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Abstract 

Estimation of the possible instability that may be encountered in the excavation 

slope(s) during the planning and application steps of the rock excavation processes 

is an important issue in geoengineering. In this paper, a modelling method is 

presented for assessing the probability of wedge failure involving new permanent 

or temporary slope(s) along the planned excavation direction. The geostructural 

rock slopes including wedge blocks are determined geometrically in the first step. 

Here, a structural data analysis system that includes a series of filterings, sortings, 

and linear equations used to reveal the necessary geometric conditions for the wedge 

form is developed and used. The second step involves the 3D visualization and 

Factor of Safety (FS) using the limit equilibrium analysis of wedges on both the 

actual and planned new excavation surfaces. The last step is the Monte Carlo 

simulation, which is used in assessing the instabilities on the actual and planned new 

excavation surfaces. These new slope surfaces that have not yet been excavated are 

called the virtual structures. As a result of this work, the mean and probabilistic FS 

variations in the planned excavation direction are obtained as profiles. We suggest 

the preliminary guidelines for the mean and probability of the wedge failure in the 

excavation direction. The model is tested on a motorway cut slope. The FS results 

obtained from the Monte Carlo simulation calculations are compared with the mean 

results and the changes are revealed with the reasons. 

1. Introduction  

The stability analysis of rock slopes is essential 

for a safe design of excavated slopes like open-

pit mines and road cuts. The geometric 

properties of discontinuities play a decisive role 

in influencing these analyses. Piteau (1972) [1] 

has stated that the stability of rock slopes is 

determined principally by the structural 

discontinuities in the mass and not by the 

strength of the rock itself. Additionally, the 

stability of rock masses is commonly controlled 

by the presence of discontinuities at shallow 

depths (Hoek and Bray 1981) [2]. The analysis 

of rock slope stability consists of a series of 

processes. The first step is usually the kinematic 

analysis related to the presence of 

discontinuities and their orientations to 

determine the instability of the slope. The 

stereo-graphic projections are generally used in 

this process. If the results indicate that the slope 

is clearly stable, no further analysis such as limit 

equilibrium or probabilistic analysis is 

performed. If any kinematically possible failure 

mode is determined, a limit-equilibrium 

stability analysis is required as the second step 

to compare the forces resisting failure with the 

forces causing failure. In this deterministic 

analysis, all the input parameters are applied as 

fixed values despite the fact that all parameters 

http://www.jme.shahroodut.ac.ir/
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show a degree of variability, and a fixed factor 

of safety (FS) is obtained as a result. On the 

other hand, rock masses are complex structures 

owing to the geometry of their discontinuities. 

Moreover, the characterization of rock masses 

is subject to uncertainties due to the limited data 

that is gathered during field surveys. Due to the 

complex geometry of the rock blocks and the 

associated uncertainties concerning the physical 

and mechanical parameters for solving the 

stability problems of rock slopes, statistical 

approaches are necessary [3, 4]. Therefore, the 

probability-based methods have been of great 

interest in slope stability assessments for a long 

time. Being one of the most basic statistical 

methods, Monte Carlo simulation (MCS) has 

the capability of solving a broad range of 

stability problems and has been used by several 

researchers to evaluate the rock slope stability 

[5-18]. The main disadvantage of this technique 

is the extensive computational time, which 

increases substantially in the numerical 

analyses [19].  

Investigating all the discontinuities and blocks 

in rock slopes is extremely difficult. Moreover, 

discontinuities are generally randomly 

distributed in rock masses [20]. Hence, any 

geometric characterization of a rock mass must 

be performed based on the theory of statistics 

and probability. In addition, most rock failures 

occur during slope excavation [2]. Additionally, 

wedge failure is a common and the most 

observed failure mode, and is primarily 

controlled by the orientation and spacing of 

discontinuity surfaces with respect to the slope 

surfaces [2, 21, 22]. For this reason, it is very 

important to predict the instability respond to 

wedge blocks on new slopes to be excavated 

such as the extension of motorway cuts and 

open-pit bench excavation applications.  

Until now, the kinematic, kinetic, and statistical 

evaluations on instability of rock slopes have 

been made in the form of representing the entire 

rock masses using samples only from a single 

structure (the actual slope). However, the rock 

excavation applications are dynamic processes, 

and adverse conditions may be encountered 

during the excavation in temporary multi-step 

slopes. Therefore, a statistical failure analysis 

based on new excavation surfaces is a useful 

tool for predicting failures that may also be 

encountered in the excavation direction. 

There are three types of 3D models in the 

literature [23]: the wireframe, surface, and solid 

models. The wireframe models are preferred 

when the volume and space occupied are not 

important. The solid models are used when the 

mass is completely homogeneous, and it is 

sufficient to model it with basic primitives [24-

30]. The surface models are used if the shape of 

the surface matters [31, 32]. For example, the 

B-spline surfaces are such a modelling tool. 

Each plane on the surface is considered as a 

surface patch, and the interpolation methods are 

used. Contrary to the classic modeling 

approaches, the spatial interpolation methods 

incorporate information about the geographic 

position of sample points [23].  

In the developed software, solid modelling is 

preferred beause the whole rock mass is 

analyzed rather than the large and small 

indentations on the surface of rock mass. Due to 

the computer science and software 

requirements, certain rules have been 

introduced in the models to be produced. The 

slope surfaces are assumed to be planar. Our 

model was constructed based on the geometry 

of tetrahedron wedge blocks, which form only 

on two cross-discontinuities and along the slope 

crest. These wedges may not be formed 

perpendicular to the slope surface. In addition, 

the authors focus on a new methodology for the 

generation of Virtual Structures (VSs), which 

are behind the actual excavation surface, and the 

evaluation of the wedges on these structures. In 

the developed model, each VS is treated as two 

surfaces: the excavation and upper slope surface 

on which wedges are formed. In addition, a 

probabilistic variation in the FS values in the 

excavation direction was obtained. All the 

statistical evaluations were performed by MCS, 

which is widely used for rock stability 

calculations. 

