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The non-linear Generalized Hoek-Brown (GHB) failure criterion for rock mass is widely accepted and has been applied in a large number of
open pits slope designs. This paper proposes new equations for estimating the maximum confining stress from the (GHB) parameters and
geometrical properties of the slope in the case where the strength ratio is critical (SR) ¢4+ = (0¢;/YH)crir and the factor of safety (FOS)=1.
This maximum confining stress can be used to calculate the global equivalent Mohr-Coulomb (MC) parameters. It was found that, compared
to the calculation with the limit analysis method (LAM), the discrepancies do not exceed 5% and remain in most cases less than 1%. Hence,
the estimation of the (FOS) is much more improved, because the comparison of the literature’s results with the (LAM) led to a difference up
to 21%. For any value of (FOS #1), an iterative method has been proposed to evaluate (SR)ci The comparison between the results-driven
from this method and those of (LAM) showed a good agreement, which proves its accuracy. A case study has been conducted in an open pit
located in Sudan to evaluate the discrepancy of the (FOS) provided by different methods using limit equilibrium method (LEM) with
Rocscience Slide software and using the (LAM) given in the form of charts.

Keywords: Factor of safety, Limit analysis method, Limit equilibrium method, Open-pit, Slope stability.

1. Introduction

Various methods can be used to study rock slope stability. The
approach of equivalent homogeneous and continuous medium is
commonly used when the fracture density is high ie. the spacing
between the two adjacent discontinuity surfaces is too small compared
to the overall dimension of the rock structures [1].

Several failure criteria have been suggested by different researchers
to describe the strength envelope of rock masses, such as the power-law
criterion presented by Hobbs (1966) [2] and the nonlinear failure
criterion, which is based on Griffith crack theory [3] that has been
proposed by Ladanyi (1974) [4]. The nonlinear Hoek-Brown (HB) is
widely accepted. This criterion was developed by Hoek and Brown
(1980) [51. It takes into account the properties of the intact rock and
discontinuities. In 2002, the Generalized Hoek-Brown (GHB) criterion
was presented by Hoek et al. (2002) [6]. Compared with the linear
Mohr-Coulomb (MC) criterion, which includes two parameters, the
cohesion (c’) and the internal friction angle (¢’), the non-linear (GHB)
criterion depends on three parameters, namely (ms), (s) and (a). These
parameters depend on:

-The Geological Strength Index (GSI). (GSI) was used to estimate the
rock mass strength for different geological conditions, because
Bieniawski’s rock mass rating (RMR) system [7] and the Q-system [8]
were found to be unsuitable for poor rock masses.
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-The parameter (D) is a factor, which represents the degree of
disturbance. It ranges from 0 for undisturbed in situ rock masses to 1 for
disturbed rock mass properties.

-The uniaxial compressive strength of the intact rock material (oci).

-The material constant (m;).

It is difficult to apply directly the non-linear (GHB) criterion to the
stability analysis of rock slopes with the limit equilibrium method
(LEM). The rock mass strength parameters are usually converted into
the equivalent (MC) parameters, as proposed by Hoek et al. (2002) [6].
In this case, the cohesion (¢’) and the angle of friction (¢') are constant
along any given slip surface. Moreover, the general numerical solution
can be used to assess the equivalent (MC) shear strength parameters
from the (GHB) criterion as suggested by Kumar (1998) [9]. In this case,
(c") and (¢') will vary along any given slip surface, depending on the
stress level. Hence, accurate results are achieved for the slope stability
studies.

Instead of (LEM), several research teams have attempted to apply the
limit analysis method (LAM) to investigate the rock slope stability.
Collins et al. (1988) [10] proposed the “tangential technique” to evaluate
the stability of an infinite and homogeneous rock slope with the original
Hoek - Brown (HB) failure criterion (a = 0.5). The method was
generalized to the (GHB) failure criterion by Yang et al. (2004) [11]. The
effect of the exponent (a) on the stability of the rock slopes was then
investigated. Li et al. (2008) [12] used the numerical limit analysis
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method to produce stability charts for rock slopes. They proposed the
non-dimensional stability number (Nc) = 6.;/YH FOS;, which is
expressed as a function of the term (SR) = (o,;/YH). The use of (SR) is
a significant innovation for the rock slope stability analysis because
when the values of the input parameters (GSI), (mi), (D), and (f) are
determined, the (FOS) is related only to the (SR) of that slope [13]. The
accuracy of the method was tested and approved except in some cases
for which the difference between (LEM) and (LAM) remains high and
can reach 21% [12-14].

