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Keywords Abstract

One of the most effective parameters involved in the economics of open-pit mines is the

Slope stability

pit slope angle so that a slope angle more than the optimum value increases the probability

of a large failure in the pit wall, and a slope angle less than the optimum value leads to an

Open-pit

increase in the stripping ratio and a reduction in the net present value of mine. In this

work, considering the limit equilibrium methods of the modified Bishop, modified Janbu,

Bishop and Janbu
methods

and numerical models of the slope stability analysis, the effect of the overall slope angle
on the economics of open-pit mines is investigated. In addition, it is shown that selecting

an overall slope angle less than the optimum value leads to a reduction in the depth of

Numerical model

open-pit mining (the ultimate pit depth), and consequently, a reduction in the net present

value of mine. Finally, in the homogenous and isotropic media, the results of the Bishop,

Optimum overall slope
angle

Janbu, and numerical modelings are close together.

1. Introduction

Generally, one of the most important purposes of
open-pit mine planners is to maximize the net
present value [1, 2]. Therefore, in the first step, the
effective factors of break-even stripping ratio, cut-
off grade, block economic value, and open-pit slope
are considered as the important parameters in the
design and production planning steps [1, 2]. Figure
1 shows the design stages of an open-pit mine,
intending to determine the final pit. According to
Figure 1, the economic uncertainties play an
important role in the process of determining the
final pit. However, two important points indicate
that the economic conditions of a mine are
completely dependent on the slope angle [1,3,4]: a)
considering the slope angle more than the optimal
amount, the probability of local failure in benches,
and consequently, a large failure in the pit wall is
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greatly increased, which, if it occurs, it can lead to
damages such as loss of large amounts of minerals
and imposition of high waste costs, separation and
recovery of ore, increasing costs associated with the
construction or repair of ramps, and human
casualties and various damage to mining machinery
and even mine closures; b) considering the slope
angle less than the optimal amount leads to an
increase in the stripping ratio, a decrease in the pit
depth, and consequently, a decrease in the net
present value of mine [1,3-14]. In all the slope
stability analysis methods (numerical, analytical,
equilibrium, and graph methods), a failure criterion
is considered to predict the failure conditions and
determine the safety factor [5, 8, 10, 11]. A suitable
failure criterion for rock mass should have the
following characteristics [15]:
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A. Describe appropriately the properties of rock samples
in a wide range of stress conditions in different depths.
B. Predict the effect of one or more discontinuities on the
behavior of intact rock samples.

C. Show proportionally the characteristics of the rock
mass behavior.

Despite the previous studies, there is no failure
criterion that can satisfy the above-mentioned
conditions yet. In reality, each failure criterion is
potent in some of the above, and in the other part,
they are weak. Among the proposed failure
criterion, the linear Mohr-Coulomb failure criterion
and the non-linear generalized Hoek and Brown
failure criterion have been most widely used due to
their proper adaptation to the rock mass properties
[16]. The Mohr-Coulomb failure criterion and the
generalized Hoek and Brown failure criterion are
biaxial criteria based on the maximum and
minimum principal stresses. In reality, it is assumed
that the failure process of rock is controlled by the
maximum and minimum principal stresses, and the
effect of the intermediate principal stress is
neglected [16]. Moreover, recently, some
researchers, using the results of the exact laboratory

tests such as the true triaxial strength test, have
investigated the effect of the intermediate principal
strength on the failure criteria [17-20]. Accordingly,
applying the triaxial failure criteria, the effect of
intermediate principal stress on the stability
conditions of rock mechanics projects has been
studied, and it has been concluded that the stability
conditions can be a function of the intermediate
principal stress [21-26]. Investigation of the recent
studies shows that none of them has paid attention
to the effect of the overall slope angle value on the
ultimate pit depth, and consequently, determination
of the net present value [3-14, 21-26]. Therefore,
this work intend to investigate the effect of open-pit
slope angle on determining the final pit and some
parameters related to economic calculations. The
following steps were undertaken:

1) Considering an example, the performance of the
modified Bishop and Janbu methods for slope stability
analysis will be investigated.

