope inclination has a decisive influence on the magnitude 

and rate of sliding taking into account the safety factors calculated using Mohr coulomb failure criterion. Overall, it can be said that 

FLAC2D program may address the examined problem satisfactorily. 

From the study carried out in this paper, the following conclusions have been derived; 

- finite difference method (FDM) predicts a higher factor of safety (FOS). 

- The factor of safety (FOS) as obtained from FDM also signifies that the stability of slopes decreases by increase in slope inclination. 

- The displacement field, stress field and strain field will be increasing during the process of soil slopes excavated.  

- The distribution of stress in the upper slope and slope toe changed considerable according to the slope tilt (inclination) degrees.  

- The failure band and sliding circle (stress lobe) expands to soil layers according to the slope tilt degrees.  

- Constraint lobe can be a element in affecting safety factor. 

-The slip surfaces obtained from FDM shows that as the slope angle gets steeper (90°) the failure band also shows a change from 

circular slip surface to non–circular slip surface. 

-The most critical slip surface from FDM is found to be at a short term (ST) state whereas long term (LT) find the less critical slip 

surface state. 

-The distribution of shear stress and failure band circle in the soil layers are dependent upon the cut slope inclination. 

- In the case of excavations or applications of transient overloads, there may be changes in pore pressures with approximately 

constant void index, which affect the sliding behavior, which can be noticed in the difference of the short term (ST) and long term 

(LT) states. 

- the shape of the critical sliding surface should be the result rather than the data of the analysis. 

- The study of landslides always facing an optimization problem. 

 

Acknowledgement 

The authors want to knowledge THE WERKBUND ARCHITECTURE AND PLANNING STUDIES CABINET from (Taher, Jijel Province, 

Algeria) for information, Drawings & Documents. 

 

Funding:  

This study has not received any external funding. 

 

Conflict of Interest:  

The author declares that there are no conflicts of interests. 

 

Peer-review:  

External peer-review was done through double-blind method. 

 

Data and materials availability:  

All data associated with this study are present in the paper. 

 

RREEFFEERREENNCCEE  

1. Takeshi Katsumi (2015) Soil excavation and reclamation in 

civil engineering: Environmental aspects, Soil Science and 

Plant Nutrition, 61:sup1, 22-29 

2. FAURE .R. M. L'évolution des méthodes de calcul en stabilité 

de pentes; Partie I:Méthodes à la rupture. REVUE FRANçAISE 

DE GÊOTECHNIQUE N'92 3e trimestre 2000. pp 3-16. 

3. ZHENG Jian-long, YANG He-ping. Engineering Problems, 

Current Research State and Future Prospect of Highway 

Expansive Soil in China: Theory And Practice of Expansive 

Soil Treatment Technology [M]. Beijing: China 

Communication Press, 2004: 3-23. (in Chinese). 

4. S. Onyejekwe, X. Kang, L. Ge, Assessment of empirical 

equations for the compression index of fine-grained soils in 



                                                                                                                      

© 2020 Discovery Publication. All Rights Reserved. www.discoveryjournals.org     OPEN ACCESS 

 
 

P
ag

e4
8

0
 

ARTICLE ANALYSIS 

Missouri. Bull. Eng. Geol. Environ. 74(3) (2015) 705-716. 

doi:10.1007/s10064-014-0659-8  

5. Griffiths, D & Lane, P (1999) Slope stability analysis by finite 

elements. Geotechnique, 49(3), pp 387-403. 

6. El-Ramly, H, Morgenstern, N & Cruden, D (2002) 

Probabilistic slope stability analysis for practice. Canadian 

Geotechnical Journal, 39(3), pp 665-683. 

7. Hicks, MA & Samy, K (2002) Influence of heterogeneity on 

undrained clay slope stability. Quarterly Journal of 

Engineering Geology and Hydrogeology, 35(1), pp 41-49. 

8. Griffiths, D & Fenton, GA (2004) Probabilistic slope stability 

analysis by finite elements. Journal of Geotechnical and 

Geoenvironmental Engineering, 130(5), pp 507-518. 