In this research, special attention will be given to the equivalence
established between the linear criterion (MC) and the non-linear
(GHB) criterion [6, 12]. New equations to assess this equivalence are
proposed. Through the case study of an open pit located in Sudan, the
(FOS)’s discrepancies of rock mass slope have been evaluated according
to different assumptions and methods.

2. The Generalized Hoek—Brown failure criterion (GHB)

In this paper, the latest version of (GHB) failure criterion [6] is used
(Eq. 1). Relations between (GSI), (D), (ms), (s), and (a) are introduced
to provide a smoother transition between very poor quality rock masses
(GSI < 25) and stronger rocks as detailed in Eqs. 2, 3 and 4. A disturbance
factor (D) to account for stress relaxation and blast damage is also
introduced.

/ ' 3
o1 = 03 + a¢i(my, a—i +5)* (@)
Where (o7) and (og3) are the major and minor effective principal

stresses, and (111), (), and (a) are the material constants that can be
related to the (GSI) and rock damage.

GSI-100

my = m; exp (210 @
GSI-100
s=ew (555°) ®
1,1, &SI _20
a:;+g(e 5 —e 3) (4)

The unconfined compressive strength is given by Eq. 5:
o; = 045° (5)
And the tensile strength by Eq. 6:

o = —s;—‘; (6)

21 Limit equilibrium method with local equivalent (MC) parameters

The (GHB) failure criterion has been used successfully for the design
approaches that use limit equilibrium solutions. Since most geotechnical
engineering software is still written in terms of the (MC) failure
criterion, it is necessary to determine equivalent friction angles and
cohesive strengths for each rock mass and stress range.

Based on a generic form of Balmer’s equations [15] and the general
solution proposed by Kumar (1988) [9], Shen et al. (2012) [16] proposed
a new approximate analytical solution to estimate the local (MC) shear
strength parameters from the (GHB) criterion for a highly fractured
rock mass:

’ a-1
@' =sin™! (1—2/2+amb (mb:—; +s) ) (@)

o! a} _
03/ 00 = 04 [0~ (my 2+ 5)9/2 4 amy(my &+ 5)070) (8)

i ! ’ a
T = (0ucos (¢) /2 + (1 + ) @) (m, 22 4 5) ©)

a
¢ =1"— oy tan (¢") (10)

For given normal stress (o), the acceptable value for (o3/0.;)
presented in Eq. 8 must be solved iteratively. The internal friction angle
(¢") and cohesion (c") can be directly calculated from Egs. 7, 9 and 10,
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and represent the local (MC) strength parameters of any point in the
rock mass provided by locating the tangent of the (GHB) envelope
under a normal stress value of (o) as shown in Fig. 1.

This method has been used in different software to calculate rock
slope stability with (LEM). For instance, when the (GHB) criterion is
selected, the software Slide [17] calculates a set of instantaneous
equivalent (MC) parameters based on the normal stress at the base of
each slice.

MC envelope

Shear stress ©

HB eﬁvelope

1/

Fig. 1. Relationships between the local (MC) envelope and (HB) envelope
in the normal and shear stress plane [16]

S
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2.2. Limit equilibrinm method with global equivalent (MC)
parameters

As proposed by Hoek et al. (2002) [6], a useful method can be used
to convert the rock mass strength parameters into the global equivalent
(MC) parameters. For a range of minor principal stress values defined
by (o't < 6’5 < 6'3max), the fitting process is illustrated in Fig. 2. In this
case, (c’) and (¢@’) are constant along any given slip surface and are
estimated, by balancing the areas above and below the (MC) plot over a
range of minor principal stress values, as expressed ssin Egs. 11, 12, and
13.

¢ = G [(1+2a) s + (1-a) mpaznl(s + mp 03,)% 7"

11)
6amy (s+myahy) 31
(1+a)(2+a)J1 + — oer
' Rt 6 amy, (s+my 04,)% 1
= sin 12
» ( 2(1+a)(2+a) + 6 a my(s+myp 03,)%1 ) 12)
where
/
O3y = 2z 13)
Oci

The value of (03,4, ), which is the upper limit of confining stress, is
determined for each specific problem. For slope stability, the following
equation is used to estimate 03,4, ) (Eq. 14).

Zines _ 7| %] (14)

Oem YH
where (y) is the material unit weight and (H) is the height of the slope.