2) Considering the modified Bishop and Janbu methods
and numerical modeling, determination of the open pit-
underground limit will be investigated.
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Figure 1. Mine design procedure.

2. A brief explanation of modified Bishop and
modified Janbu methods

In the limit equilibrium method, firstly, the shear
strength of the slide surface and the force required
to maintain the balance is evaluated and then
compared to calculate the safety factor. In the
circular failure analysis, the sliding mass is usually
divided into vertical slices and the stability analysis
is performed as a piecewise slice. If the balance
condition exists for each component, the balance
condition for the sliding mass is established.
Therefore, the number of equations required for the
analysis depends on the two factors of equilibrium
conditions and number of slices. Two important
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limit equilibrium methods are the modified Bishop
method and the modified Janbu method [6].

In the modified Bishop method, it is assumed that
the slip surface is completely circular, and in the
interface of slices intended for analysis, there is a
horizontal force. Considering the Mohr-Coulomb
failure criterion, the safety factor is calculated as
follows [6]:

D [c+(y,h—y.h, )tanp]Ax/cosy, )
1+w
FS

Z[y,hAXSin v, +%7/WZ2 ﬁ}

FS = @)

R
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where FS is a safety factor, y is the unit weight of
soil or rock, u is the water unit weight, h is the slice
height, ho is the water height within slice, y is the
base angle of slice, ¢ is the cohesion of slip surface,
@ is the friction angle of slip surface, Ax is the slice
width, Z is the water depth within tension crack, R
is the slip radius, and « is the distance between the
failure arch center and two thirds of the depth of
tension crack.

In the modified Janbu method, the slip surface can
be non-circular, and the balance of forces is satisfied
only in the vertical direction, and it is assumed that
in the interface of slices intended for the analysis,
there is a horizontal force. Considering the Mohr-
Coulomb failure criterion, the safety factor is
calculated as follows [6]:

[c+(y,h—y.h, )tan i+ tan? y, JAx

Z tan y, tan @
1+ ——
FS = f, FS (2)
Z|:y,hAxtan 7 +%7WZZ}
f =1+K(d/L-1.4(d /L))
if :c=0=>K=0.31 (3)

if :c>0,0>0=K=0.50

3. Investigating performance of modified Bishop
and modified Janbu methods

In order to investigate the performance of the
modified Bishop and Janbu methods, according to
Figure 2, an example is presented. In this example,
a slope consisting three benches of 15m is created
within a weak sandstone medium. The bench width

is 2m, the slope angle of the bench is 75 degrees,
and the natural gradient of the ground surface is 45
degrees. The friction angle and cohesion are 43
degrees and 0.145 MPa, respectively, and the unit
weight of rock mass is 0.025 MN/m® (dataset1).
According to Figure 2, the sliding mass is divided
into 8 slices; their characteristics are mentioned in
Table 1. According to these characteristics, the
safety factors, based on the modified Bishop and
Janbu methods, are equal to 1.39 and 1.26,
respectively. In addition, this slope was analyzed by
the finite element method using the RS2 software
(ver. 2019) (Figures 3to 5), and the safety factor was
obtained to be 1.25.

Critical center for ¢ =45°
e

s,
s
%
>3
n/R=0.401
d/L=0.117

Figure 2. A section of a rock slope created in
sandstone [6].

Table 1. The data required for the stability analysis [6].