2. Wedge Geometry and failure mechanism 

The presence of the wedge form can be easily 

determined using the stereonet technique, and a 

kinematic stability analysis of wedge is based 

on the Markland’s Test [33]. Figures 1a, 1b, and 

1c show the commonly used basic geometric 

dimensions of a wedge block, which are used to 

calculate FS according to Hoek and Bray (1981) 

[2]. A wedge failure may occur under the 

following conditions: i) the wedge block must 

be formed when two discontinuities (joints, 

bedding planes, foliations, etc.) intersect 

diagonally within rock slopes; ii) the dip of 

intersection line of two discontinuities of the 

wedge must be in the same direction as the slope 

face; iii) the dip of the slope must be greater 
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than the dip of the line of the intersection of the 

wedge-forming discontinuity surface; vi) the 

line of intersection must be greater than the 

interior friction angle, and the intersection 

points of wedge must be daylighted on the slope 

face; and v) the dip of the line of intersection 

must be such that the strengths of the two 

surfaces are reached [2, 34]. Besides, according 

to Wyllie and Mah (2004) [35], if the dip 

directions of the two surfaces lie outside the 

included angle between i (trend of the line of 

intersection) and  s (dip direction of the face), 

the wedge will slide on both surfaces (Figure 

1d); however, if the dip direction of one plane 

lies within the included angle between i and s, 

the wedge will slide only on that plane, and in 

this case, the planar slip conditions will be valid. 

Zheng et al. 2016 [36] have classified these two 

types as a standard wedge and an overlying 

wedge, respectively. Turanboy 2016 [37] has 

proposed a 2D wedge shape classification 

system according to all their possible 

geometries, the boundary elements (edges, 

corners, and angles of the wedge blocks), and 

their relative positions against each other using 

linear relations. In this classification system, the 

standard and overlying wedge forms are 

presented together systematically. The 

proposed model considers standard wedges 

with a sliding potential on two diagonal 

discontinuous planes.  
The LE approach, which is used in designing 

engineered slopes, considers the relationship 

between the strength or the resisting force and 

the demanding stress or the disturbing force [2]. 

Many researchers [2, 21, 33, 35, 38-52] have 

studied and presented in detail the mechanisms 

by which wedge blocks slide on rock slopes on 

this basic principle. In addition, if wedge failure 

is analysed assuming that sliding is resisted only 

by friction and there is no contribution of 

cohesion, FS can be computed by Equations 1 

to 6, presented by Hoek and Bray 1981 [2]. The 

solution was also adopted to our model. 

𝐹𝑆 =
(𝑅𝐴 + 𝑅𝐵)𝑡𝑎𝑛𝜙

𝑊𝑠𝑖𝑛
 (1) 

where RA and RB are the normal reactions 

provided by two intersecting discontinuities, W 

is the weight of the wedge, ϕ is the friction angle 

of the planes, and   is the angle between the 

intersection line and the horizontal axis. The 

forces RA and RB are found by the following 

relations: 

𝑅𝐴𝑠𝑖𝑛( −
1

2
) = 𝑅𝐵𝑠𝑖𝑛( +

1

2
) (2) 

𝑅𝐴𝑐𝑜𝑠 ( −
1

2
) + 𝑅𝐵𝑐𝑜𝑠 ( +

1

2
) = 𝑊𝑐𝑜𝑠 (3) 

where the angles  and β are measured on the 

great circle (Figure 1c). In order to meet the 

condition for equilibrium, the normal 

components of the reactions should be equal. 

The values for RA and RB can be found by 

solving Equations 4, 5, and 6 as: 

𝑅𝐴 + 𝑅𝐵 =
𝑊𝑐𝑜𝑠  𝑠𝑖𝑛

sin ( 2⁄ )
 (4) 

 
cos sin tan

.
sin / 2 sin

FS
  

 
  or, (5) 

𝐹𝑆 =
𝑠𝑖𝑛 

sin ( 2⁄ )
  ∙

𝑡𝑎𝑛𝜙

𝑡𝑎𝑛
 (6) 

𝐹𝑆𝑤 = 𝐾 𝐹𝑆𝑝 (7) 

where FSw is FS of the wedge and FSp is the FS 

of the plane failure. K is the wedge factor, which 

depends upon the included angle of the wedge  

and the angle of tilt  of the wedge. Figure 1 

shows the detailed geometry and conditions of 

the wedge failure. 

 
Figure 1. Geometric conditions of a wedge failure that are used in calculating FS: (a) cross-section of a 

wedge showing the resolution of the wedge weight W; (b) view of a wedge face showing the definitions of 

angles β, /2, and θ, and the reactions on sliding planes RA and RB; (c) stereo-net showing the angles β and 

ε/2 (after Hoek and Bray, 1981 [2]); (d) the kinematic condition associated with the wedge has two sliding 

surfaces (after Wyllie and Mah, 2004 [35]). 
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3. Monte Carlo Analysis in Wedge stability 

In the conventional methods, the failure is 

assumed to occur when FS is less than 1. Rather 

than basing the engineering design decisions on 

a single calculated FS, the probabilistic 

approaches associated with a particular model 

give a more rational assessment [2]. Monte 

Carlo simulation (MCS) performs risk analysis 

by building models of the possible results by 

substituting a range of values for a probability 

distribution for any factor that has an inherent 

uncertainty since the rock wedge stability 

analysis often includes many uncertainties due 

to the inadequacy of the information obtained 

during site characterization as well as the 

variability and the measurement errors that are 

inherent in the measurement of the geological 

and geomechanical parameters [50, 53]. 

