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Abstract

Stress-induced failure is among the most common causes of instability in Canadian deep
underground mines. Open stoping is the most widely practiced underground excavation method in
these mines, and creates large stopes which are subjected to stress-induced failure. The probability
of failure (POF) depends on many factors, of which the geometry of an open stope is especially
important. In this study, a methodology is proposed to assess the effect of stope geometrical
parameters on the POF, using numerical modelling. Different ranges for each input parameter are
defined according to previous surveys on open stope geometry in a number of Canadian
underground mines. A Monte-Carlo simulation technique is combined with the finite difference
code FLAC3D, to generate model realizations containing stopes with different geometrical
features. The probability of failure (POF) for different categories of stope geometry, is calculated

by considering two modes of failure; relaxation-related gravity driven (tensile) failure and rock
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mass brittle failure. The individual and interactive effects of stope geometrical parameters on the
POF, are analyzed using a general multi-level factorial design. Finally, mathematical optimization
techniques are employed to estimate the most stable stope conditions, by determining the optimal

ranges for each stope’s geometrical parameter.

KEYWORDS: Stope stability, stope geometrical parameters, probability of failure, general

factorial design, numerical modeling, Sublevel open stoping.

1. Introduction

The stability of underground excavations has become a critical issue in the mining industry due to
the growing trend of extracting deeper mineral resources. Open stoping underground excavation
method is the most widely practiced technique in Canadian underground mines [**]. Open stoping
creates large underground openings called “Stopes” whose level of stability must be assessed.
Maintaining stope stability not only provides safety for the workforce and underground equipment,
but also contributes to the mines production capacity and profitability by minimizing unplanned

ore dilution [+].

Although the open stope stability state is significantly affected by external parameters such as the
applied natural and mining-induced stresses, and the surrounding rock mass geomechanical

characteristics [3-12], the stope geometry plays a key role in defining the level of stability [*] [*?]

[13].



Underground instability and the probable failure conditions, for open stopes located in deep hard
rock, occur as a result of high magnitude mining-induced stresses [**]. Effects of open stope
geometry (shape, size and inclination) on the state of stability, can be evaluated by using different
analytical, empirical and numerical approaches. Numerical methods offer more advantages and
less drawbacks compared to the other two methods [*°], therefore they are widely used to analyze

the stability of underground open stopes.

Numerical evaluation of the effects of stope geometrical parameters on various instability modes
has been investigated by several important studies. The effect of open stope height on the stability
was studied by Chen et al. [*®], Perron [*], Yao et al. [*¥] and Henning [*°]. These studies indicated
that increasing the stope height results in increasing the overbreak of stope walls and consequently
contributes to unplanned ore dilution. The effect of stope strike length variations on stability were
also studied by Henning et al. [*°], Hughes et al. [?°] and ElI Mouhabbis [**], showing that longer
strike lengths create greater ore dilution compared to shorter strike lengths, thereby reducing the
stability level. Studies on the effect of stope span width variations on stability have demonstrated
that narrower stopes result in higher dilutions, thus increasing the stope span width provides more
stability [?!] [??]. Many studies also investigated the effect of stope hanging wall dip on stability
(e.g. Henning et al. ['°], Yao et al. [*®], Hughes [?°], EI Mouhabbis [?'] and Urli [%]), and concluded
that a shallower hanging wall dip contributes to a larger overbreak extent due to the significant
effect of gravity on hanging wall at low inclinations. Moreover, the effect of stope hanging wall
size and shape [defined through the parameter hydraulic radius (HR)], on the stope stability was
assessed comprehensively in some studies (e.g. Milne [?*], Germain et al. [%°], Clark [*®] and Wang
etal. [>]). It was reported that increasing the stope hanging wall HR adversely affected the hanging

wall stability, by generating a greater extent of overbreak.



In a review of previous studies, Villaescusa [*?] identified a general assumption that open stopes
with high vertical and short horizontal dimensions, and/or long horizontal and short vertical
dimensions have a higher degree of wall stability compared to square-shaped geometries, which

are considered to generate the most unstable open stopes.

