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Uncertainty Analysis of the Stability Parameters of Rock Walls
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The purpose of this paper is to investigate the effects of natural uncertainties and effective parameters
on the stability of plate-type rock walls. For this, the effective factors and geo-mechanical properties
in the study area were obtained using field experiments. Stability analysis of rock walls was
investigated for 40 scenarios in dry and saturated states. These parameters were then evaluated using
Easyfit software and Markov chain analysis and Monte Carlo simulation by Rock Plane software.
Comparison of the results of numerical and uncertainty methods shows that the rock walls with 60-80
degree slope are stable; and In saturated state they require stability due to the reduction of shear
strength. Fixation of the rock walls was also investigated, indicating an optimum angle of 30° for the
installation of the rock screw. The results show that the Monte Carlo simulation provides a simpler

interpretation and the uncertainty methods are more accurate and reliable than the numerical methods.
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1. INTRODUCTION

Investigation of rock wall stability in geotechnical structures such as dams, tunnels, and
mines etc. is very important [1]. The stability analysis of rock slopes is one of the most
important parts. The study of the potential instability of these walls is one of the important
issues of geology and lithology in recent decades [1-5]. Geological, hydrological, and
topographic properties are studied using effective parameters. These parameters affecting
the stability of rock slopes are:

Friction angle, adhesion coefficient, density, gradient topography, total solid altitude,
surface, solid slope, fracture depth, total water pressure in the fracture, pore pressure, depth
of water saturated fractures [6].

In recent decades, rock wall stability has been studied using various methods including
fuzzy logic and artificial neural network [7-11].

However, in these studies the stability analysis of rock walls by different methods and their
comparison in different modes has not been performed. Due to changes in parameters
affecting rock walls stability, uncertainty methods are used [12-17].

Stability analysis of rock walls using manual calculations is time consuming and error-
prone. With the advancement of computers and software, sophisticated and advanced
numerical methods are being used.

The Stability analysis of rock walls is due to uncertainty and changes in physical and
mechanical properties of rock parameters.

So for more accuracy and less error, we use reliable computational methods such as Monte
Carlo method and Markov chain [18-21].

The Markov chain method is a powerful method for analyzing the stability of rock walls
based on conditional probabilities and case transition matrices. In addition to reduce the
model error, this method can increase the accuracy of the model by determining the value
of each parameter [21].

The Monte Carlo simulation method is also more reliable than the safety factor derived from
the deterministic analysis because of assigning the probability distribution function to each
parameter in order to account the probability of instability. In this method, the influence of

parameters is investigated simultaneously using Rock plane software [22].
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The rock walls are stable in the dry state due to the shear strength parameters. These
gradients are likely to be unstable due to increased pore pressure and decrease shear strength
parameters [19].

In this paper, due to uncertainties and changes in the physical and mechanical properties of
rock, the stability analysis of rock walls has been done using Markov chain methods, and
Monte Carlo simulation has been done using Rock Scale software. In this analysis, for the
slopes 60 to 80 degrees in dry and saturated mode, the effect of 11 effective parameters in

40 events is simultaneously investigated.

2. MATERIALS AND METHODS

The parameters such as geological, hydrological and tectonic parameters affect the stability
or instability rock slopes. To calculate the coefficient of confidence, the ratio of shear
strength to shear stress is calculated. Today, the different methods developed for calculation
of instability rock slopes [1-5].

These methods sorted two analytical and numerical method categories. The analytical
method is simple but this method cannot give the suitable error bar of the result. The results
of numerical methods have a better agreement with experimental methods results than other
methods.

The stability analysis of rock walls in the study area has been done using Markov chain

methods, and Monte Carlo simulation has been done using Rock Scale software.

The area with coordinates of 49" 41' 37" longitude and 32" 54" 23" latitude is located in 100

km southern Aligoodarz, Lorestan province and within Zagros Mountains (Figure 1) [23].
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Aligoodarz

‘(:: Roodbar dam

Fig. 1. Map of the position of study area

From the viewpoint of geology, the study area is located in the crush zone of Zagros. Often,
the areas include an enormous mass of tectonized materials from the type of Dolomite and
Dolomitic limestone fractured rocks. Structural properties such as slide dip and fracture

depth are considered as determinants of the stability of rock instabilities in the area.

