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Abstract: In analysis and design of rock structures, determination of geomechanical parameters is very
important. Discontinuity characteristics severely affect these parameters. But uncertainty in discontinuities
and inherent inhomogeneity of rock mass decreases the reliability toward the determined parameters. In
this situation, considering a range of parameters leads to more reliable results. In this paper, fuzzy logic
and Monte Carlo simulation are developed for considering the uncertainty in rock mass. Hoek and Brown
criterion is used as the performance function. For evaluating the efficiency of this method, available data
sets in the literature are used. First, by considering the uncertainty in input parameters consist of geological
strength index, constant of intact rock (m,) and uniaxial compressive strength of intact rock, sets of fuzzy
numbers for S, @, m, are determined. Latter, utilizing the obtained results, geomechanical parameters of
rock mass are obtained as sets of fuzzy numbers. Finally by the Monte Carlo simulation, random data are
generated and for each parameter, confidence interval is determined by the 95% of confidence. Results
indicate that the proposed method is reliable in problems with uncertainty in parameters and reduces the
risk of design and analysis.

Keywords: Uncertainty, Fuzzy Logic, Geomechanics Parameters, Monte Carlo Simulation, Hoek and
Brown Criterion.

INTRUDOCTION

In design and analysis of rock structures, determination of compressive strength, tensile strength and
deformation modulus of rock mass are very important [1]. But for determining these parameters there is
uncertainty which leads to suspicious results [2].

Researches developed various experimental models for determining strength parameters and
deformation modulus of rock mass. One of the useful criteria in determining deformation modulus and
strength parameters is Hoek and Brown criterion [3]. To determine theses parameters, input parameters are
considered as a crisp value, which is usually average value. Therefore, due to the uncertainty in the rock
mass, results are not very reliable.

Therefore, the solution is the use of methods that consider uncertainty for each parameter. In this regard,
statistical methods may be useful for determining the deformation modulus and strength parameters with a

AR 20 Voo 30l O 0 slod uind 0398



Journal of Mineral Resources Engineering (JMRE)

higher level of confidence. For example, point estimation method that was proposed by Hoek for predicting
the Hoek and Brown criterion parameters [4,5]. For this purpose, input parameters such as geological
strength index, uniaxial compressive strength, and m were considered as random variables with normal
distribution.

Today various methods such as fuzzy logic, artificial intelligence, etc. are used for considering uncertainty
in geotechnics. For example, to consider the uncertainty in estimation of deformation modulus, Fatahi
[1] and Rezaei et al. [6] utilized system vector machine and fuzzy logic methods respectively. Among
these methods, fuzzy logic is applied widely in determination of parameters with uncertainty. Because
this method, uses skilled people experience and uncertainty is considered more preciously, while the other
methods use the ability of learning on the basis of data sets [7,8].

In this paper fuzzy logic is used to study the uncertainty for Hoek and Brown criterion’s input parameters
including Geology Strength Index (GST), uniaxial compressive strength of rock material (o), intact rock
constant (/) and the strength parameters and deformation modulus of rock mass are determined. Finally,
using the Mont Carlo simulation, confidence interval for geomechanical parameters is predicted with
confidence limited 95%. The superiority of the developed method is that fuzzy logic method and Mont
Carlo simulation are used simultaneously that leads to more exact results.

DATA USED IN THE RESEARCH

In this research, fuzzy logic is applied for study the uncertainty in strength parameters (a,,,,..> ..
and deformation modulus (E(mm)) and Mont Carlo simulation is used to determine confidence limited.
Therefore, standard data sets are needed.

Sari [5] reported experimental results of Tuff rock masses located in central Antalya, Turkey. Results
are tabulated in Table 1. In this research distributed factor was set zero, because there is no induced stress
in the area.