9. Cho, SE (2007) Effects of spatial variability of soil properties 

on slope stability. Engineering Geology, 92(3), pp 97-109.  

10. Cho, SE (2009) Probabilistic assessment of slope stability that 

considers the spatial variability of soil properties. Journal of 

geotechnical and geoenvironmental engineering, 136(7), pp 

975-984. 

11. Srivastava, A & Babu, GS (2009) Effect of soil variability on 

the bearing capacity of clay and in slope stability problems. 

Engineering Geology, 108(1-2), pp 142-152. 

12. Jamshidi Chenari, R & Alaie, R (2012) Effect of the 

Heterogeneity of Undrained Shear Strength on the Stability 

of Natural Slopes. Sharif Journal of Science and Research, (2), 

pp 13-22. 

13. Javankhoshdel, S & Bathurst, RJ (2014) Simplified 

probabilistic slope stability design charts for cohesive and 

cohesive-frictional (c-ϕ) soils. Canadian Geotechnical Journal, 

51(9), pp 1033-1045. 

14. Li, L, Wang, Y & Cao, Z (2014) Probabilistic slope stability 

analysis by risk aggregation. Engineering Geology, 176(57-65. 

15. Jiang, S-H, Li, D-Q, Cao, Z-J, Zhou, C-B & Phoon, K-K (2014) 

Efficient system reliability analysis of slope stability in 

spatially variable soils using Monte Carlo simulation. Journal 

of Geotechnical and Geoenvironmental Engineering, 141(2), 

pp 04014096. 

16. Kasama, K & Whittle, AJ (2016) Effect of spatial variability on 

the slope stability using Random Field Numerical Limit 

Analyses. Georisk: Assessment and Management of Risk for 

Engineered Systems and Geohazards, 10(1), pp 42-54. 

17. Conte, E, Donato, A, Pugliese, L & Troncone, A (2018) 

Analysis of the Maierato landslide (Calabria, Southern Italy). 

Landslides 15, 1935-1950. DOI: 10.1007/s10346-018-0997-x. 

18. Oberhollenzer, S, Tschuchnigg, F, & Schweiger, HF (2018) 

Finite element analyses of slope stability problems using 

non-associated plasticity. Journal of Rock Mechanics and 

Geotechnical Engineering, 10(6), 1091-1101. 

19. Jiang, S-H, Papaioannou, I & Straub, D (2018) Bayesian 

updating of slope reliability in spatially variable soils with in-

situ measurements. Engineering Geology, 239(310-320). 

20. Jamshidi Chenari, R & Izadi, A (2019) Discussion of ‘An 

analytical probabilistic analysis of slopes based on limit 

equilibrium methods’ by A. Johari, S. Mousavi. November 

2018. Bulletin of Engineering Geology and the Environment, 

1-5. 

21. Conforth, D.H.: Landslides in Practise, Metu Library. Wiley, 

New Jersey (2005) 

22. Chowdhury, R.: Geotechnical Slope Analysis. Taylor & Francis 

Group, CRC Press/Belkema, London, UK (2010) 

23. Mohamed KHEMISSA. “Methodes d’analyse de la stabilite et 

techniques de stabilisation des pentes”. Journées Nationales 

de Géotechnique et de Géologie de l'Ingénieur - JNGG' 2006 

Lyon (France). Session 3 - Risques naturels en zone 

montagneuse. pp III - 9- III - 16.  

24. Bishop AW (1955) The use of the slip circle in the stability 

analysis of slopes. Géotechnique 5:7–17.  

25. Fellenius W (1936) Calculation of stability of earth dams. In: 

Transactions second congress on Large Dams, pp 445–465 

26. Janbu N (1975) Slope stability computations. Int J Rock 

Mech Min Sci Geomech Abstr 12:67.  

27. Lowe J, Karafaith L (1960) Stability of earth dams upon draw 

down. In: Proceedings 1st Pan-Am conference soil 

mechanics and foundation engineering, Mexico City, pp 

537–552 

28. Morgenstern NR, Price VE (1965) The Analysis of the stability 

of general slip surfaces. Géotechnique 15:79–93. 