2.1. METHODS USED TO ANALYZE THE STABILITY OF ROCK WALLS

Four common types of failures in the rock walls are: planar, wedge, Toppling and Circular
failures. It's important to distinguish these four types of failures because stability analysis
for each of these cases, are different (Figure 2) [24]. The proper analysis method is very
important in design. In this study, an example of a planar failure is investigated. Using the

obtained data from the study area, the stability analysis of the rock walls has been done.
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b) Wedge failur
(a) Planar failure 5 Wiage Tallote

(d) Circular failure

Fig. 2. Types of rock walls failures

2.1.1. SIMULATION OF MONTE CARLO USING ROCK PLANE SOFTWARE

The Monte Carlo method can analyze probabilistic problems with any probability density
function. Each parameter has a specific statistical distribution that should be identified. In
order to use this method, at first, it is necessary to product the random numbers with any
type of distribution using software such as Easyfit.

The Factor of safety without the maintenance system is obtained from equation 1 and with

the maintenance system from equation 2 [25].

FS = cA+(Wcos Yp—U—Vsin p) tang
Wsin 1p +V cos p (1)

FS = cA+(WcospP —=U—=Vsin PP + T sin (YT + YP)) tan(p)
Wsin P +VcospP —T cos (T + P ) ©)

Where c is adhesion, y is Density, W is Weight, ip is Slide Dip, Zw is Depth of Fractures
Saturated by Water, T is the rock anchoring force, ¢ is the internal friction angle of the slider.
A is the instability area and is obtained from the following equation:

A= (H + btan(s) — Z)(csc(y)) 3)

For depth Zw, the forces of U is Pore Water Pressure and V is Total Water Pressure in Fractures

are calculated as follows:

U= l}/WZW(H + b.tan(y;) — Z). csc(¥y)
d )
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V—1 T
_Zyww (5)

yw is specific gravity of water. The instability block weight force is also obtained as follows:
1 1
W=y, [(1 — cot() tan()) (BH +5 H cot(upy) ) +5 b (tan(ihy) — tan(l/Jp))]

(0)

yr is specific gravity.

2.1.2. MARKOV CHAINS MODELS

The Markov chain model includes a system in which a series of changes from one state to
another occurs over time. these changes can be measured at discrete intervals. (Wt)
discontinuous modes are available and (Wt+1) is used to predict the next state by
multiplying the probability matrix by the time t. t: Wt+1 = Wpt where Wt is an n X 1 state
vector at time t, Pt is a nxn transition probability matrix, and n is maximum discontinuous
states in a chain model. Pij is probability of transition of discontinuous states from state i to

state j between time t and t + 1 [26].

({i<n)
Py Pa - P
P = p.Zl Py o Py
DPni Pp2 - Ppn 7

For the desired time period:

tt=L2,.,k)
The transition probability matrix is as follows:

{py>0,vijel,.., N}

N
zpij(t) =1
®)

If the transition probabilities do not change over time K, the process will be as

We+k)=WOF, 1 other words, the probability of being in a state depends on the

knowledge of existing state and knowing the earlier states of the system does not change

the mentioned possibility anything.
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If the states of the system are as {A1, A2, ...., Ak}, then the probability that the system be
in state Aj at time t, and in state Ai at the time t + 1, will be PjPji. So the probability that the
system be in state Ai at time t + 1 can be obtained from the following equation:
[
B =Y PP,
©)
Where Pi is obtained by multiplying the vector P in column of the matrix P. As a result, the
probability in time t + 1 is:

k k k
P+1) = (L PPy Y PP Y PP
j=1 j=1

(10)
In this paper, direct field data were used to make the transition probability model. In this
method, transfer matrix Pij is obtained directly from field data (Table 2).