Slice number wo(deg) yehdx (MN)  pwhw(MPa)  Ax (m) ¢ (deg) ¢ (MPa)
1 25 1.312 0.017 6.1 43 0.145
2 29 1.597 0.047 6.1 43 0.145
3 34 2.603 0.071 6.1 43 0.145
4 39 2.635 0.087 6.1 43 0.145
5 44 3.501 0.095 6.1 43 0.145
6 50 3.914 0.087 6.1 43 0.145
7 57 3.592 0.047 6.1 43 0.145
8 65 2.677 0 6.1 43 0.145

Also for more investigation, two more datasets of
resistance properties of slip surface were considered
(dataset2: c=0.152 and p=45.5"and dataset3: c=0.16
and ¢=48"). According to Table 2, the results
obtained for the three understudied methods are
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close together but the safety factor obtained from
the modified Janbu method is much closer to that
obtained from the FEM model, the most important
factor being the ability of the modified Janbu
method to predict the non-circular slip surface.
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Figure 5. Total displacement changes in FS=1.25.

Table 2. Comparing the results of slope stability analysis by the limit equilibrium methods and the numerical

method.
Safety Factor (SF)
Datase
tNo. ?(deg) cMPa) o ified Bishop Modified Janbu FEM (RS2
software)
1 43 0.145 1.39 1.26 1.25
2 45.5 0.152 1.49 1.36 1.35
3 48 0.16 1.59 1.46 1.43

4. Investigating overall slope angle in economic
conditions of an open-pit mine

In this section, we aimed to investigate the effect of
the overall slope angle (final slope angle) on the
mine economic conditions. For this purpose, as
shown in Figure 6, a vertical section of an iron ore

mine, with the characteristics listed in Table 3, was
considered. The depth of the final pit was
considered to be 180m, which was to be exploited
by twelve benches of 15m. The bench width in the
final pit was 8m and the floor width of the pit was
70m (equal to the apparent width of iron ore).

Table 3.Geomechanical properties of orebody and rock masses.

Resistance properties considering

Unit weight Young’s Poisson

Type Cohesion (MPa) Frlc;[:j%ré e)mgle (MN/m?) modulus (GPa) ratio
Hanging wall 0.165 42 0.025 1.1 0.3
Footwall 0.155 35 0.025 1 0.3
Ore 11 46 0.025 25 0.28
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Ore Foot wall

Figure 6. A vertical section of an iron ore mine.

Based on the given information, the optimum slope
angles of the right and left walls of the final pit were
analyzed by the modified Bishop and modified
Janbu methods. Moreover, according to Figures 7
and 8, the slope stability of the pit was investigated
by RS2. According to Table 4, considering FS=1.3
as an acceptable criterion for an optimum design
[27], the stable and optimum slope angles of the
right wall and left wall of pit was obtained. As
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Figure 7. Stability analysis of the right pit wall by
RS2.

Table 4. Comparing the results of slope stability
analysis of the right wall and left wall of the pit.

Optimum slope angle

Location  Modified Modified
Bishop Janbu FEM (RS2)
Right 44 445 44
wall
Left wall 41 40 41

shown in Table 4, the results are close together so
that the optimum slope angles of the right wall and
left wall were evaluated to be about 44’and 41’
respectively. To calculate the waste and ore
volumes, a thickness of 1m was considered for this
section, and therefore, the volumes of waste and ore
within the pit were 70873m® and 12600m°
respectively, and consequently, the overall stripping
ratio (OSR) was 5.62.

Total
Displacement

min

I|III )
2.20e-01

{atage): 0.00e4+00 m
0.00e+00

10e-01

3.30e-01

.

.40e-01

w

.50e-01

o

.60e-01

.T0e-01

=4

.80e-01

- 1.10e+00

max

9.530e-01

{stage): 1.00e+00 m
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From the view point of design slope and economic
conditions, an accurate calculation of the
geomechanical properties of the rock masses
surrounding the pit is very important. To investigate
the effect of the geomechanical properties on the
stability of the pit slope and economic conditions of
the open pit, a sensitivity analysis was carried out.
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It was assumed that there were, respectively, about
7% and 11% errors in calculating ¢ and ¢, and
therefore, the actual values for ¢ and ¢ were in
accordance with Table 5. Again, the right and left
pit walls, considering the obtained slope angles for
them and new values of resistance properties (44’
and 41", respectively), were analyzed, and it became
clear that the safety factors of both walls increased
by about 15% to 1.49, and therefore, the slope
angles of 44" and 41" were no longer optimal.