For the stress range, (c't < 63 < ¢’ 4), the compressive strength of rock
mass (0,,,) can be determined by using Eq. 15.

mp+4s—a (my, —8s) (¥+s)“‘1

Tem = Oci 2(+a)(2+a) (15
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Fig. 2. Relationships between major and minor principal stresses for Hoek-Brown
(HB) and equivalent Mohr-Coulomb (MC) criteria [6]

2.3. Limit analysis method with local equivalent (MC) parameters
Analysis of Brazilian tensile strength

For non-linear (GHB) failure criterion, Yang et al. (2004) [11]
proposed the “generalized tangential technique”, as an extension of the
“tangential technique” developed by Collins et al. (1988) [10], to
evaluate the stability of an infinite and homogeneous rock slope. The
strength of a tangential line exceeds or equals the line of a non-linear
failure criterion (Fig. 1). Thus, the strength of the tangential line will lead
to an upper bound on the actual load. The expression of equivalent
(MC) parameters is the same compared to Eqs. 7, 8, 9, and 10. The
objective function is achieved by equating the work rate of external
forces to the internal energy dissipation rate. The objective function
depends on (c¢'), (¢'), and both of the geometrical parameters of the
slope and the sliding surface. The optimization of this function provides
a least upper bound for the critical value of (SR)crit= (6ci/ YH)erir. Based
on this method, Li et al. (2008) [12] provided stability charts for rock
slopes for undisturbed rock slope (D = 0). Similar stability charts, with
(D =0.7) and (D = 1.0), were also proposed by Li, Merifield et al. (2011)
[18], in order to examine the effects of disturbance on rock slope
stability. Seismic stability charts were also proposed by Li et al. (2009)
[19] to account for the seismic effects on rock slope stability.

3. The enhancement of the global equivalent (MC)
parameters’ estimation

The agreement between the global equivalent (MC) and (GHB)
criterion needs an accurate identification of the stress field at any point
in each step of the calculation. Li et al. (2008) [12] have shown that the
difference in estimated (FOS) using the global (MC) equivalent
parameters (Eq. 15) and the (LAM) using (GHB) criterion was as high
as 64% (Table 1). This difference mainly lies in estimating a suitable
minor principal stress. In order to achieve accurate equivalent (MC)
parameters, they proposed new equations to evaluate the maximum
confining stress. Therefore, they used Eq. 16 for steep slopes and Eq. 17
for gentle slopes, to estimate with accuracy the (FOS) by using (LEM)
with Slide Software.

For steep slope (B > 45°):

Tmax _ ()20 ["“—’"]_1'07 16)

Ocm YH

For gentle slope (B < 45°):

Zhnes 47 [ %] a7

Ocm YH
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However, this adjustment remains inaccurate especially for some
cases where the error can reach 21% [12] (Table 1).

In this paper, another adjustment to estimate with accuracy (6'3max)
has been proposed. We started from the idea that for given input
parameters (GSI), (mi), (D), and (a), the (FOS) depends only on the
(SR) = (0,; /yH). Therefore, the same calculations of Li et al. (2008)
[12] were used by fixing, for several slopes and a set of parameters (GSI),
(mi), (D = 0) and (B) of (GHB), a critical nondimensional parameter
(6cilyH)erie that leads to a (FOS) equal to 1 with (LAM). In each
considered case, this critical value of (SR)ait = (6ci/YyH)wit can be
estimated from the charts established by Li et al. (2008) [12]. Fig. 3
presents an example of these charts for (D = 0) and 8 = 45°.

These different cases were calculated with (LEM) using Slide that is
based on non-linear (GHB) criterion. Thus, local (MC) parameters were
estimated according to Eqs. 7, 8, 9, and 10. The calculations helped to
estimate the maximum normal stress applied on the slip surface and
consequently the value of (c'3max) for each case. The variable (Y = mp
0'3max/ 0a) was plotted as a function of (X = (cci/ YH)ei) in Figs. 4-(a)
and (b) for (D = 0) and (D = 1) respectively. The linear regressions,
performed at the logarithmic scale, provided a correlation coefficient of
R? = 0.99. This is valid for a large range of (6'3ma/cci) from lower to
higher confining stress. For a given (SR)cit, Eqs. 18 and 19 are used to
calculate (6"3max(ein) for (D = 0) and (D = 1) respectively. The global
equivalent parameters (¢'cit) and (¢'cit) are then calculated using Eqs.
11, 12, and 13.

O3max __ Ici L
m,, Zmex = (.18 2 (18)
Oci YH
-1.74
O3max __ Iei
my, Z2ex = 0.12[%] a
p=45
100 T T
Average
-------- Lower bound
.......... Upper bound

4 SLIDE-Hoek-Brown Model
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Fig. 3. Slope stability charts with (D=0) and (B= 45°) [12]

For (D = 0), and based on our suggested method, the (FOS) is
calculated for each case with (MC) criterion using the global equivalent
parameters (c'ait) and (¢'cit) (Table 1). It was found that, compared to a
calculation with the (LAM), the difference does not exceed 5% and
remains, in most cases, less than 1%. Eq. 14 and both of Eqgs. 16 and 17,
led to a difference up to 64% and 21% respectively. Consequently, the
estimation of the (FOS) is improved with the adjustment that we have
proposed.