Discontinuous transition probability matrix, transmission sequence Zij from the
replacement of discontinuous state i, for each time interval At is calculated by state j during
the time At [7].

p - Zi

= —3
37
! an
In this method, the sequence data are related to changes of observed data rates of discrete
states over time. Using these data can estimate the values of transmission possibility by
linear programming optimization method. Pij values were limited between [0, 1] and
transition probability matrix was repeated for several periods to determine the rates of
changes. This method is based on the assumption that the possibility of transmission is fixed
and does not change over time. Structural (geology), geotechnical, topographical and
hydrogeological properties are among the most important factors affecting the stability. In
this section, having changed each of the characteristics, the instabilities were analyzed and
the safety factor for each of them was obtained.
The results of the studies suggest the rock instability in the slopes above 60 degrees. The
properties of the lithological units are shown in Tables land 2.
Various geotechnical tests were done on the rock samples in the area. Finally, the numeral
values for the factors as friction angle, adhesion coefficient, and density were determined

using the Rock lab software.
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Topographical properties are among the factors affecting the stability of rock instabilities.
The results indicate that there are almost identical values for topography slope (1)) 60 to
80 degrees, the total height of slid (H) and area (A) for any factor.

Hydro geological properties as total water pressure in fractures (V), cavity water pressure

(U) and depth of fractures saturated by water (Zw) are the most important factors in rock

instability.

The parameters that influence the stability of the rock walls as input data in dry and saturated

state are shown in Tables 1 and 2.

Table 1. Network inputs for scenarios in the dry state in the area

Geotechnical Topographical Geological Hydrogeological
Properties Properties Properties Properties
= k=]
—~ — g ] —

_ @) =) = = s 5 £
B = = = g 5= -
) = -] o < jes) < g 2 g
El= |2 |5312 |5 |g|2 |8 |295 |32
§ | 2 E~ | = | &= @ S | & = g5 4 _| 82
2 ) D = a e = =~ a 50 £ s
n =) SE | < o S < =% o S5 T e 5w
< o= x| & = = A a 28 52| 838
g g 'z g b 2 ° 2 =3 = S5
8 8 £ | g 5 218 5 b= =5

= 7 O 0 = = —
R3] S A 1) jas) = S © X % s S
= = ) = [ g9 5 S M

< = 3 = 5| < =

= a

1 40.0 4.1 23| 63.0 | 150 | 2.0 | 61.0 43 2.0 8.0 8.0
2 42.0 4.3 23 ] 61.0 | 150 | 2.0 | 60.0 4.2 2.0 2.0 10.0
3 42.0 4.3 23 1 60.0 | 150 | 2.0 | 62.0 4.5 2.0 6.0 9.0
4 44.0 4.5 231 620 | 150 | 2.0 | 61.0 4.1 2.0 4.0 8.0
5 42.0 4.1 23| 61.0 | 150 | 2.0 | 61.0 4.4 1.0 5.0 11.0
6 41.0 4.0 23] 640 | 150 | 2.0 | 60.0 4.5 1.0 3.0 9.0
7 42.0 4.4 23| 63.0 | 150 | 2.0 | 60.0 4.6 1.0 7.0 13.0
8 41.0 4.2 23| 61.0 | 150 | 2.0 | 62.0 4.4 1.0 5.0 9.0
9 41.0 4.2 23| 65.0 | 150 | 2.0 | 60.0 4.6 2.0 7.0 8.0
10 | 42.0 4.1 23| 640 | 150 | 2.0 | 61.0 4.3 2.0 5.0 12.0
11 39.0 4.1 23 ] 66.0 | 150 | 2.0 | 65.0 4.9 2.0 4.0 14.0
12 | 39.0 4.0 23 | 68.0 | 150 | 2.0 | 64.0 5 2.0 7.0 13.0
13 | 37.0 3.8 23| 69.0 | 150 | 2.0 | 66.0 5.1 1.0 | 12.0 | 12.0
14 | 38.0 3.7 23 | 68.0 | 150 | 2.0 | 68.0 5.2 1.0 | 11.0 | 19.0
15 | 36.0 3.8 23| 70.0 | 150 | 2.0 | 67.0 5 1.0 | 11.0 | 24.0
16 | 42.0 4.4 231 630 | 150 | 2.0 | 62.0 4.3 1.0 7.0 24.0
17 | 43.0 43 23| 66.0 | 150 | 2.0 | 61.0 4.1 2.3 7.0 10.0
18 | 41.0 4.5 23| 64.0 | 150 | 2.0 | 60.0 4.3 2.2 4.0 18.0
19 | 42.0 4.5 23| 64.0 | 150 | 2.0 | 60.0 4.1 2.1 8.0 14.0
20 | 38.0 3.9 23| 62.0 | 150 | 2.0 | 64.0 4.7 2.5 | 12.0 | 25.0
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Table 2. Network inputs for scenarios in the saturate state in the area