Carrying out the probabilistic slope stability 

analysis with MCS, which allows for a 

systematic and quantitative treatment of these 

uncertainties, has become a topic of increasing 

interest for rock slope engineering. MCS can be 

applied to the problems that are very difficult to 

solve with the analytical methods (Giani, 1992) 

[54]. Even Feng and Lajtai (1998) [55] have 

stated that MCS is most convenient among the 

probabilistic analyses. MCS generates a large 

quantity of random numbers varying between 0 

and 1. Such curves can be histograms that are 

drawn according to the experimental and field 

data. These numbers are used to generate the 

variables of the problem in a way that fits the 

assumed probability distribution curves. 

Several researchers [15, 16, 18, 56, 57] have 

also successfully implemented the method 

using commercial softwares such as SWEDGE 

[58].    
In the modelling study, MCS is used to be 

linked to LE analyses given in Equation 6 and 

its parameters (𝜙, β, /2, and θ) are considered 

as uncertainties. 

4. Methodology 

The model is an integrated system with tightly 

connected modules. The process consists of the 

construction of VSs with wedge structures in 

the direction of excavation, identification of 

wedge failure probabilities for each VS, and 

plotting the variation in these probabilities. In 

order to facilitate explanation, the system is 

divided into different sub-components. For this 

reason, the study was implemented in four basic 

steps: i. generation of the entire 3D rock mass 

model using LIP-RM, which is a software 

programme already developed by the authors 

(Turanboy and Ülker, 2008) [59], ii. Data 

processing for expanding the actual scan-line 

measure to the left and right sides and 

generating the wedge, iii. Construction of VSs 

with wedge form using the rules of linear 

algebra and computational geometry, and iv. 

Probability calculation for the actual and 

generated VSs. Finally, the change in the mean 

and probabilistic FS in the direction of 

excavation using 2D line charts was presented. 

The pseudo-code of the generated algorithm can 

be presented as below.  

Step 1 Running LIP-RM 

Create the Information System Table and fill the scan-line survey. 

Calculate the discontinuity planes. 

Calculate the intersection points and lines of all discontinuities together. 

Save Slope Data and Discontinuity Data to Database. 

Step 2 Data Pre-processing 

Expand the actual scan-line measure to the left and right sides (Repetitive 1D Sampling). 

Update the new discontinuity and calculate the intersections. 

Select the actual rock slope and generate the intersection lines. 

Filter the cross ones (discontinuity planes). 

Generate the wedges 

Step 3 VS Construction 

Take the number of VSs from the user. 

Calculate wedges on VS. 

Do Each VS. 

Calculate the β, /2, θ, and 𝜙 parameters of the Selected Wedges on VS 

Save Data for using the Monte Carlo Method. 

Run the MCS Method. 

Plot wedges on the VS crest. 

Loop 

Step 4 Generate the Mean and Probabilistic FS Profiles. 
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Figure 2 shows a flowchart of the developed 

algorithm, in which the connecting lines and 

directional arrows are numbered to simplify the 

presentation. 

 
Figure 2. Flowchart summarizing LIP-RM, data processing, VS and wedge construction, and MCS 

method. 

4.1. Field survey and initial dataset 

According to Priest and Hudson (1981) [60] and 

Priest (1993) [61], the first step of the model 

involves obtaining the raw (initial) input data 

using a scan-line survey. In the model, the 

discontinuity features such as the dip, dip 

direction and spacing defined by ISRM (1981) 

[62] and slope orientation information are used. 

Using these input data, new computable data is 

obtained within the model process. A table 

called the Information System Table (IST) was 

created as the first input data for the model. 

Table 1 shows an example of IST. This table 

contains information about the geometric 

properties of discontinuities and slope 

separately. All the secondary data used in the 

model is calculated from these data. 

All inputs and calculated values are stored in a 

database to be accessed at every step of the 

model. The calculated values are based on the 

assumption that claiming wedges are formed 

only on the free structures. The conditions under 

which any three or four discontinuities can form 

a tetrahedron in the rock mass are not 

considered. 

Table 1. An example of IST data. 

Discontinuity/Outcrop ID Dip (degree) Dip dir. (degree) Cumulative spacing (m) 

Outcrop 

D1 

80 

20 

185 

24 

- 

5 

D2 68 88 10 

.. ..  .. 

Dn 89 340 150 
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4.2. Generation of overall 3D rock mass 

model and LIP-RM summary 

The same initial assumptions in the original 

version of LIP-RM were made in the design of 

the model: i. all the discontinuity surfaces were 

assumed to be perfectly planar; ii. The 

discontinuity surfaces were assumed to extend 

entirely through a Representative Cuboidal 

Prism (RCP), and iii. all discontinuities were 

randomly oriented. These assumptions were the 

already used approaches such as the block 

theory [66] to identify the removable blocks and 

the Discrete Fracture Network (DFN) 

modelling [64] to represent the geometry of the 

existing discontinuities. In addition, the LIP-

RM software package was adopted to develop 

the model; it represents a 3D discontinuity 

network. These modifications are related to the 

construction of new VSs and repetitive 1D 

sampling of modelling rock mass, as explained 

in detail below. The pseudo-code of LIP-RM is 

presented below: 

Parameters: scan-line height, selected dimensions of the cuboids, outcrop orientation.  
Input of the measured values used in the survey method (dip, dip direction, cumulative space, points 

of the discontinuity) to Information System Tables  
Do all discontinuities  

Classify processes of every discontinuity 

Generate the discontinuity plane 

If the discontinuity plane exceeds the cuboid, then prune the discontinuity surface 