It is worth recalling that the Egs. 18 and 19 are only valid for (SR)cit
and a (FOS) = 1. For a general case (FOS # 1), iterative calculations have
to be performed to achieve the (SR)cit as shown in the algorithm
presented in Fig, 5.
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Table 1. Comparisons of safety factors between the Non-linear (GHB) strength parameters and the equivalent (MC) parameters for (D = 0)

Limit analysis [12] SLIDE-limit equilibrium using equivalent Mohr-Coulomb (MC) parameters

Non-linear Non linear Linear (MC) Eq. 14 Linear (MC) Linear (MC) Eq. 18

Hoek-Brown Hoek-Brown [6] Egs. 16,17 [12] The current method

B GSI mi (oa/ YH)ene (FOS) (FOS) % Diff (FOS) %Diff (FOS) % Diff (FOS) % Diff
75 70 5 1703 1.000 0.988 -1.2% 1.081 8.0% 1.025 2.0% 0.998 -02%
75 70 15 1169 1.000 1002 0.2% 1287 29.0% 1.081 8.0% 1028 2.8%
75 70 25 0.890 1.000 1.005 0.5% 1350 35.0% 1124 12.0% 1.034 34%
75 70 35 0.717 1.000 1.016 1.6% 1394 39.0% 1156 16.0% 0.999 -0.1%
75 50 5 4980 1.000 0997 -0.3% 1154 15.0% 1.036 4.0% 0.998 -02%
75 50 15 2988 1.000 1.004 0.4% 1336 34.0% 1119 12.0% 1.004 0.4%
75 50 25 2156 1.000 1.018 1.8% 1425 43.0% 1148 15.0% 0.997 -0.3%
75 50 35 1.668 1.000 1.024 2.4% 1450 45.0% 1174 17.0% 0.997 -03%
75 30 5 15.011 1.000 1.001 0.1% 1.248 25.0% 1.047 5.0% 0.995 -0.5%
75 30 15 8.576 1.000 1016 1.6% 1459 46.0% 1136 14.0% 1.023 23%
75 30 25 5.824 1.000 1.025 2.5% 1510 51.0% 1173 17.0% 0.997 -0.3%
75 30 35 4327 1.000 1033 33% 1516 52.0% 1194 19.0% 0.997 -03%
75 10 5 93.721 1.000 1.004 0.4% 1224 22.0% 1.018 2.0% 1011 11%
75 10 15 53.362 1.000 1.023 2.3% 1504 50.0% 1126 13.0% 1.000 0.0%
75 10 25 35.186 1.000 1.035 35% 1.605 61.0% 1185 19.0% 0.999 -0.1%
75 10 35 24.99% 1.000 1.046 4.6% 1.642 64.0% 1210 21.0% 0.999 -0.1%
45 70 5 0.469 1.000 1.001 0.1% 1038 4.0% 1.001 0.0% 0.997 -0.3%
45 70 15 0176 1.000 1.012 12% 1.080 8.0% 1.002 0.0% 1.020 2.0%
45 70 25 0.108 1.000 1.017 17% 1.060 6.0% 1007 1.0% 1028 2.8%
45 70 35 0.077 1.000 1.019 19% 1.061 6.0% 1.009 1.0% 1.029 2.9%
45 50 5 1.046 1.000 1.004 0.4% 1.045 4.0% 1.001 0.0% 0.992 -0.8%
45 50 15 0369 1.000 1.009 0.9% 1.065 6.0% 1.004 0.0% 1.004 0.4%
45 50 25 0222 1.000 1.020 2.0% 1066 7.0% 1010 1.0% 1023 23%
45 50 35 0158 1.000 1.021 21% 1.044 40% 1011 1.0% 1.022 2.2%
45 30 5 2593 1.000 1.011 11% 1.066 7.0% 0.999 0.0% 0.992 -0.8%
45 30 15 0.829 1.000 1018 1.8% 1.070 7.0% 1007 1.0% 1.001 0.1%
45 30 25 0.480 1.000 1.021 21% 1076 8.0% 1.010 1.0% 1013 13%
45 30 35 0334 1.000 1.024 24% 1.085 9.0% 1011 1.0% 1.018 1.8%
45 10 5 13.585 1.000 1.014 14% 1.087 9.0% 1.000 0.0% 0.998 -0.2%
45 10 15 3155 1.000 1.023 23% 1106 11.0% 1005 0.0% 1.002 02%
45 10 25 1552 1.000 1.023 23% 1107 11.0% 1.009 1.0% 1.003 0.3%
45 10 35 0.969 1.000 1.026 2.6% 1.079 8.0% 1.010 1.0% 1003 0.3%
30 70 5 0.218 1.000 1018 18% 0.985 -2.0% 1011 1.0% 1.006 0.6%
30 70 15 0.075 1.000 1.023 23% 0.996 0.0% 1028 3.0% 1.035 3.5%
30 70 25 0.045 1.000 1.024 24% 1.004 0.0% 1.035 3.0% 1.050 5.0%
30 70 35 0.032 1.000 1.025 2.5% 1.010 1.0% 1.040 4.0% 1050 5.0%
30 50 5 0461 1.000 1.020 2.0% 0.993 -1.0% 1.014 1.0% 0.999 -0.1%
30 50 15 0153 1.000 1.024 24% 1.003 0.0% 1.026 3.0% 1019 1.9%
30 50 25 0.091 1.000 1.025 2.5% 1.024 2.0% 1.032 3.0% 1.030 3.0%
30 50 35 0.065 1.000 1.026 2.6% 1.008 1.0% 1.036 4.0% 1.043 43%
30 30 5 1.057 1.000 1.022 22% 1.001 0.0% 1012 1.0% 0.995 -0.5%
30 30 15 0323 1.000 1.026 2.6% 1.003 0.0% 1.026 3.0% 1007 0.7%
30 30 25 0185 1.000 1.026 2.6% 1.005 0.0% 1.031 3.0% 1.013 13%
30 30 35 0129 1.000 1.027 2.7% 1.004 0.0% 1.035 3.0% 1.020 2.0%
30 10 5 4363 1.000 1.023 23% 1.002 0.0% 1.006 1.0% 1.002 02%
30 10 15 0.943 1.000 1.025 2.5% 1.007 1.0% 1.023 2.0% 1.003 0.3%
30 10 25 0.460 1.000 1.026 2.6% 0.996 0.0% 1.033 3.0% 1.004 0.4%
30 10 35 0.286 1.000 1.026 2.6% 1.004 0.0% 1.040 4.0% 1.003 0.3%
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Fig. 5. Iterative procedure to estimate (SR)ct