Considering FS=1.3 as an acceptable criterion for
optimum design, the stability conditions of pit walls
were analyzed by the limit equilibrium and
numerical methods. It was detected that the
optimum slope angles for the right wall and left wall
of the pit increased by 32% and 34% to 58" and 55,
respectively. In Figures 9 and 10, the numerical
modelling by RS2 is shown. Under these conditions,

Total

Displacement

min (stage}: 0.00e+00 m
0.00e+00

Peak Friction Angle: 47 degrees
Peak Cohesion: 180 kPa

Unit Weight: 25 kN/m3
Poisson's Ratio: 0.3

Young's Modulus: 1.1e+06 kPa

1.20e-01

2.40e-01

3.40e-01

4.80e-01

6.00e-01

7.20e-01

8.40e-01

9.60e-01

1.08e+00

1.20e+00
max (3tage): l.lle+00 m

Figure 9. Stability analysis of the right pit wall by RS2
to determine the optimum slope angle.

According to the earlier pit characteristics, OSR is
equal to 5.62. On the other hand, in a new pit, OSR
is equal to 3.41, and therefore, the pit can be deeper.
This idea is typically shown in Figure 11. It is
assumed that two pits are feasible for mining
operations; in pit No.2, the final slope angle is
greater than pit No.l, thus it can be deeper.
Therefore, considering OSR=5.62 as one of the
acceptable economic criteria, the goal is to increase
the depth of a new pit so that the safety factor of
stability of pit walls is equal to 1.3.

As mentioned earlier, the optimum slope angles of
the right and left walls of the pit with a depth of
180m were obtained to be 58" and 51°, respectively.

and with the constant pit depth, the waste volume
was obtained to be 42,977m® and the ore volume,
due to a constant pit depth, did not change, and
therefore, OSR of the new pit was 3.41, which
decreased by 39.3% compared to the previous pit. If
the stripping cost was considered to be about $0.8
per tone, the cost savings in stripping operation of
the new pit would be (only for this section, with a
thickness equal to 1) about $22317, which would
surely be a large number for all the mine.

Table 5. Actual geomechanical properties of orebody
and rock masses.

Type C(ol\r)ﬁ:’s;(;n Friction angle (deg.)
Hanging wall 0.180 46
Foot wall 0.166 39
Ore 1.18 51

Total

Displacement

min (stage): 0.00e+00 m
0.00e+00

Peak Friction Angle: 44 degrees
Peak Cohesion: 175 kPa

Unit Weight: 25 kN/m3
Poisson's Ratio: 0.3

Young's Modulus: 1e+06 kPa

1.30e-01

2.60e-01

3.90e-01

5.20e-01

6.50e-01

7.80e-01

9.10e-01

1.04e+00

1.17e+00

1.30e+00
max (stage): 1.30e+00 m |

Figure 10. Stability analysis of the left pit wall by RS2
to determine the optimum slope angle.

It should be noted that with increase in the pit depth,
the slope of the pit will not be stable, and therefore,
several simultaneous analyses are required to
calculate 1) the maximum pit depth and 2) the
optimum slope angle. To determine the maximum
depth, the stripping ratio of open pit and
underground mining (SRoeu) is used. According to
this ratio, the depth of the mine, which is the cost of
open-pit mining for each ore ton is equal to the cost
of underground mining for each ore ton, and is
considered as the mining limit of open pit and
underground (the costs after extraction are the same
for both mining methods).
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Figure 11. A typical model to show the effect of the slope angle of pit walls on the pit depth.