Save the discontinuity plane to database 

Loop  

Limit = number of discontinuities 

For i = 1 to limit-1 

Read Plane of the Discontinuity (#i) 

 For j = i + 1 to Limit 

  Read Plane of the Discontinuity (#j) 

Calculate the intersection points between the discontinuity planes (#i and #j) 

If there is an intersection between #i and #j, then  

calculate the intersection points 

save the intersection points to database 

  End if 

       Next j 

Next i 

Visualize the rock mass on the screen 

In the LIP-RM software, the building of the 

(information system) table includes recording 

the data in the first phase. For calculation of any 

discontinuity plane, four intersection points 

were computed on the cuboid edges. Then the 

discontinuity plane with these assistant points 

was generated. Moreover, LIP-RM could find 

the intersection point for any two or more 

discontinuity planes and the corresponding 

intersection lines. Thus the images of all 

discontinuity planes and the rock block were 

simulated. The isometric presentation is 

preferred in the LIP-RM software, which is 

named as a “linear isometric projection of rock 

mass. The input data of LIP-RM is the 

discontinuity geometric properties such as dip, 

dip direction and spacing on the rocky outcrop 

in the form of an information system. The 

output is a simulation model consisting of the 

rock mass structure and a database. The key 

components of the LIP-RM model are (i) 

classification of orientations of the 

discontinuity planes and outcrop according to 

the north (ii) mathematical definition of the 

discontinuity planes, and (iii) isometric 

transformation and projection of the rock 

structure including the discontinuity planes, 

their intersection with each other, and the 

created blocks bounded by discontinuity planes 

and/or free surfaces [59].  

LIP-RM uses the parametric equations to define 

the co-ordinates of the intersections of 

discontinuities with each other and the corner 

points of an RCP (whose dimensions can be 

selected by the user), and draws discontinuity 

traces on the RCP structures within a hierarchy 

to create a 3D discontinuity network model of 

the whole rock mass. Co-ordinates of the 

intersections between pairs of discontinuities 

and between discontinuities and the edges of the 
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prism as well as the spatial data on 

discontinuities are inputs to the newly 

developed model. In addition, the results 

obtained from LIP-RM is useful in interpreting 

the input data and the final results. 

Figure 3a shows the first initial structure to be 

modelled according to IST. Surfaces A and B 

are the excavation and upper slope surfaces, 

respectively. Each discontinuity on this surface 

was handled individually, and the discontinuity 

plane was obtained as shown in Figure 3b by 

passing straight lines through the prism edges. 

The LIP-RM software finds the intersections of 

discontinuities on six faces of RCP. Here, the 

possible discontinuity planes with a maximum 

of six and a minimum of three edges and corners 

could be constructed. Then co-ordinates of the 

intersections were recorded in the database. 

Figure 3c shows the intersections on structures 

A and B, respectively, together with the 

discontinuity surfaces. Figure 3d shows the 

intersection points on surfaces A and B. 

 
Figure 3. Basic steps of LIP-RM: (a) the first initial structure (RCP); (b) intersections of discontinuities on 

six faces of RCP; (c) intersections (on surfaces A and B) together with the discontinuity surfaces; (d) 

intersection points (on structures A and B). Note that surfaces A and B correspond to the excavation and 

upper slope surfaces, respectively. 

The initial data in IST contains information on 

the properties of orientation(s) of the actual 

slope (s): the number (Id) denoting the current 

slope as well as the dimensions and corner co-

ordinates of the slope along the x-, y-, and z-

axes. The information on discontinuities (i.e. 

information calculated by LIP-RM to determine 

2D polygons) represents the visible surfaces of 

the tetrahedrons on the excavation and upper 

slope surfaces. The polygons are identified as 

wedge forms on the actual surface (Figure 4). 

The information in this step includes the 

specific unique number of the slope, (Id-

number) of the discontinuity, and the x, y, and z 

co-ordinates of up to six calculated corners of a 

polygon. Figure 3d shows the information on 

the intersection points that are calculated by 

LIP-RM. 

The surfaces A and B and the intersection points 

on them are significant when combined with the 

initial assumptions to form wedges. Within the 

boundaries of the prism, the model produces a 

wedge polygon with two diagonal 

discontinuities that can intersect with each other 

on surfaces A and B (Figure 4). 

4.3. Construction of VSs 

The LIP-RM software package was modified to 

show VSs with wedge forms on them. VSs may 

resemble the geological cross-sections that are 

created by several survey methods such as scan-

lines or well logs. Furthermore, VSs are used 

probabilistically to evaluate the instabilities in 

response to the wedge failure. Although the 

geological cross-sections are 2D, two surfaces 

were considered in the model. 

These two surfaces are considered as new 

excavation and upper slope surfaces for any 

excavation step or planning phase, where the 

excavating equipment is worked. New 

excavation and upper slope surfaces are parallel 

and perpendicular to the excavation direction, 
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respectively, and discontinuity traces are cloned 

these newly created surfaces without changing 

their spatial positions, which are measured on 

the actual structure at this step. Therefore, on 

each surface, different shapes and volumes of 

wedges are formed depending on the spatial 

properties (dip and dip direction) of 

discontinuities and the properties defined in 

Equation 6.  

Initially, the authors considered a new 

excavation surface (Surface A) that was 

parallel to and behind the actual slope surface 

(surface A) (Figure 4). Then it was detected 

whether or not a new wedge was formed on the 

new slope surface. If neither of the straight lines 

|Pu Pe|, |Pu Ps1|, and |Pu Ps2| intersected the new 

surface, then no wedge was formed on this 

surface. If anything, the intersection points Pe', 

Ps1' and Ps2 and, subsequently, the straight lines 

|Pu Pe|, |Pu Ps1|, and |Pu Ps2| were obtained 

using the linear interpolation and the triangle 

similarity rules with no additional calculation. 