29. Spencer E (1967) A method of analysis of the stability of 

embankments assuming parallel inter-slice forces. 

Géotechnique 17:11–26.  

30. Baker R, Garber M (1978) Theoretical analysis of the stability 

of slopes. Geotechnique 24:341–395 

31. Baker R (1980) Determination of the critical slip surface in 

slope stability computations. Int J Numer Anal Methods 

Geomech 4:333–359 

32. Chen Z, Shao C-M (1988) Evaluation of minimum factor of 

safety in slope stability analysis. Can Geotech J 25:735–748.  

33. Nguyen VU (1985) Determination of critical slope failure 

surfaces. J Geotech Eng 111:238–250. 

34. Celestino T, Duncan J (1981) Simplified search for non-

circular slip surface. In: Proceedings of 10th international 

conference on soil mechanics and foundation engineering, 

Stockholm, Sweden, pp 391–394 

35. Arai K, Tagyo K (1985) Determination of noncircular slip 

surface giving the minimum factor of safety in slope stability 

analysis. Soils Found 25:43–51.  

36. Burman A, Acharya SP, Sahay RR, Maity D (2015) A 

comparative study of slope stability analysis using traditional 

limit equilibrium method and finite element method. Asian J 

Civ Eng 16:467–492 

37. Smith IM, Griffiths DV, Margetts L (2015) Programming the 

finite element method. Wiley, Chichester 



                                                                                                                      

© 2020 Discovery Publication. All Rights Reserved. www.discoveryjournals.org     OPEN ACCESS 

 
 

P
ag

e4
8

1
 

ARTICLE ANALYSIS 

38. Goh ATC (1999) Genetic algorithm search for critical slip 

surface in multiple-wedge stability analysis. Can Geotech J 

36:382–391. 

39. Goh ATC (2000) Search for critical slip circle using genetic 

algorithms. Civ Eng Environ Syst 17:181–211.  

40. McCombie P, Wilkinson P (2002) The use of the simple 

genetic algorithm in finding the critical factor of safety in 

slope stability analysis. Comput Geotech 29:699–714.  

41. Zolfaghari AR, Heath AC, McCombie PF (2005) Simple 

genetic algorithm search for critical non-circular failure 

surface in slope stability analysis. Comput Geotech 32:139–

152.  

42. Barton N, Bar N. Introducing the Q-slope method and its 

intended use within civil and mining engineering projects. In: 

Proceedings of ISRM regional symposium, EUROCK 2015. 

Salzburg: International Society for Rock Mechanics; 2015. p. 

157–62. 

43. N. Bar, M. Kostadinovski, M. Tucker et al., Rapid and robust 

slope failure appraisal using aerial photogrammetry and 3D 

slope stability models, International Journal of Mining 

Science and Technology 

44. Bar N, Weekes G. Directional shear strength models in 2D 

and 3D limit equilibrium analyses to assess the stability of 

anisotropic rock slopes in the Pilbara region of Western 

Australia. Aust Geomech J 2017;52(4):91–104 

45. McQuillan A, Canbulat I, Oh J. Methods applied in Australian 

industry to evaluate coal mine slope stability. Int. J. Mining 

Sci. Technol. 2020;30 (2):151–5. 

46. Bar N, McQuillan A. 3D limit equilibrium slope stability 

analysis for anisotropic and faulted rock masses in Australian 

coal and iron ore mines. In: Proceedings of ISRM 

international symposium - 10th Asian rock mechanics 

symposium, ARMS 2018. Singapore: International Society for 

Rock Mechanics; 2018. 

47. Bar N, Yacoub TE, McQuillan A. Analysis of a large open pit 

mine in Western Australia using finite element and limit 

equilibrium methods. In: Proceedings of 53rd U.S. Rock 

echanics/Geomechanics Symposium. Brooklyn: American 

Rock Mechanics Association (ARMA); 2019. 

48. Bar N, Weekes G, Welideniya S. Benefits and limitations of 

applying directional shear strengths in 2D and 3D limit 

equilibrium models to predict slope stability in highly 

anisotropic rock masses. In: Proceedings of European rock 

mechanics symposium, EUROCK 2018. Saint Petersburg: CRC 

Press/Balkema; 2018. p. 399–404. 