The iterations are established from a first global equivalent evaluation
of (MC) parameters, namely (c') and (¢'). This allows calculating a first
(FOS) with the software Slide. The (SR) is thus divided by the calculated
(FOS), which helps to calculate the new values of (G3may), (c), and ('),
besides a new value of the (FOS). The iterations continue until the
condition (JFOS-1| < 0.01) is satisfied. The converged state represents
the configuration for which our suggested equation is a valid solution.

For instance, let us consider the following case, where (B = 45°), (y =
23 kN/m?), (H = 45m), (GSI = 50), (m;=15), (D = 0) and (6= 10 MPa).
The different values calculated at each step of the iteration procedure
are presented in Table 2. It was found that the achieved (SR)cit was equal
to 0.37, which is the same value calculated by Li et al. (2008) [12] using
(LAM) (Fig. 3). It can be concluded that both of the methodologies are
equivalent.

4. Case study of an open pit in Sudan

The quarry in the north of Sudan has been considered, as a case study,
to assess the rock mass and to provide slope angles for the design of the
open pit.

The geotechnical surveys detected a single formation of meta-
sediment, the upper part is altered over 45 m. The geotechnical model
comprised 45 m of weathered material, underlain by 90 m of fresh rock.
No groundwater was encountered during the geotechnical drilling. The
pole and contour plot of geological structures recorded in boreholes
indicate that the predominant structure feature (foliation) in both
footwall and hangingwall dips consistently eastwards at an average angle

of 65°. The foliation planes are traversed by moderately dipping (45°)
northerly structures. The geotechnical logging was done concurrently
with the drilling. The material properties, based on laboratory tests and
rock mass classification, are summarized as presented in Table 3.

First of all, the comparison between the classical analyses based on
(LEM) and the charts cited above has been carried out. Secondly, the
accuracy of our estimation of the global equivalent (MC) parameters,
using Eq. 19, has been evaluated.