Geotechnical Topographical Geological Hydrogeological
Properties Properties Properties Properties
= ]

s |8 s | £ g |£]5 |=
= 5 o | e ) 5 = 2F o g
5 lg |Ex|2 |8 |3 |2 |8 |2 |83s-]|82
12 |2E|8 |2 |5 |= |2 |8 |29<€|%%
< S| 2 | & |z s | & =) g5 52|28
5 5 zZ | g | = g =22 E 2
b= z g | B 2 < | = 8 sF B -3
R 51 A 1) T 7 g > o s 8
is 5 5 E £ £° 5 i

< = kS = S|~ =

= [a}

1 420 | 42 | 23| 650 | 150 | 20 | 600 | 43 |23 | 150 | 8.0
2 41.0 | 43 | 23| 63.0 | 150 | 2.0 | 61.0 | 4.1 3.1 | 140 | 83.0
3 40.0 | 43 | 23| 66.0 | 150 | 2.0 | 600 | 42 | 32| 13.0 | 79.0
4 39.0 38 [ 23680 | 150 [ 2.0 | 650 | 49 | 3.6 | 140 | 74.0
5 420 | 43 | 23| 63.0 | 150 |20 | 600 | 44 | 33| 12.0 | 76.0
6 430 | 45 |23 | 650 | 150 | 2.0 | 61.0 | 43 1.0 | 14.0 | 68.0
7 41.0 |44 23| 640 | 150 | 2.0 | 60.0 | 43 1.0 | 13.0 | 77.0
8 420 | 43 | 23| 64.0 | 150 | 2.0 | 60.0 | 4.1 1.0 | 13.0 | 75.0
9 40.0 38 |23 660 | 150 [ 2.0 | 68.0 | 48 | 3.0 | 18.0 | 99.0
10 | 38.0 37 |23 680 | 150 [ 2.0 | 66.0 | 46 | 2.8 | 19.0 | 98.0
11 | 36.0 38 | 23] 670 | 150 | 20 | 690 | 49 | 3.0 | 19.0 | 940
12 | 37.0 | 037 | 23 | 67.0 | 150 | 20 | 71.0 | 45 | 2.7 | 20.0 | 94.0
13 | 39.0 36 | 23| 680 | 150 | 20 | 680 | 48 | 3.1 | 18.0 | 96.0
14 | 38.0 38 | 23] 660 | 150 | 20 | 60.0 | 47 | 3.1 | 17.0 | 90.0
15 | 360 | 40 |23 | 680 | 150 | 20| 720 | 46 | 3.1 | 17.0 | 93.0
16 | 38.0 39 | 23] 680 | 150 |20 | 700 | 49 |33 | 19.0 | 950
17 | 39.0 39 |23 670 | 150 [ 2.0 | 67.0 | 48 | 42 | 150 | 72.0
18 | 38.0 38 | 23] 700 | 150 | 20 | 660 | 4.6 | 4.1 | 14.0 | 76.0
19 | 36.0 37 | 23] 68.0 | 150 | 20 | 68.0 | 47 | 44| 16.0 | 740
20 | 380 | 40 | 23| 69.0 | 150 | 2.0 | 69.0 50 | 43| 19.0 | 94.0

Then using Easyfit software, the best statistical distributions were identified and their
distribution parameters were noted. Then their mean and standard deviation of them were
obtained, and finally, based on this information the case study is modeled using the Monte
Carlo method in Rock Plane software, which is specially designed for the fracture of the
rock plate. After calculating the safety factor and the probability of failure, the results of

each calculation are recorded. Finally, the most appropriate and safe mode was selected.
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2.2. IDENTIFY THE BEST STATISTICAL DISTRIBUTION OF EACH PARAMETER BY EASYFIT

SOFTWARE

In EasyFit software, the statistical distribution of each random variable and the probability
of the variable being within a specified interval are examined.

This software is designed to provide reliable data analysis and select the best model. Using
EasyFit software makes it easier and faster to choose the best probability distribution for the
data. The analysis time and error are also greatly reduced.