No comprehensive evaluation, however, has been made on the combined effects of open stope
size, shape and inclination on their state of stability. In other words, the previous studies mainly
focused on the effects of individual parameters while not considering the simultaneous variation
of other geometrical parameters. Therefore, the aforementioned studies and their corresponding
assumptions present a number of drawbacks. Firstly, most previous studies were case specific, and
thus the variation ranges for selected geometric parameters were limited. Therefore, obtaining a
comprehensive interpretation of the effect of selected geometric parameters on the stope stability
seemed to be difficult. Secondly, in previous studies, single or multiple parameter(s) were
evaluated individually, and therefore the interferences caused by variation of other stope geometric
parameters have been underestimated. Finally, in previous studies either relaxation-related tensile
failure, or rock mass brittle mode of failure, were selected to evaluate the state of stability;
however, in real conditions the occurrence of different modes of stress-driven failure are possible
depending on the applied in situ stress regime and rock mass geomechanical characteristics. Thus
it would be more reasonable to consider all possible failure scenarios when evaluating the state of

stope stability.

The present study uses a methodology to assess the individual and combined effects of stope
geometrical parameters [i.e., stope hanging wall HR, stope span width and stope hanging wall dip]
on the “probability of failure” (POF). The POF is calculated considering both relaxation-related

gravity driven (tensile) failure, and rock mass brittle failure mode, respectively through stability



indicators of (1) minimum principal induced stress (03) and (2) rock mass BSR. The variation
range of each geometrical parameter is derived from a survey of numerous open stopes [%] located
in the Canadian Shield. A Monte-Carlo simulation technique combined with the finite difference
code FLAC3D [%8] are utilized to simulate a large number of stopes, grouped in categories with
different ranges of span width, hanging wall HR and hanging wall dip. The individual and
interactive effects of the aforementioned geometrical parameters are evaluated by using a general
multi-level factorial analysis. Mathematical optimization techniques are ultimately used to predict
the most stable stope states (in terms of the POF) by determining the optimal ranges for each

geometrical input parameter.

2. Methodology

Figure. 1 proposes the methodology and the sequential steps we utilize to evaluate the individual

and combined effects of stope geometrical parameters on the POF.
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Figure 1- The procedure to evaluate the individual and interactive effects of open stope geometrical parameters on the POF.

2.1. Determination of rock mass parameters

The objective of this study is to evaluate the effect of open stope geometrical parameters on the
POF by numerical modeling, and as such the rock mass geomechanical parameters should be
assigned deterministically. To determine the rock mass geomechanical parameters, the unconfined

compressive strength (UCS) of intact rock, the Hoek-Brown material constant (m;) and the



Geological Strength Index (GSI) of the rock mass are defined in accordance with the typical rock
mass quality of the Canadian Shield. Deep underground mines in the Canadian Shield are generally
located in moderate to high strength metamorphic and igneous Precambrian rocks (e.g. andesite,
rhyolite, basalt and granite) [?] [*]. Hence, the mean value of the parameters GSI, UCS and m; are

assigned accordingly (Tables 1-2).

Table 1- Intact rock properties.

Property (units) Value
UCS (MPa) 120
Young’s modulus (GPa) 80
mi 13
Poisson’s ratio 0.2

The UCS and m; values of the intact rock and the GSI value for the rock mass, are used to calculate

the geomechanical rock mass properties using the following equations (Egs. 1-6) [*°]:
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where D represents the degree of disturbance of the rock mass due to the excavation method and
blasting; ranging from 0 for undisturbed in situ rock masses to 1 for highly disturbed rock masses
[?°]. The value of 0.8 is selected for the parameter D in this study, as the rock mass is assumed to
be disturbed by blasting effects. The parameters my, s and a are the Hoek-Brown failure criteria
constants defining the rock mass properties; ocm and ot stand for the compressive and tensile
strengths of the rock mass respectively; and Erm is deformation modulus of the rock mass. The
parameter oci represents the uniaxial compressive strength (UCS) of the intact rock. Rock mass

strength and deformability parameters with their corresponding values are given in Table 2.

Table 2- Rock mass geomechanical parameters.

Property (units) Value
GSlI 70

Bulk modulus, K (GPa) 4.684

Shear modulus, G (GPa) 9.760

Tensile strength, ot (MPa) 0.57

my 2.18

S 0.01

a 0.501

2.2. State of in situ stress

Excavating an opening causes the existing in situ stress regime of the surrounding rock mass to be

perturbed. The magnitude and orientation of the in situ stress components have a significant



influence on the stability of any underground excavation [?°]. Arjang et al. [*°], stated that the
major and intermediate principal stress components (o1 and o) in the Canadian Shield are oriented
almost horizontally, plunging by 10° or less, while the minor principal stress component (o3) is
vertical. For near vertical deposits in the Canadian Shield, Zhang et al. [*], mentioned that the
maximum horizontal stress component is normally inclined perpendicular to the strike of the ore
body and the minimum horizontal stress component oriented parallel to the ore strike.