Table 2. (SR);; assessment for (B = 45°), (y=23 kN/m?), (H = 45m), (GSI=50),
(m;=15), (D =0) and (o= 10MPa)

(c) (9"

. (6a)
Iterations (MPa) (SR) (kPa) © (FOS)
#1 10 9.66 58.42 66.84 3146
#2 317 3.07 2783 5841 2209
#3 143 139 2517 4897 1.634
#4 0.88 0.85 2619 4214 1365
#5 0.64 0.62 2728 3763 1218
#6 0.52 0.51 28.06 34.76 1133
#7 046 0.45 2856 3295 1.083
#8 043 0.41 28.89 31.81 1.058
#9 0.40 039 29.11 31.01 1.031
#10 039 038 29.24 30.57 1.018
#11 038 038 2931 3032 1012
#12 0.38 037 29.36 3015 1.008

4.1 Limit equilibrium method with local equivalent (MC) parameters
(Rocscience software Slide)

Different inter-ramp slope angles (IRA) were applied and analyzed to
determine which slope angle provide the desired minimum factor of
safety (FOS) of 1.3 against shear failure. The Rocscience software Slide
was used for the limit equilibrium analyses with the non-linear (GHB)
criterion. Using the material proprieties presented in Table 3 and an
inter-ramp angle of 45° in the weathered zone, 55° in the fresh meta-
sediments, the (FOS) of the slope against shear failure was 1433, as
presented in Fig. 6. For any subsequent comparison, this (FOS)rzm = FI
=1433is taken as the reference value.

4.2, Limit analysis with the charts of Li et al. (2011) [18]

The charts of Li et al. (2011) [18] were used to determine the
(FOS)1am in the same configuration and with the same parameters that
were used in the previous models (Fig. 7). These parameters provide:

(9% _ 175 -
(SR) = (yH) 002345 169 (20)
The values (m; = 10), (GSI = 42) and (D = 1) are used to determine

the value of (FOS)1am (Fig.7). Based on the linear interpolation between

the two lines of (GSI = 40) and (GSI = 50), the value of N;=

0\ _ o ) oy (B
(V_H)cm = 6.32is obtained. Therefore, the value of (FOS), ,,,=F2 = K

crit
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for D =11is 2.67 and (SR )it = 6.32 for (GSI) = 42.

The safety factor Fa=(FOS)Laum is defined by Li et al. (2008, 2011) [12,
18] as the ratio of (SR)to (SR)crit (F2= (FOS)iam= (SR)/(SR)crir). While
FI = (FOS)1em is obtained from the (LEM), which is a result of Slide
software and defined as a function of the ratio of the resisting force (fr)
to the driving force (fp) (FI = (FOS)em = fz/fp). Therefore, as mentioned
by Shen et al. (2013) [13], these factors cannot be directly compared.
Then, we performed a calculation with Slide by using the mechanical

JMGE |}

parameters corresponding to (SR)eit ((y) and (H) were kept constant,
and (o.) was divided by F2).

If the two methods are equivalent, the calculated safety factor using
Slide software with (SR)eit should be equal to 1. The achieved final value
was 0.998; hence, the assessed error margin between the two methods is
0.2%. It can be concluded that the (LAM) is in good agreement with the

(LEM).

Table 3. Meta-Sediments GSI Rating [20]

Weathered Meta-Sediments

Fresh Meta-Sediments

value rating value rating
6. (MPa) 10-25 2 50-100 7
RQD (%) 2% 3 45 8
Slightly Rough — Slightly Rough —
Jeondyy Mfder};tely tgo highly weathering 20 Higghl;, weatiering 2
GSI(15)condg+RQD/2) [21] - 4 - 60
m; 10 10
Disturbance Factor D 1 1
Unit Weight (kN/m?3) 23 26

[ (FOS), o F1-1.433

Material: Weathered Meta-Sediment

Strength Type: Generalised Hoek-Brown

Unit Weight: 23 kN/m?

Unconfined Compressive Strength (intact): 17500 kPa
m,: 0.158774

$:6.33607 e-005

a: 0.509923

‘Water Surface: None

Material: Fresh Meta-Sediment

Strength Type: Generalised Hoek-Brown

Unit Weight: 26 kN/m?

Unconfined Compressive Strength (intact): 75000 kPa
m,,: 0.574326

s:0.00127263

a:0.502841

‘Water Surface: None

Fig. 6. Meta-Sediments - Weathered Rock at 45° IRA, Fresh Rock at 55° (Bishop Simplified Method with Non-linear (GHB) and local equivalent (MC) parameters)

4.3 Limit equilibrium method using global equivalent (MC)
parameters with the current method

We proceed in the same way as the previous example presented in
section 3. The different values calculated at each step of the iteration
procedure are presented in Table 4. It was found that the achieved

‘ __ (R
(SR)cric was equal to 629 and F3 T 5R)y

almost the same value calculated by Li et al. (2011) [18] using (LAM)
(Fig. 7). Hence, it can be concluded that our suggested method is in good
agreement with (LAM).