Therefore, the stripping ratio of the open pit-
underground limit is obtained as follows:

c,—C
SRu&ozu—o

- (4)
where C, is the mining cost per ore ton in
underground mining, C, is the cost of extraction per
ore ton in open-pit mining, and Cy is the stripping
cost per ton. To determine the open pit-underground
mining (the maximum pit depth), the overall
stripping ratio is considered SRu&o. The volumes
of waste and ore can be defined as a function of pit
depth, as follow:

Vo Q)

fo Hu&of (W)DH

(6)

Hyego

Wy f g(h)DH
0
Where Hyeo is the transition depth to underground
mining (maximum pit depth), and f(h) and g(h) are
the volume functions of waste and ore, respectively.
In Figure 12, V, and Vy, are obtained by Egs. (7) and
(8).

Vn = (WaSinﬁ)(WaHu&n) = Wa-Hu&n

()
Hu&n Hu&n Hu&n
Vy, = + +W,) +W,).
W [((tan91 tand, )+ W) —]
W..H _ Hg.&n + Hg.&n (8)
@ uko Ty,  tand,

Hanging wall

— 7y —¥

Ore

Foot wall

Figure 12. Pit geometry for determining the transition depth to underground mining.
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In Egs. (7) and (8), 61 and &, are the slope angles of
the pit walls, Ws is the apparent thickness of the ore
layer, and f is the dip of ore. Moreover, in Figure
12, W is the floor width of the pit. Considering the
recovery coefficient in open-pit mining (R,) and
recovery coefficient in underground mining (Ru),
Eq. (4) is re-written as follows:

R,.C, —R,.C,
C
Now, the transition depth is obtained by equating

Eg. (9) with OSR and then replacing Egs. (7) and
(8)init.

SRu&o =

Hrf&o Hrf&o
OSR = SRy, - V_W — Ry.Cy—R,.Cy N tanf, tan6, _
Vo C Wa- Hu&o
R,.Cy —R,.Cy _ VVa(Ru-Cu_Ro-Co)
——— > Hgo =
C C,, (cotB; + cotB,)

The data required to determine the transition depth
is given in Table 6. As mentioned, to determine the
maximum pit depth (transition depth), it must be
analyzed for the slope stability conditions and the
economic conditions simultaneously so that the
safety factor of the slope stability of pit walls is 1.3
and the overall stripping ratio is 5.62.Based on the
results obtained from the limit equilibrium and
numerical methods, the right and left walls of a pit
with a depth of 256m are stable at the slope angles
of 54" and 51°, respectively. In this state, OSR=5.62,
and therefore,from the stripping ratio view point,
the mining operations can be economic. For the
investigated section (Fig 6), the comparison of a
256m pit with a 180m pit showed that the ore
extraction increased by about 5324t, which if this
increase is extended for the whole pit, it will be a
significant volume that will increase the mine life
and profitability.

Table 6. Required data to determine the transition

depth.
Ru Cu ($) Ro Co ($) Cw ($) Wa (m)
084 75 08 225 0.8 70

5. Conclusions

In this paper, using the Bishop’s and Janbu’s
methods and numerical modeling, it was shown that
the open-pit mining operations and the economic
conditions are a function of the final slope angle of
pit. The most important results obtained from the
stability analyses by modified Bishop and modified
Janbu methods and numerical modeling (FEM) by
the RS2 software are:

1) In homogenous and isotropic media, the results
of the modified Bishop and modified Janbu methods

©)

(10)
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and numerical modeling are close together.
Therefore, in these media, the use of equilibrium
methods for analyzing the slope stability is
recommended.

2) The low accurate in determining the
geomechanical properties affects the optimum of
final pit slope and the economic conditions of the
mine, consequently. In the investigated example, by
increasing the accurate calculations of the
geomechanical properties, the overall stripping ratio
was reduced by 39.3%, from 5.62 to 3.41.

3) The transition depth to underground mining is a
function of the accurate geomechanical properties
of the rock masses surrounding pit and the final
slope angle of pit. In the investigated example, by
neglecting about 7% and 11% errors in calculating
c and ¢, the maximum pit depth (transition depth)
was increased by 42%, from 180m to 256m.
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