The best distribution for the adhesion parameters and friction angle is a uniform distribution,
and for topography dip is a normal one. The best distribution for slide dip is a normal log,
and for the pore water pressure in the stretching failure and in planar failure is the beta

distribution.

2.3. CALCULATING THE AVERAGE VALUE AND STANDARD DEVIATION OF EACH

PARAMETER BY SPSS SOFTWARE

Due to the fact that Easyfit software does not show the mean and standard deviation of beta
and normal log distributions, SPSS software is used. The mean and standard deviation of
the three parameters total water pressure in fractures, pore water pressure and depth of
fractures saturated by water are calculated and shown in Table 3.

After performing statistical operations on data using Easyfit software, data is prepared to

enter the Rock Plane software, as shown in Table 3.

Table 3. Variable parameters obtained to enter the Rock Plane software

Parameter Statistical | Average | Standard | Minimum | Maximum
distribution deviation amount amount

Adhesion Coefficient (C) (t/m?) Uniform 4.10 - 3.60 4.50

Friction Angle (¢) (o) Uniform 39.97 - 36.00 44.00

Topography Dip (1)) (0) Normal log | 65.45 2.86 60.00 70.00

Depth of Fractures Saturated by | Normal log 2.70 1.15 1.00 4.40

Water (Zy) (m)

Slide Dip (yp) (0) Normal log | 64.27 3.42 60.00 72.00

Pore Water Pressure (U) (kPa) Beta 11.75 5.34 2.00 0.200

Total Water Pressure in Beta 47.49 3.46 8.00 99.00
Fractures (V) (kPa)
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Parameters total height of slid, area, fracture depth, density which are fixed are shown in
Table 4.

Table 4. Fixed parameters obtained to enter the Rock Plane software

Parameter | Density (y) | Total Height | Area (A) Fracture
(t'm%) of Slid (H)(m) (m) Depth (Z)(m)

Value 2.33 15.00 2.00 5.00

3. DISCUSSION

To compare the different structures, some indices are required to evaluate the function of
the proposed model in the entire data model and compared with experimental results (as
shown in tables 2 and 3).

These data were obtained in wet and dry conditions showing there are changes in adhesion,
friction angle, tilt and slope failures in scenarios 1 to 20 in the dry state, and there are
increasing the water pressure in the joints and pore water pressure in failure surface in

scenarios 21 to 40 in the wet state.

3.1. ANALYSIS OF THE STABILITY OF ROCK WALLS USING MARKOV CHAIN METHOD

This slope stability analysis has been done considering the safety factor. Due to the
instability factors in the region, rock slope safety factors were evaluated using Markov chain
method. The occurrences in the area are 40 scenarios based on 11 factors. The results
indicate that the slopes of the area in a dry state are stable at 17 modes and unstable at 3

modes.
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0.8

Safety factor

0.6

0.4

0.2

1 2 3 4 5 6 7 8 910 11 12 13 14 15 16 17 18 19 20

Scenario

Fig. 3. Safety factor for scenarios in the dry state

In a saturated state, they are stable at 14 modes and unstable at 6 modes. The study indicates

that the Markov chain method has the ability to predict the degree of stability of rock slopes.

Figures 3 and 4 shows safety factor prepared of Markov chain at dry state and saturated state

respectively.

1.4

Safety factor

21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40
Scenario

Fig. 4. Safety factor for scenarios in the saturated state
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Considering the safety factors in the area, the parameters affecting the stability of rock
instabilities were studied using the method. 11 effective parameters for rock walls stability

in 20 dry states and 20 saturated scenarios are investigated (as shown in Figures 3 and 4).

3.2. SUSTAINABILITY ANALYSIS OF ROCK WALLS USING MONTE CARLO SIMULATION

WITH ROCK PLANE SOFTWARE

The stability analysis of rock walls was done using Monte Carlo simulation with
deterministic and probabilistic methods. The probability of failure of the rock walls of the
studied area using a maintenance system or without a preservation system has been

investigated.

3.2.1. ANALYSIS OF THE STABILITY OF ROCK WALLS BY A DEFINITE METHOD AND

WITHOUT MAINTENANCE

In the final analysis, only the average of 40 samples is taken into account, and uncertainty
on the rock walls is not considered. By entering the available data into Rock Plane software
using the definite method and without maintenance system, a safety factor is 1.28 in the dry

state, and 0.98 in saturated state.