Thus the wedge polygons formed on the new 

surface (A), which were parallel to the front 

surface (A) of RCP. A similar process was 

applied on the upper slope surface (B) to obtain 

the second triangle component of the 

tetrahedron. In contrast, the process of 

assigning a wedge form was realized according 

to the dip direction of the slope, the dip direction 

of the intersected surfaces, and the calculated 

trend of the line of intersection (Figure 1d). 

Those that did not form tetrahedral structures 

were eliminated within the prism boundaries. In 

this case, the model only contained the wedges 

that were formed by the discontinuities that 

were defined by the measurement of the actual 

excavation surface. Note that wedge sliding on 

two surfaces (A and B) was taken into account 

in the model. In addition, the C surface was 

considered as the final surface to be excavated 

in the model (Figure 4). 

 
Figure 4. Checking for existence of a wedge on a newly constructed surface (A). Note that l is the 

dimension of RCP in the +x-direction. 

4.4. Repetitive 1D sampling of RCP 

RCP can only contain the discontinuities that 

are recorded by a scan-line measurement. In 

order to overcome this problem, the original 

scan-line measurement is imaginatively 

extended in both the –y- and +y-directions, 

assuming that the original scan-line 

measurements are repetitive in these directions. 

Here, the purpose was to include the 

discontinuities that were outside the scan-line 

measurement but could be found in RCP. 

Initially, four main discontinuity orientation 

conditions were taken into consideration 

(Figures 5a and 5b). While the discontinuity 

types 1a and 1b can form a wedge on the actual 

structure and final VS (Figure 5a), the 

discontinuity types 2a and 2b cannot form a 

wedge on the final VS (Figure 5b). This means 

that the scan-line measurement cannot provide 

sufficient data for modelling VS behind the 

actual slope.  

For example, the standard wedge structures on 

the actual excavation structure (Figure 4 and 5a) 

would have been successively repetitious with 

the same spacing along the +x direction; 

however, only these rhombus-like structures 

were obtained. Hence, each VS had the same 

probability, and thus a uniform probability 

distribution. 

For this approach, the following equation can be 

established for the +y-direction (Equation 8): 
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𝑡𝑎𝑛 ϒ2𝑎 =
𝑙−𝑙2𝑎

𝑠2𝑎−𝑛 𝑚
, (8) 

where according to Turanboy and Ülker (2008) 

[59], the ϒ angles (Figures 5a, 5b, and 5c) are 

described with reference to the dip direction of 

the discontinuity and s2a is the cumulative 

spacing, m is the scan-line length, l is the 

dimension of RCP in the +x-direction, and l2a is 

the intersection point between the related 

discontinuities and the upper edges of RCP in 

the +x-direction (these co-ordinates are 

obtained from the output data of LIP-RM). The 

number (n) of RCP that should be added to the 

+y-direction of the modelled RCP is given by: 

𝑛 =
(𝑙 − 𝑙2𝑎) − 𝑡𝑎𝑛ϒ2𝑎(𝑠2𝑎) 

𝑚 𝑡𝑎𝑛ϒ2𝑎

 
(9) 

Similarly, for the –y-direction (Equation. 9), 

𝑡𝑎𝑛ϒ2𝑏 =
𝑙 − 𝑙2𝑏

(𝑚 − 𝑠2𝑏 ) + 𝑛′𝑚
 

(10) 

where the number (n) of RCP that should be 

added to the –y-direction of the modelled RCP 

is given by 

𝑛′ =
(𝑙 − 𝑙2𝑏) − 𝑡𝑎𝑛ϒ2𝑏(𝑠2𝑏) 

𝑚 𝑡𝑎𝑛ϒ2𝑏

 
(11) 

Figure 5c shows the plan view resulting from 

this approach. 

The suggested procedure is applied to all of the 

discontinuities, and n and nprisms (rounded up 

to the nearest integer) should be added to the 

original RCP in the –y- and +y-directions. 

According to Equations. 9 and 11, if n = 2 and 

n= 1, then discontinuity of types 2a–2b (Figure 

5d), 2b–2b (Figure 5e), and 2a–2a (Figure 5f) 

can also form wedges on the final VS. 

 
Figure 5. Conditions on upper surface of the slope: Type 1a and 1b discontinuities that (a) can be 

modelled up to the final VS; (b) cannot be modelled up to the final VS. (c) plan diagram that explains the 

geometric parameters that are employed in calculating the numbers of RCPs that should be added to the 

right and left of the RCP. For example, when n = 2 and n = 1, wedges (grey) that may be formed on the 

excavation surfaces of the final VS by different types of discontinuities: (d) 2a–2b, (e) 2b–2b and (f) 2a–

2a. 
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In addition, according to the model, the upper 

slope surface (B) is shifted by the same 

amount(x) as surface A in the x-direction; 

Figure 5d). 

Thus all the linear elements can be modelled 

within RCP. All the required parameters for 

kinetic admissibility can be obtained in this step 

as a datasheet, which is then used in the MCS 

step. 

5. Application of suggested method 

An experimental slope at approximately 120 km 

along the Konya–Antalya motorway wall in 

Turkey was chosen (Figure 6). In this region, 

the main formations are composed of limestone 

and dolomite. The bedding planes and joints, 

which are approximately diagonal to each other, 

can be easily detected on the actual slope. 