49. Little A. L., Price V.E. The use of an electronic computer for 

slope stability analysis.. Geotechnique vol. B, 1958, p.113-

120. 

50. Horn J.A. - < Computer analysis of slope stability >. J. ASCE 

vol.86, SM3, 1960. 

51. Zabuski L., Thiel K., Bober L. (1999) Landslides in the flysch of 

the Polish Carpathians: Geology, Modelling, Stability 

Calculations, Wydawnictwo IBW PAN, Gdansk, 171 p. (in 

Polish). 

52. Zabuski L. (2008) Investigation of the mechanism of landslide 

movement on the test slope including the influence of 

external factors and internal properties of the rock mass, IBW 

PAN, Gdansk (internal report), (in Polish). 

53. Griffiths D. V., Marquez R. M. (2007) Three-dimensional slope 

stability analysis by elasto-plastic finite elements, 

Geotechnique, 57 (6), 537–546. 

54. Stark T. D., Eid H. T. (1998) Performance of three-

dimensional slope stability methods, J. Geotech. Geoenviron. 

Engng, 124 (11), 1049–1060. 

55. Chen R. H., Chameau J. L. (1982) Three-dimensional limit 

equilibrium analysis of slopes, Geotechnique, 32 (1), 31–40. 

56. Silvestri V. (2006) A three-dimensional slope stability 

problem in clay, Can. Geotech. J., 43 (2), 224–228. 

57. Lam L., Fredlund D. G. (1993) A general limit equilibrium 

model for three-dimensional slope stability analysis, Can. 

Geotech. J., 30 (6), 905–919. 

58. Zabuski L. (2018) The influence of slope geometry on its 

stability: Spatial and plane analysis, Archives of Hydro-

Engineering and Environmental Mechanics (AHEM), 65 (4), 

243–254. 

59. Alaa Kourdey, Marwan Al Heib. Stabilité des ouvrages en 

terre, développement d’une méthode mixte (numérique et 

équilibre limité). Journées Nationales de Géotechnique et de 

Géologie de l’ingénieur (JNGG 2006), Jun 2006, Lyon, France. 

pp.I_81-88. ineris-00972540. 

60. Bowles JE (2001) Foundation analysis and design, 5th edn. 

McGraw-Hill International Editions, New York 

61. E. Dawson, W. Roth, A. Drescher, 1999, Slope stability 

analysis by strength reduction, Geotechnique, vol. 49, no. 6, 

pp. 835-840.  

62. E. Hoek, 2009, Fundamentals of Slope Design, Slope 

Stability, Santiago, Chile.  

63. O.C. Zienkiewicz, C. Humpheson, R.W. Lewis, 1975, 

Associated and non-associated visco-plasticity and plasticity 

in soil mechanics, Géotechnique, vol. 25, no. 4, pp. 671-89.  

64. Wei W (2008). Three dimensional slope stability analysis and 

failure mechanism. Doctoral dissertation, The Hong Kong 

Polytechnic University, Hong Kong 

65. Zheng YR, Zhao SY, Song YK (2005) Advance of study on the 

strength reduction finite element method [J]. J Logist Eng 

Univ 3:1–6 

66. Bar, N, Yacoub, T & McQuillan, A 2019, ‘Analysis of a large 

open pit mine in Western Australia using finite element and 

limit equilibrium methods’, Proceedings the 53rd US Rock 

Mechanics/Geomechanics Symposium, American Rock 

Mechanics Association, Alexandria, paper ARMA 19–A-30. 



                                                                                                                      

© 2020 Discovery Publication. All Rights Reserved. www.discoveryjournals.org     OPEN ACCESS 

 
 

P
ag

e4
8

2
 

ARTICLE ANALYSIS 

67. Kristen, H 1983, ‘Significance of the probability of failure in 

slope engineering’, The Civil Engineer in South Africa, vol. 25, 

no. 1, pp. 17–27. 

68. Priest, S & Brown, E 1983, ‘Probabilistic stability analysis of 

variable rock slopes’, Institution of Mining and Metallurgy 

Transactions, vol. 92, pp. A1–A12. 