In this study, the average mining depth of 1400 m is considered as representative of deep

underground stopes for estimating the deterministic values of in situ stress components (Table 3).

Table 3- The values of in situ stress components.

Depth (m) oH (MPa) on (MPa) ov (MPa)

1400 60.0 39.5 29.0

The magnitudes of in situ stress components are estimated using the Eqs. 7-9 as suggested by

Maloney et al. [*!]:

o,(MPa) = 0.026z(m) + 23.636 (7
o,(MPa) = 0.0162(m) +17.104 (8)
o,(MPa) = 0.020z(m) +1.066 9)

2.3. Determination of model geometry



The stope hanging wall hydraulic radius (HR), the stope span width and the stope hanging wall
dip are selected as appropriate input parameters, to define stope size, shape and inclination (Fig.

2).

Open stope
Stope height

Figure 2- An open stope geometrical parameters (Adopted from Wang [2]).

Realistic ranges of values for each parameter, are obtained from the database compiled by Wang
[?] and the study by Zhang et. al [?], reporting the typical open stope dimensions and inclinations
in Canadian underground mines. According to the provided distribution functions for stope span
width, hanging wall HR and dip in our reference datasets (Fig. 3), three categories of stopes are
defined having hanging wall HR ranges of below 5 m, between 5 and 7 m and between 7 and 10
m. Although, it should be noted that the minimum reported value for hanging wall HR in our
reference dataset, is equal to 2.5 m; therefore first hanging wall HR category is defined having the
range between 2.5 to 5 m. For each category of hanging wall HR, four classes of stopes are

considered, respectively having hanging wall dip ranges of 20°-45°, 45°-60°, 60°-75° and 75°-90°.

10
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Figure 3- Distribution plots of (a) stope strike length, (b) stope height, (c) stope hanging wall HR, (d) stope hanging wall dip and

(e) stope span width; for 150 open stope cases adopted from Wang [2].
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For each class of hanging wall dip in each hanging wall HR category, Monte-Carlo simulation

with uniform distribution function is utilized to generate 100 realizations as a combination of

random stope geometrical parameters respecting the predefined ranges of hanging wall HR and

dip. Monte-Carlo simulation is reported as the most accurate method of its kind in the case of a

large number of realizations of a simulation model [*°]. However, as reported by Idris et al. [*°] a

small number of realizations (e.g. 100 realizations) is also able to provide a fair approximation of

the output variables. Therefore, a total of 400 realizations (mining scenarios) are generated for

each hanging wall HR category, i.e. 100 realizations for each one of the four classes of hanging

wall dip (Table 4). All 1200 realizations for three hanging wall HR categories are repeated for

three mean values of stope span width equal to 4 m, 8 m and 12 m (Table 4). Ultimately, 3600

realizations are generated for numerical analysis.

Table 4- Stope geometrical categories the corresponding number of Monte-Carlo simulation for each category.

Number of Stope span width Stope HW HR Stope HW dip range (°)

simulations (m) (m)
400 4 2.5-5 20-45 45-60 60-75 75-90
400 4 o-7 20-45 45-60 60-75 75-90
400 4 7-10 20-45 45-60 60-75 75-90
400 8 2.5-5 20-45 45-60 60-75 75-90
400 8 o-7 20-45 45-60 60-75 75-90
400 8 7-10 20-45 45-60 60-75 75-90
400 12 2.5-5 20-45 45-60 60-75 75-90
400 12 o-7 20-45 45-60 60-75 75-90
400 12 7-10 20-45 45-60 60-75 75-90