According to Harrison and Hudson (1997) [34], 

a kinematic analysis is the first stage in a rock 

slope investigation. In this context, 33 

discontinuities were obtained using the scan-

line technique along the free structure (+y-

direction), and two discontinuity sets were 

identified using the stereo-net analysis, 

following the procedures suggested by ISRM 

(1981) [63]. Figure 7 shows the structural and 

stereo-net analyses of the experimental slope. 

 
Figure 6. Outcrop of modelled motorway slope. North direction and scan-line were drawn approximately. 

 
Figure 7. Stereo-net analyses: (a) major sets of discontinuities within the experimental rock slope. Pole 

plots and their densities on A surface of (b) the experimental slope using the original scan-line 

measurement. After the modelling process: (c) the experimental slope; (d) 10th; (e) 20th, and (f) 30th (final 

VS) of VSs. 

http://www.sciencedirect.com/science/article/pii/S0013795207001986#bib10
http://www.sciencedirect.com/science/article/pii/S0013795207001986#bib10
http://www.sciencedirect.com/science/article/pii/S0013795207001986#bib10
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Since the discontinuities measured on the actual 

excavation surface were reflected on the other 

VSs without changing their spatial locations, 

their pole points were superimposed. Therefore, 

no visual changes could be observed in the 

scatter plots of the pole points on all surfaces. 

However, a partial change in their densities, 

according to the suggested approach, could be 

observed for Figures 7c (0th), 7d (10th), 7e (20th), 

and 7f (30th (final VS)). 

Figure 8a shows the extended 3D discontinuity 

block diagram. Here, n and n were determined 

to be 1 and 4, respectively, using Equations. 9 

and 11. Figure 8b shows the constructed 3D 

discontinuity map, which was produced using 

LIP-RM in which only the scan-line 

measurements were used. The representation in 

Figure 8b was given in the original co-ordinate 

axes without regard to the repetitive 1D 

sampling of the RCP process. On the other 

hand, two 3D model parts that were obtained 

using the developed approaches can be seen in 

Figure 8c (experimental slope after modelling 

processes) and Figure 8d (for the 30th final VS). 

The 3D model part in Figure 8c is the basis for 

the next steps. VSs are selected at intervals of 

one m, perpendicular to the excavation surface. 

In other words, it was assumed that the 

excavation was to be carried out at intervals of 

one m. Thus 30 structures (VSs) including the 

current outcrop surface were modelled. (The 

first VS is the actual structure and is referred to 

as the initial VS in the model.) The VS intervals 

and the number can be selected by the user 

using the developed model. Figure 9a shows a 

schematic diagram of these 30 VS structures. 

(Only the excavation surfaces are shown to 

avoid complexity in the figure). The 2D scatter 

plots of the intersection points that formed 

wedges on the actual (0th), 10th, 20th, and final 

VS are shown in Figures 9b–9e. In addition, 

Figure 10 shows the generated wedges along the 

crest of the slope for the sample VSs in Figure 

9. 

 
Figure 8. (a) Extended 3D discontinuity mapping. Constructed 3D discontinuity maps: (b) using only the 

scan-line measurements; (c) after modelling processes (thick red line); (d) corresponding to the 30th final 

VS (thick black line); the RCPs dimensions were selected as (x, y, z) = (30  33  12 m). 



Turanboy et al./ Journal of Mining & Environment, Vol. 11, No. 1, 2020 

12 

 
Figure 9. (a) Schematised existing actual excavation surface and the 10th, 20th, and final (30th) VSs, and the 

2D scatter points of intersections that form wedges on the excavation (A) and upper slope (B) surfaces: (b) 

the 0th, (c) 10th, (d) 20th, and (e) final (30th) VSs. Note that the points on the actual slope are shown in red. 

 
Figure 10. Generated wedges along the crest of the slope for (a) the actual (0th), (b) 10th, (c) 20th, and (d) 

the final (30th) VSs. 
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One of the aims of this work was to investigate 

the effect of discontinuity orientations and their 

spatial variability using deterministic and 

probabilistic approaches based on wedge failure 

on newly defined VSs. First, a kinetic analysis 

was performed using the direct formula 

(Equation 6) with single fixed values (typically, 

mean values). According to Barton (1978) [65], 

it was assumed that the internal friction angle 

varied within the range of 340–400 for limestone 

discontinuities. Thus a mean friction angle of 

370 was assumed for all structures, and the 

results of the mean FS as well as the number of 

wedges for each VS were obtained (Table 2). 

The mean FS results along the +x-direction are 

shown as a profile in Figure 11. Note that the 

+x-direction was considered as the excavation 

direction in both the kinetic and probabilistic 

analyses. 

Table 2. The results of mean FS and number of wedges for each VS in the studied slope. 

Structures 
Number of wedges FS 

Total Stable Unstable Min. Max. Mean Std. dev. 