It seems that, in this case, our improvement is not noticeable, since
Eq. 16 also provides satisfactory results for ( = 45°). It is important to
know that the study developed above shows that for steep slopes greater
than 45°, our proposed method is in good agreement with the non-linear
(GHB) criterion. For instance, it was found that for (3 = 75°), (GSI = 10),
(mi = 35), both Eq. 14 and Eq. 16 lead to a difference of 64% and 21%
respectively, while the difference with our current method (Eq. 18) is -

was equal to 2.69, which is

0.1% as shown in Table. 1.

Table 4. (SR).,i; assessment of the case study of an open pit in Sudan

Jterations a(v‘f’;:) (SR) (1(5,':) (("j)) (FOS)
M 175 16908 3596 ARE 1452
#2 12.05 11.64 3514 3593 1.259
# 957 9249 3529 3267 1156
#4 8.28 8.00 35.56 30.64 1097
#5 754 729 3577 2936 1061
#6 711 6.87 35.92 2854 1.039
#7 6.84 6.61 36.03 28.02 1.026
#8 6.67 6.44 36.10 27.67 1.015
# 657 635 3614 2747 101
#10 6.51 629 36.17 2734 1.007
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1000 Average [2] Hobbs, D. (1966). A study of the behaviour of a broken rock
o SHAYERGEmiodt under triaxial compression, and its application to mine
. roadways, in: International Journal of Rock Mechanics and
1004 \‘\\ Mining Sciences & Geomechanics 420 Abstracts, Vol. 3, Elsevier,

GSI=10
Increasing Stability

|

oci/YHF

\
\
Il 11\\\‘\ GSI=50
\\‘\
014~ “
A _LH T GSI=100
0.01 I T T T T
5 10 15 20 25 30 35
m

Fig. 7. (FOS) curves for stability analysis based on charts of Li et al. (2011) [18]:
Limit analysis method with (D =1)

S. Conclusion

In this paper, two equations have been established to estimate the
upper limit of confining stress (G3max), from the (GHB) parameter (ms),
the height of the slope (H), and the intact rock mass properties (cci) and
(y), for (D = 0) and (D = 1). These equations create a nexus between
(03max/(0c)) and (SR)eit and remain useful only in the case where (FOS)
= 1. For the given materials and geometrical properties of the slope, the
(LAM) provides the critical non-dimensional parameter (SR)eit such
that the collapse has just occurred (FOS = 1). Therefore, for different
values of (GSI), (D), and (m;), and by fixing (y) and (H), (ca) can be
defined to estimate (o3max) using our suggested new equations. Based on
the equations previously presented in subsection 2.2 and the calculated
(o3max), the global (MC) shear strength parameters can be calculated.
Subsequently, the (FOS)iem was calculated using Rocscience software
Slide for different theoretical cases. It was found that, compared to the
calculation with the (LAM), the discrepancies do not exceed 5% and
remain, in most cases, less than 1%. Hence, the estimation of the (FOS)
is much more improved, because the comparison of the achieved results
of [6] and [12] led to a difference up to 64% and 21% respectively.

For the general case (FOS #1), an iterative method has been proposed
for each slope characterized by () and (H) and for each rock mass
characterized by (GSI), (mi) and (D), the (SR)ait was determined.
Subsequently, it led to an identical value of (LAM)’s result.

A case study has been conducted in an open pit located in Sudan to
evaluate the discrepancy of (FOS) provided by different methods. The
results showed that the (LAM) is in good agreement with the (LEM),
using non-linear (GHB) with local equivalent (MC) parameters. The
difference, in terms of (FOS), between (LAM) and (LEM) with non-
linear (GHB) is 0.2%. In addition, our method provides (FOS)’s nearly
equal to the (LAM)’s safety factor, which proves its accuracy.

The charts can be adopted as useful tools for the preliminary rock
slope stability analysis. For real topographies, rather than flat upper
surfaces and underground water flows, the use of software such as Slide
is compulsory. Therefore, the calculation can be used to perform (LEM)
analysis either with non-linear (GHB) criterion or linear global
equivalent (MC) criterion that is based on our developed method.