3.2.2. ANALYSIS OF ROCK WALLS WITH MONTE CARLO PROBABILISTIC METHOD

WITHOUT MAINTENANCE SYSTEM

This probabilistic analysis is performed using Monte Carlo simulation based on random
number generation. The results are more accurate but increase the time of computer analysis.
So they are important for many computers. Under these conditions, the probability of failure
is calculated based on a larger number of samples. Also the best statistical behavior and
distribution is selected based on the statistical data. The Monte Carlo method is used to enter
mean data and other statistical parameters for each particular distribution and has been
performed 1000 times with different random numbers over time. Using this method, the

probability of failure in dry state was 17% and in saturated state 36.35%.
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The number of samples using the Monte Carlo method is important in determining integers.

The number of sampling and comparison of results convergence is shown in Table 5.

Table 5. Comparing the convergence of the results with the number of samples

Scenario | Probability of Failure (%) Random numbers
1 43.86 100
2 38.46 500
3 37.58 1000
4 36.89 2000
5 36.60 20000
6 36.35 100000
7 36.35 200000

According to the above table and the number of random numbers obtained from the
software, the probabilities of failure with 100000 and 200000 numbers are equal, and

converge to 36.35 %. Thus, the highest number of random samples needed to analyze the

stability of the confined rock walls in this study is 100,000.

3.2.3. ANALYSIS OF ROCK WALLS WITH MONTE CARLO PROBABILISTIC METHOD WITH

Due to the probability of a planar failure in the saturate state, the maintenance system should
be designed for slopes 60 to 80 degrees. Here, by the installation of 11 Rock bolts with the
specifications given in Table 5, despite the safety factor of 5.022 in the deterministic

method, in the probability method, the probability of failure for the dry state still was 3.41

MAINTENANCE SYSTEM

% and for the saturated state was 7.58%.
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Fig. 5. A view of the shape of the rock walls and rock bolts installed using the Rock Plane software
Therefore, it can be concluded that probabilistic methods for rock mechanics are more
rational than because of uncertainty in geology. Based on the frequent application of the

software, the best Rock Bolt mounting angles were obtained at 30 degrees (best safety

coefficient) shown in Figure 5 and Table 6.

Table 6. Specifications of installed rock bolts for the stability of rock walls in a probabilistic method

mal Force 85.30 t/m

Number | Angle Capacity Length Anchlength
©) (tm) (m) (m)
1 30.0 20.00 5.00 4.943
2 30.0 20.00 5.00 4.938
3 30.0 20.00 5.00 4917
4 30.0 20.00 5.00 4671
5 30.0 20.00 5.00 4671
6 30.0 20.00 5.00 4671
7 30.0 20.00 5.00 4796
8 30.0 20.00 5.00 4834
9 30.0 20.00 5.00 4820
10 30.0 20.00 7.00 4839
11 30.0 20.00 7.00 4853
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3.3. COMPARISON OF THE PROBABILITY OF FAILURE OF ROCK WALLS USING MARKOV

CHAIN METHODS AND MONTE CARLO SIMULATION

The probability of failure of the rock walls of the studied area was obtained using Markov
chain and Monte Carlo simulation with maintenance system and without.
The Monte Carlo simulation method shows a higher probability of failure, which suggests

a more cautious approach (as shown in Table 7).

Table 7. The probability of failure rock walls using probabilistic Markov methods and Monte Carlo simulation

state Simulate Monte Carlo with Rock Plane Software | Markov chain method
With maintenance No maintenance No maintenance
system system system
In dry state 341 % 17.00 % 00.15 %
In saturated state 7.58 % 36.35% 30.00 %
4. RESULTS

In this paper, it was shown that with increasing cavity water pressure, the reliability index
decreases. Given the speed of as well as the advancement of software programs, the use of
numerical techniques such as the Monte Carlo simulation method seems to be better than
the other classical probabilistic methods.

In scenarios 13, 14 and 15 in the dry state, due to the decrease in the parameters of friction
angle and adhesion coefficient, the safety factor decreased to 0.92. Also, in the saturation
mode the safety coefficients of scenarios 32 to 36 and 40 decreased to 0.87 due to the
increase in parameters Total Water Pressure in Fractures and Pore Water Pressure.