 0 (Actual) 133 123 10 0.8625 1.3583 1.1494 0.1076 

 1st 147 140 7 0.8787 1.3507 1.1426 0.1001 

 2nd 139 136 3 0.8787 1.3617 1.1464 0.0908 

V 3rd 134 134 - 1.0348 1.3617 1.1405 0.0799 

 4th 147 134 13 0.8509 1.3617 1.1145 0.0996 

S 5th 126 111 15 0.8509 1.3617 1.1049 0.1039 

 6th 106 94 12 0.8625 1.2739 1.1012 0.097 

 7th 90 83 7 0.8787 1.3968 1.1233 0.1125 

 8th 93 89 4 0.8787 1.3968 1.1507 0.1152 

 9th 128 127 1 0.8787 1.3968 1.1724 0.1023 

 10th 147 134 13 0.8509 1.3968 1.1564 0.1262 

 11th 144 130 14 0.8625 1.3968 1.1582 0.1278 

 12th 144 132 12 0.8787 1.3968 1.1581 0.1262 

 13th 135 126 9 0.8787 1.3968 1.1666 0.124 

 14th 134 129 5 0.8787 1.3968 1.1719 0.1141 

 15th 138 136 2 0.8787 1.3901 1.1602 0.1056 

 16th 172 157 15 0.8509 1.3901 1.1475 0.1238 

 17th 171 156 15 0.8625 1.3803 1.1527 0.1218 

 18th 149 137 12 0.8787 1.3803 1.1558 0.1204 

 19th 124 117 7 0.8787 1.3636 1.1596 0.1108 

 20th 117 113 4 0.8787 1.3636 1.1603 0.1005 

 21st 94 93 1 0.8981 1.3636 1.1692 0.0904 

 22nd 94 95 - 1.0348 1.3636 1.1685 0.0794 

 23rd 91 79 12 0.8625 1.3636 1.1247 0.1268 

 24th 113 100 13 0.8509 1.374 1.1259 0.1171 

 25th 110 101 9 0.8509 1.374 1.1263 0.1049 

 26th 106 100 6 0.8509 1.374 1.1214 0.0937 

 27th 105 102 3 0.8509 1.374 1.1334 0.0846 

 28th 114 112 2 0.8509 1.374 1.1417 0.0854 

 29th 97 97 - 1.0511 1.374 1.1473 0.0783 

 30th 99 99 - 1.0348 1.374 1.1327 0.0803 
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Figure 11. Kinetic result: Profile of variation in the mean FS from the actual to the final VS (along the +x-

direction). 

Probabilities of failure were obtained for all 

structures (for 10.000 simulations), and 

histograms were presented belonging to the 

example structures (the actual slope, the 10th, 

the 20th, and final (30th) VSs) in Figure 12. 

 

Figure 12. Probabilistic FS histogram for (a) the actual (0th), (b) 10th, (c) 20th, and (d) final (30th) VSs. 

The probability of failure is defined as the 

probability that FS < 1, which is given as a 

percentage and is equal to the area under the 

Probability Density Function (PDF) for which 

FS < 1. 

The formula of the area under a PDF curve is 

generalized as: 

∫ 𝑓(𝑥)
∞

−∞

= 1 
(12) 

where x ∈ R. 

The above-mentioned formula can be 

calculated for P(FS) < 1 as: 
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𝑃(1) = ∫ 𝑓(𝑥) 
1

−∞

  
(13) 

which can also be calculated directly from the 

Cumulative Distribution Function (CDF). In 

addition, Hoek and Bray (1981) [2] have 

suggested the values of approximately 1.3 and 

1.5 for the temporary and permanent slopes, 

respectively. In the probabilistic assessment of 

all structures, these values were considered. In 

addition, all the variables that were involved 

were adapted to normal distributions for MCS. 

Normal distributions are generally used for 

probabilistic studies in geotechnical 

engineering unless there are good reasons for 

selecting a different distribution [66]. Table 3 

and Figure 13 show the results of the wedge 

probability using MCS selected as the < 1, < 1. 

3, < 1.4 and < 1. 6 conditions. 

Table 3. MCS at selected P (FS) <1.0, <1.3, <1.4 and <1.6 conditions of the case study. 

 P(FS) → 
P(FS<1) P(FS<1.3) P(FS<1.5) P(FS<1.6) P(FS<2.0) 

 Structures↓ 

 0 (Actual) 0.0213 0.2454 0.5808 0.7422 0.9926 

 1st 0.0184 0.2435 0.5919 0.7567 0.9946 

 2nd 0.0141 0.2367 0.6059 0.7772 0.9969 

V 3rd 0.0175 0.2473 0.6072 0.773 0.9961 

 4th 0.0392 0.3162 0.6466 0.7892 0.994 

S 5th 0.0485 0.3425 0.6667 0.8019 0.9941 

 6th 0.0488 0.3417 0.6641 0.7996 0.9939 

 7th 0.0406 0.3067 0.6256 0.7682 0.9914 

 8th 0.0271 0.2542 0.5721 0.727 0.9889 

 9th 0.0211 0.2226 0.5326 0.6931 0.986 

 10th 0.0364 0.2629 0.555 0.7000 0.9808 

 11th 0.0378 0.2613 0.5487 0.6927 0.9786 

 12th 0.0295 0.2534 0.5614 0.7135 0.9861 

 13th 0.0243 0.2341 0.5422 0.699 0.9856 

 14th 0.0132 0.2065 0.547 0.7212 0.9931 

 15th 0.0152 0.2225 0.5691 0.7397 0.9941 

 16th 0.0259 0.2567 0.5824 0.7386 0.9909 

 17th 0.0263 0.2526 0.5726 0.7283 0.9895 

 18th 0.0271 0.2538 0.5709 0.7255 0.9887 

 19th 0.0173 0.2258 0.5616 0.7286 0.9923 

 20th 0.0227 0.2336 0.5476 0.7065 0.9873 

 21st 0.0149 0.2088 0.5385 0.7089 0.9909 

 22nd 0.0081 0.1882 0.5481 0.7336 0.9958 

 23rd 0.0641 0.326 0.6032 0.7318 0.9795 

 24th 0.0502 0.3148 0.6143 0.7508 0.9868 

 25th 0.0368 0.298 0.6212 0.7668 0.9919 

 26th 0.0324 0.3025 0.644 0.7917 0.9952 

 27th 0.027 0.2755 0.6143 0.7685 0.9939 

 28th 0.0248 0.2644 0.6007 0.7572 0.9931 

 29th 0.019 0.2428 0.5861 0.7501 0.9939 

 30th 0.0206 0.2637 0.6202 0.781 0.9959 
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Figure 13. Profile of the variation in the probability of wedge failure from the actual to the final VS (along 

the +x-direction). 