69. Pothitos, F & Li, T 2007, ‘Slope design criteria for large open 

pits: case study’, Proceedings of the 2007 International 

Symposium on Rock Slope Stability in Open Pit Mining and 

Civil Engineering, in Y Potvin (ed.), Australian Centre for 

Geomechanics, Perth pp. 341–352. 

70. Gibson, W. 2011, ‘Probabilistic methods for slope analysis 

and design’, Australian Geomechanics Journal, vol. 46, no. 3, 

pp. 29–39. 

71. Babu GLS, Murthy BRS, Srinivas A (2002) Analysis of 

construction factors influencing the behaviour of soil-nailed 

earth retaining walls. Proc Inst Civ Eng-Gr Improvement 

6(3):137–143 

72. Djellit, H. (1987). Évolution tectono-métamorphique du socle 

kabyle et polarité de mise en place des nappes de flysch en 

Petite Kabylie occidentale (Algérie) (Doctoral dissertation, 

Paris 11). 

73. Bagnouls F., Gaussen Henri. Les climats biologiques et leur 

classification. In: Annales de Géographie, t. 66, n°355, 1957. 

pp. 193-220.  

74. Khan, R.A., Haq, M. Long-term mechanical and statistical 

characteristics of binary- and ternary-blended concrete 

containing rice husk ash, metakaolin and silica fume. Innov. 

Infrastruct. Solut. 5, 53 (2020).  

75. L. Zdravkovic´, R.J. Jardine, The effect on anisotropy of 

rotating the principal stress axes during consolidation. 

Geotechnique 51(1) (2001) 69–83.  

76. W. Hustrulid, M. McCarter, and D. Van Zyl, “Slope Stability in 

Surface Mining, Society for Mining,” Metallurgy & 

Exploration (SME). 2001 

77. Itasca Consulting Group Inc. “FLAC (Fast Lagrangian Analysis 

of Continua)”,Version 7.0, Minneapolis, MN. 2002 

78. Itasca (1997) FLAC3D User’s Manual, Version 2, Minneapolis, 

USA. 

79. Detournay Ch., Hart R. (eds.) (1999) FLAC and Numerical 

Modeling in Geomechanics, Proc. Int. FLAC Symp. on 

Numerical Modeling in Geomechanics, Minneapolis, Sept. 

1999, Balkema/Rotterdam/Brookfield. 

80. Hoek, “E Analysis of the stability of an anchor block for a 

suspension bridge.” EOAE External Report, Vancouver, 

www.rocscience.com, 2003. 

81. O. C. Zienkiewicz, C. Humpheson, R. W Lewis. “Associated 

and Non-associated Visco-plasticity and Plasticity in Soil 

Mechanics,” Geostechnique, 25(4):671-689. 1975 

82. Y.Zheng, X.Tang, S.Zhao, B. Deng, W.Lei, “Strength reduction 

and step-loading finite element approaches in geotechnical 

engineering” J. Rock Mech. Geotech. Eng. 1(1), 21–30 , 2009 

83. V.Gupta, R.K. Bhasin, A.M. Kaynia, V. umar, A.S Saini, R.S. 

Tandon, T. Pabst “ Finite element analysis of failed slope by 

shear strength reduction technique: a case study for Surabhi 

Resort Landslide, Mussoorie township, Garhwal Himalaya.” 

Geomatics Nat. Hazards Risk 7(5), 1677–1690 (2016).  

84. G. You1, M. Al Mandalawi, A. Soliman, K. Dowling, and P. 

Dahlhaus, “Finite Element Analysis of Rock Slope Stability 

Using Shear Strength Reduction Method.” Soil Testing, Soil 

Stability and Ground Improvement, Sustainable Civil 

Infrastructures. 2017 

85. J.M. Duncan, and Wright, S.G., 2005.” Soil Strength and Slope 

Stability, “Wiley & Sons. 

86. J.M.Duncan, State of the art: limit equilibrium and finite-

element analysis of slopes, Journal of Geotechnical 

Engineering, 122(7), 577-596. 1996. 