Table 1. Data used by Sari [5]

Parameter Minimum Average Maximum Range Standard deviation
o.(MPa) 10.87 46.06 87.28 76.41 8.633

GSI 46 64.34 79 33 4.62

m; 8 13 18 10 1.91

o : Uniaxial compressive strength, GSI: Geology Strength Index, m : Intact rock constant

RESEARCH METHOD

To determine strength parameters and deformation modulus of rock mass, relations proposed by Hoek
are used [3]. Presented relations are functions of S,a,m,,c, parameters. Figure 1 shows the dependency
as a flowchart. For example tensile strength of rock mass is function of S,m,,c_parameters and S,m, are
functions of GSI. Since GSI and o, have uncertainty, thus are considered as random variables. In the
following, input parameters (Table 1) are considered as fuzzy sets and S,a,m, values are determined
and are show on as fuzzy set. Later, geomechanical parameters of rock mass are obtained. Finally, by
applying Mont Carlo simulation for fuzzy set, random samples are generated and confidence interval for
each parameter is predicted to confidence limited 95%.

DISCUSSION

For convert GSI,m_ and o, parameters to fuzzy sets, minimum, maximum and average values are used
that are shown in Table 1. By determination of fuzzy sets and on the basis of membership’s degree concept,
fuzzy numbers are divided into various intervals, so that for each degree of membership, an interval such
as [X , X] includes upper and lower bounds is obtained. By determining values corresponding to upper
and lower bonds for input parameters, S,a,m, parameters are predicted for each membership degree. By
production of fuzzy set for rock mass constants consist of S,a,m, , it is now possible to estimate strength
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parameters and deformation modulus of rock mass as fuzzy sets. Table 2 shows strength parameters and
deformation modulus of rock mass as fuzzy sets. By determining the sets of fuzzy, Mont Carlo simulation

is used to determine confidence interval for each parameter.

Rock mass

O-c(mass)

E(mass)

Blajcalea

S
GSI L

GSI

GSI

GSI

m;

Figure 1. Input parameters for determination of strength and deformation modulus of rock mass

Table 2. Lower and upper bonds correspond to each degree of membership for fuzzy set of strength and deformation

modulus parameters

O e(m)(MPa) o,(MPa) E, (GPa)

Membership Lower Upper Lower Upper Lower Upper
degree bonded bonded bonded bonded bonded bonded
0.0 0.518 27.12 -4.3 -0.005 2.62 49.60

0.2 1.668 22.95 -3.5 -0.052 5.29 42.70

0.4 2.818 18.78 -2.7 -0.099 7.82 35.90

0.6 3.968 14.61 -1.9 -0.146 10.40 29.12

0.8 5.118 10.44 -1.1 -0.193 13.00 23.30

1.0 6.270 6.270 -0.24 -0.240 15.50 15.50

To determine the confidence interval, random numbers must be generated according to the statistical
distribution of each parameter. In this research, normal statistical distribution is considered for geomechanical
parameters. According to the presented results in Table 2, corresponds to each parameter in various degree
of membership, standard division is obtained. As a result, for each degree of membership, a domain with a
confidence level 95% is considered.

Thus, for three of membership degrees consist of 0.0, 0.4 and 0.8, and according to the Mont Carlo
simulation, 50000 random samples are generated. Results are shown in Table 3 for each parameter. Hence
on the basis of skilled people experience, rock mass with less uncertainty can uses range corresponds to
degree of memberships close to number one.

Table 3. Confidence interval of geomechanical parameters of rock mass with confidence limited 95%

Membership degree=0.0 | Membership degree=0.4 | Membership degree=0.8
Compressive strength (MPa) 5.55-6.95 6.19-6.41 6.22-6.29
Tensile strength (MPa) -0.49-0.11 -0.25-0.21 -0.25-0.23
Deformation modulus (GPa) 14.32-16.67 15.32-15.68 15.48-15.60
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CONCLUSIONS

In analysis and design of rock structures, determination of geomechanical parameters is very important.
But determination of these parameters due to inherent inhomogeneity of rock mass is associated with
uncertainty. In this paper, in order to consider the uncertainty of rock mass properties, fuzzy logic method
was used where to determine confidence limit, Mont Carlo simulation was applied. The production of
random numbers was performed based on the Monte Carlo simulation corresponds to the degree of
membership 0, 0.4, 0.8 for each fuzzy set. Results show that by increasing the membership degree from 0.4
to 0.8, the range of confidence intervals with confidence level 95% for each parameter decreases. Hence, on
the basis of skilled people experience, rock mass with less uncertainty can uses range corresponds to degree
of memberships close to number one and vice versa.
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