6. Conclusions 

We focused on determining the instabilities of 

the present and planned excavated surfaces and 

their visualisation in this work. The modelling 

study consisted of several analysis steps from 

descripting the geometry of tetrahedral wedge 

blocks that form along the crest of slope to the 

probabilistic analysis of the actual and planned 

excavation surface(s). Finally, the mean and 

probabilistic profiles were generated for the aim 

of predicting the instabilities in this direction.  

The evaluations of the model and their results 

could be summarized as follows: 

1) The changes and fluctuations can be 

clearly seen in the mean (Figure 11) and 

probability (Figure 13) profile results of FS 

from the actual excavation structure to the final 

VS. These mean and probabilistic curves in both 

graphs support each other;  

2) In these curves, slight increases and 

drops can be observed between the 3rd-8th, and 

22nd-28th VSs, respectively. In addition, 

moderate changes are shown between the 9th 

and 21st. However, the mean FS curve does not 

exceed the safety limits in the +x direction 

(Figure 11);  

3) There is no doubt that changes in the 

mean and the probability of FS are closely 

related to the presence and quantity of the 

generated wedges of different shapes and 

volumes on each VS. On the other hand, the 

presence and quantity of the generated wedges 

in different shapes and volumes on each VS are 

related to the β, /2, θ and 𝜙 parameters used in 

the model. In our work, any other parameters 

such as strength were not considered;  

4) With the developed Repetitive 1D 

sampling of the RCP sub-model, a practical and 

fast analysis of the new excavation surfaces 

planned behind the current excavation surface 

was provided by recording few data. It is clear 

that the proposed approach can be used in rock 

masses with discontinuities that have a regular 

geometry. As an example, discontinuities seen 

on the top of the left and right of the sampled 

rock surface could be modelled (Figure 6), even 

though they do not scan with 1D scan-line 

sampling on the actual excavation surface 

(Figure 8c); 

5) When compared with the approach of 

modelling the whole rock mass using data on 

the existing surface, the developed model can 

provide a more detailed evaluation of rock mas 

behaviour with respect to its future stability by 

dividing the rock mass into VSs; 

6) The authors achieved nearly the same 

FS probability trends for each new set of 10,000 

samplings;  

7) The model could also be performed for 

slope excavation in the different directions that 

were not sampled in this work; 

8) The produced datasheets were flexible 

enough to consider other natural properties that 

affected the wedge failure of the rock material 

and could be adapted to other detailed LE 

approaches. Such analyses require further study 

so that the instabilities can be estimated more 

precisely;  
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9) According to the results obtained, the 

sampling slope seems stable but wedge 

response failures are frequently observed in the 

region, especially in the precipitation seasons, 

due to the decrease in the strength parameters. 

Therefore, we suggest that the existing slopes in 

the region should be improved in terms of 

stability; 

10) The model is limited to several 

assumptions. These assumptions are the 

linearity and the continuity of discontinuities in 

RPC. In addition, it was assumed to continue the 

discontinuities with the same spacing and 

orientation properties outside the 1D scan-line 

in the work. 

The model is a simple and fast tool for assessing 

stability during the excavation process in every 

phase of any excavation application and design 

process. In addition, the model and its results in 

this work are believed to be useful for a further 

understanding of the probabilistic slope stability 

concept. 
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 چکیده:

است. در  یضرور یامر نیزم یاستخراج سنگ، در مهندس یبرا یزیراجرا و برنامه ندیاستخراج سنگ درطول زمان فرآ یدر ط هاوارهیدرد یداریاحتمال ناپا نیتخم

ه شد یزیدر امتداد جهت استخراج برنامه ر دیموقت جد ای ی( دائمیهابی)ش یهاوارهیشامل د یااحتمال شکست گوه یابیارز یبرا یروش مدل ساز کیمقاله،  نیا

ها ادهد لیتحل یساختار ستمیس کی نجایشدند. در ا نییتع یدر مرحله اول بصورت هندس ،یاگوه یهاشامل بلوک یسنگ یهاوارهید یارائه شده است. ساختارها

دهد، استفاده کند و آشکار سازد. مرحله دوم شامل  وسعهشکل گوه ت یرا برا یهندس طیاستفاده شد تا ضرورت شرا یو خط یبنددسته ،یلترسازیشامل روابط ف

رحله است. م یاستخراج ی جدیدشده یزیرو برنامه یها در هر دو سطح واقعتعادل محدود حد مجاز گوه زیبا استفاده از آنال یمنیفاکتور ا نییو تع یتجسم سه بعد

که  دیجد یوارهیاستفاده شد. سطح د یاستخراج دیجد یشده یزیو برنامه ر یدو سطح واقع یبر رو یداریناپا یابیارز یمونت کارلو است که برا یساز هیآخر شب

شده  یزیدر جهت استخراج برنامه ر یمنیفاکتور ا یاحتمال راتییو تغ نیانگیکار، م نیا یجهی. در نتشودیم دهینام یمجاز یهنوز استخراج نشده است ساختارها

 یرا. مدل ارائه شده بمیکن یم شنهادیپ یدر جهت گودبردار یاو احتمال شکست گوه نیانگیم یرا برا هیاول یها. ما دستورالعملآمدبدست  لیپروفا کیبه قالب 

 یجهید و نتش سهیمقا جینتا نیانگیمونت کارلو با م یساز هیبه دست آمده از محاسبات شب فاکتور ایمنی جیشد. نتا شیبزرگراه آزما کی یوارهید یداریپا نییتع

 قبول بود. قابلکار 

 سازی مونت کارلو.ی، شبیهریتصو یهاییبازنماها، ای تحلیل دادهشکست گوه کلمات کلیدی:

 

 

 

 