This decrease indicates the importance and influence of these parameters on the stability of
the rock walls.

Finally, based on the Markov chain method and the Monte Carlo simulation method using
the Rock plane software in dry and saturated states, we conclude:

The results show that probabilistic methods are more prudent than deterministic methods.
Also the stability values obtained from probabilistic methods are less than deterministic

methods. Therefore, probabilistic methods are more reliable than deterministic methods.
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Given that rock failure is a natural phenomenon, the results indicate a very good match
between numerical and software methods with the rules and principles of rock mechanics,
so it has the ability to predict the stability of rock walls. Finally, it can be said that the
proposed method has the ability to model based on effective parameters that are commonly
used in the early stages of exploration.

Using the results obtained from the Markov chain and the Monte Carlo simulation using the
Rock plane software, we can say that the rock walls are more stable in a dry state than in
saturated state. In the saturated state, the coefficient of reliability decreases due to the
reduction of the shear strength parameters.

The results show that in Markov chain method, given that each mode has a greater impact
than the previous one, it is a suitable method for the stability of rock walls, but the Monte
Carlo simulation is more cautious. To reduce the cost of laboratory sampling, fewer samples
can be taken, but instead of the deterministic method, probabilistic methods and software,

that is a virtual lab, can be used.

REFERENCES

1. Kalkani, E. C, “Stability analysis of rock slopes”, Water Power, 1976.

2. M.J.Kanda, T. R. Stacey, “The influence of various factors on the results of stability analysis of rock
slopes and on the evaluation of risk”, Journal of the Southern African Institute of Mining and
Metallurgy 116: 1075-1081, 2016.

3. M. Valipour, M. E Banihabib, S. M. R. Behbahani, “Comparison of the ARMA, ARIMA, and the
autoregressive artificial neural network models in forecasting the monthly inflow of Dez dam
reservoir”, Journal of hydrology 476: 433-441, 2013.

4. N. Gupta, “Artificial neural network”, Network and Complex Systems 3: 24-28, 2013.

5. P.Kayastha, M. R. Dhital, F. D. Smedt, “Application of the analytical hierarchy process (AHP) for
landslide susceptibility mapping: a case study from the Tinau watershed, west Nepal”, Computers &
Geosciences 52: 398-408, 2013.

6. B. Stimpson, “Modelling materials for engineering rock mechanics”, In International Journal of Rock
Mechanics and Mining Sciences & Geomechanics Abstracts, 7: 77-121, 1970.

7. M. Yousefirad, “Hydrostratigraphy of Haftad Gholle Karst, Markazi province, Iran, optimized by
Fuzzy Logic”, Geofisica Internacional 51: 365-376, 2012.

8. I Yilmaz, “Comparison of landslide susceptibility mapping methodologies for Koyulhisar, Turkey:
conditional probability, logistic regression, artificial neural networks, and support vector machine”,
Environmental Earth Sciences 61: 821-836, 2010.

9. M. Yousefirad, S. Mokhtar, “The classification of hydrostratigraphic units of North Mahallat based
on fuzzy logic”, Journal of Food, Agriculture & Environment, 10: 823-827, 2012.

10. S. Chauhan, M. Sharma, M. K. Arora, N. K. Gupta, “Landslide susceptibility zonation through ratings
derived from artificial neural network”, International Journal of Applied Earth Observation and
Geoinformation 12: 340-350, 2010.



720

www.czasopisma.pan.pl P@N www.journals.pan.pl

S. MOKHTAR, M.Y. RAD

1.

12.

13.

14.

15.
16.
17.

18.

20.

21.
22.
23.
24.
25.

. A. Mahdiyar, M. Hasanipanah, D. Jahed Armaghani, B. Gordan, A. Abdullah, H. Arab, “A Monte

27.

S. K. Das, R. K. Biswal, N. Sivakugan, B. Das, “Classification of slopes and prediction of factor of
safety using differential evolution neural networks”, Environmental Earth Sciences 64: 201-210,
2011.

Q. Li, C.L Chan, B. K. Low, “Probabilistic evaluation of ground-support interaction for deep rock
excavation using artificial neural network and uniform design”, Tunnelling and Underground Space
Technology 32: 1-18,2012.