REFERENCES

[11 Hoek, E., & Brown, E. T. (1997). Practical estimates of rock mass
strength, International journal of rock mechanics and mining

[31

[4]

[5]

[6]

[71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

pp. 11-43. https://doi.org/101016/0148-9062(66)90030-1

Shah, S. P, McGarry, F. ], & Ladanyi, B. (1974). Use of the long-
term strength concept in the determination of ground pressure
on tunnel linings, in: Proceedings of 3rd congress, international
society for rock mechanics, Denver, Vol. 2, pp. 1150-1165.

Ladanyi, B. (1974). Use of the long-term strength concept in the
determination of ground pressure on tunnel linings, in:
Proceedings of 3rd congress, international society for rock
mechanics, Denver, Vol. 2, pp. 1150-1165.

Hoek, E., & Brown, E. T. (1980). Empirical strength criterion for
rock masses, Journal of Geotechnical and Geoenvironmental
Engineering 106 (ASCE 15715).

Hoek, E., Carranza-Torres, C., & Corkum, B. (2002). Hoek-
brown failure criterion-2002 edition, Proceedings of
NARMSTac1 (1) 267-273.

Bieniawski, Z. (1976). Rock mass classification in rock
engineering applications, in: Proceedings of a Symposium on
Exploration for Rock Engineering, Vol. 12, 1976, pp. 97-106.

Barton, N. (2002). Some new g-value correlations to assist in site
characterisation and tunnel design, International journal of rock
mechanics and mining sciences 39 (2) 185-216.
https://doi.org/10.1016/S1365-1609(02)00011-4

Kumar, P. (1998). Shear failure envelope of hoek-brown
criterion for rockmass, Tunnelling and underground space
technology 13 (4) 453-458. https://doi.org/10.1016/S0886-
7798(98)00088-1

Collins, I. F., Gunn, C. I. M., Pender, M. J., & Yan, W. (1988).
Slope stability analyses for materials with a non-linear failure
envelope, International Journal for Numerical and Analytical
Methods in Geomechanics 12 5) 533-550.
https://doi.org/10.1002/nag.1610120507

Yang, X-L, Li, L, & Yin, J.-H. (2004). Stability analysis of rock
slopes with a modified hoek—brown failure criterion,
International Journal for Numerical and Analytical Methods in
Geomechanics 28 (2) 181-190. https://doi.org/10.1002/nag.330

Li, A-J., Merifield, R., & Lyamin, A. (2008). Stability charts for
rock slopes based on the hoek—brown failure criterion,
International Journal of Rock Mechanics and Mining Sciences
45 (5) 689-700. https://doi.org/10.1016/j.ijrmms.2007.08.010

Shen, J., Karakus, M., Xu, C. (2013). Chart-based slope stability
assessment using the generalized hoek—brown criterion,
International Journal of Rock Mechanics and Mining Sciences
64 210-219. https;//doi.org/10.1016/j ijrmms.2013.09.002

Sun, C, Chai, J,, Xu, Z, Qin, Y., & Chen, X. (2016). Stability
charts for rock mass slopes based on the Hoek-Brown strength
reduction technique. Engineering Geology, 214, 94-106.
https://doi.org/10.1016/j.enggeo.2016.09.017

Balmer, G. (1952). A general analysis solution for mohr’s
envelope, in: Proc. ASTM, Vol. 52, pp. 1260-1271.

Shen, J.,, Priest, S, & Karakus, M. (2012). Determination of
mohr—coulomb shear strength parameters from generalized
hoek—brown criterion for slope stability analysis, Rock
mechanics and rock engineering 45 (1) 123-129.
https://doi.org/10.1007/s00603-011-0184-z



18

Y. Tahir et al. / Int. J. Min. & Geo-Eng. (IIMGE), 56-1 (2022) 11-18

[17] Rocscience, 2d limit equilibrium analysis software, slide 5.0.
URL www.rocscience.com

[18] Li, A., Merifield, R., & Lyamin, A. (2011). Effect of rock mass
disturbance on the stability of rock slopes using the hoek—
brown failure criterion, Computers and Geotechnics 38 (4)
546-558. https://doi.org/10.1016/j.compgeo.2011.03.003

[191 Li, A-J., Lyamin, A., & Merifield, R. (2009). Seismic rock slope
stability charts based on limit analysis methods, Computers and
Geotechnics 36 (1-2) 135 — 148.
https : // doi.org / 10.1016 / j.compgeo.2008.01.004

[20] Srk consulting ”geotechnical feasibility study of wadi gabgaba
open pit slope design”. Sudan (July 2012).

[21]1 Hoek, E., Carter, TG., & Diederichs, MS. (2013). Quantification
of the geological strength index chart. In: 47th US rock
mechanics/geomechanics ~ symposium,  American  Rock
Mechanics Association (ARMA 13-672).

JMGE |}