L. L. Zhang, Z. B. Zuo, G. L. Ye, D. S. Jeng, J. H. Wang, “Probabilistic parameter estimation and
predictive uncertainty based on field measurements for unsaturated soil slope”, Computers and
Geotechnics 48: 72-81, 2013.

D. Q. Li, T. Xiao, Z. J. Cao, C. B. Zhou, L. M. Zhang, “Enhancement of random finite element
method in reliability analysis and risk assessment of soil slopes using Subset Simulation”, Landslides
13:293-303, 2016.

A. Kaur, Amritpal, R. K. Sharma, “Slope stability analysis techniques: A review”, International
Journal of Engineering Applied Sciences and Technology 1: 52-57, 2016.

H. El-Ramly, N. R. Morgenstern, D. M. Cruden, “Lodalen slide: a probabilistic assessment”,
Canadian Geotechnical Journal 43: 956-968, 2006.

N. Babanouri, H. Dehghani, “Investigating a potential reservoir landslide and suggesting its treatment
using limit-equilibrium and numerical methods”, Journal of Mountain Science 14: 432-441, 2017.
G. G. lovine, R. Greco, S. L. Gariano, A. D. Pellegrino, O. G. Terranova, “Shallow-landslide
susceptibility in the Costa Viola mountain ridge (southern Calabria, Italy) with considerations on the
role of causal factors”, Natural hazards 73: 111-136, 2014.

. H. Tang, R. Yong,M. E. Eldin, “Stability analysis of stratified rock slopes with spatially variable

strength parameters: the case of Qianjiangping landslide”, Bulletin of engineering geology and the
environment 76: 839-853, 2017.

X. L. Yang, L. Li, J. H. Yin, “Stability analysis of rock slopes with a modified Hoek—Brown failure
criterion”, International Journal for Numerical and Analytical Methods in Geomechanics 28: 181-
190, 2004.

J. Xiaoyu, Q. Jianping, W. Chenghua, and Z. Yu, “Computer simulation of landslides by the contact
element method”, Computers & geosciences 32: 434-441, 2006.

W. Li, C. Zhang, “A single-chain-based multidimensional Markov chain model for subsurface
characterization”, Environmental and Ecological Statistics 15: 157-174, 2008.

S. H. Jiang, D. Q. Li, Z. J. Cao, C. B. Zhou, K. K. Phoon, “Efficient system reliability analysis of
slope stability in spatially variable soils using Monte Carlo simulation”, Journal of Geotechnical and
Geoenvironmental Engineering 141: 04014096, 2014.

S. Mokhtar, M. Yousefirad, “The Stability Analysis of Rok Walls by Artificial Markov Chains in the
Roodbar in Lorestan, Iran”, Journal of Engineering and Applied Sciences, 12: 2361-2366, 2017.

E. Hoek, J. D. Bray, “Rock slope engineering”, CRC Press, 1981.

Carlo technique in safety assessment of slope under seismic condition”, Engineering with Computers
33:807-817, 2017.

W. Ching, H. Ximin, K. N. Michael, S. Tak-Kuen, “Markov chains Models, algorithms and
applications”, Springer Science+ Business Media, 2013.

LIST OF FIGURES AND TABLES:

Fig. 1. Map of the position of study area

Fig. 2. Types of rock walls failures

Fig. 3. Safety factor for scenarios in the dry state

Fig. 4. Safety factor for scenarios in the saturated state

Fig. 5. A view of the shape of the rock walls and rock bolts installed using the Rock Plane

software



www.czasopisma.pan.pl P@N www.journals.pan.pl

UNCERTAINTY ANALYSIS OF THE STABILITY PARAMETERS OF ROCK WALLS 721

Tab. 1. Network inputs for scenarios in the dry state in the area

Tab. 2. Network inputs for scenarios in the saturated state in the area

Tab. 3. Variable parameters obtained to enter the Rock Plane software

Tab. 4. Fixed parameters obtained to enter the Rock Plane software

Tab. 5. Comparing the convergence of the results with the number of samples

Tab. 6. Specifications of installed rock bolts for the stability of rock walls in a probabilistic
method

Tab. 7. The probability of failure rock walls using probabilistic Markov methods and Monte Carlo

simulation

Received: 12.08.2019, Revised: 4.08.2020