2.4. Selecting a failure criteria

12



In the case of underground open stopes located in deep, hard rock mines or for a brittle rock mass
context, the high magnitude of mining-induced stresses could cause rock mass damage initiation
and sometimes failure in the areas close to the excavation walls [**] [*?] [*®]. Failure as a generic
term, could be identified in many forms [e.g., plastic yielding, macroscopic boundary cracks,
spalling or complete collapse of the excavation] [*°]. Hence, recognizing the damage process and
subsequent failure modes plays an important role in assessment of underground stope instability.
In general, under low confinement conditions, stress-induced instability occurs by two dominant
processes, namely; (1) stress-induced spalling and slabbing failure, and; (2) structurally-
controlled, gravity-driven failure [**]. The damage process commences with the creation of
extension micro fractures within the intact rock bridges in the rock mass as a result of high
compressive stress regime. These compression-induced tension cracks normally form parallel to
the major principal induced stress (o1). Accumulation and propagation of these cracks finally leads
to the development of macro-fractures and release surfaces. As a result, tangential and radial
stresses decrease drastically, creating an unconfined area, or a relaxation zone, around the opening.
In the case of spalling failure, the magnitude of the minor principal induced stress (a3) near the
excavation walls undergoes a significant reduction, whereas the tangential stress increases to its
maximum. However, in the case of gravity-driven, structurally-controlled failures, relaxation in
the walls reduces the minor principal induced stress to zero or less and creates tensile stress [*4]
[*] [34. It should be noted that according to Kaiser et al. [**], relaxation in excavation walls is
attributed to the reduction of tangential stresses (the major and/or intermediate principal stress)
parallel to the walls, not to the radial stress component which leads to low confinement [*°].

Therefore, in this study, two different stability indicators are used to determine the brittle and

tensile modes of failure in the rock mass. The potential rock mass brittle damage surrounding an

13



open stope can be estimated by the “brittle shear ratio” (BSR) [**] [**]. The BSR (Eq. 10) is defined
as the ratio of differential induced stress (o1 - 03) around the stope over the uniaxial compressive

strength (UCS) of an intact rock.

O, — 03

UCs,

intact

BSR = (10)

Castro et al. [**] described the rock mass damage level based on the BSR. To obtain the maximum
BSR value of each model, a built-in program in the FISH-language code [?®] was developed to use
the maximum shear stress of each zone and calculate the BSR for each zone of the model. The
maximum BSR value around the stope for each model was selected as the output variable.

The potential of gravity-driven failure due to the presence of tensile stress near the opening surface,
is determined by comparing the magnitude of minor principal induced stress (o3) to the rock mass
tensile strength. Since the tension is positive in FLAC3D, if the magnitude of o3 exceeds the tensile

strength threshold, the excavation is considered to be failed.

2.5. Determination of the probability of failure

The probability of stope failure (POF) is selected as the parameter of interest to assess the effect
of stope size, shape and inclination on its stability.

In a deterministic approach, the POF can be calculated as the proportion of stopes having either
the magnitude of minimum principal induced stress (o3), and/or the maximum BSR value exceeded
the corresponding allowable threshold, when considering either the relaxation-related gravity
driven or the brittle failure mode. The stability thresholds (maximum allowable limit) for the BSR

was reported to be equal to 0.7 by Castro et al. [**]. The threshold for tensile stress is considered

14



to be the tensile strength of the rock mass, estimated by Eqg. 5 as equal to 0.57 (MPa). Thus, the
number of failed models for each hanging wall dip class of every hanging wall HR category, are

counted and the probability of failure is calculated using Eq. 11.

Number of failed models (0320 or BSR20.7) in each class
POF (%) — (03 t (rock mass) ) X 100 (11)

Total number of models in each class

2.6. Numerical modeling

The finite difference code FLAC3D [%] is employed to build models based on the geometry setup
obtained by Monte-Carlo simulation (Fig. 4). The transverse stope configuration [*?] is selected to
generate planar symmetrical models, with multiple neighboring primary stopes having identical
dimensions. Stopes are excavated in sequence. The rib pillar W/H ratio is set at 0.4 for all the
models according to a database reported by Hudyma [*] that contains 135 rib pillar size parameters
observed from 17 different Canadian open stope mines. Different mesh sizes are tested to obtain
the most reliable and accurate numerical results. To increase accuracy, a finer mesh size is adopted
near the stopes and pillars, while the coarser mesh is applied for the homogeneous isotropic rock
mass surrounding the area of interest. To avoid any adverse effect on the obtained results, the roller
conditions for external boundaries are positioned far enough from the region of interest, based on
different stope dimensions for each model. The identical in situ stress state is applied to the models
of all geometrical categories using the magnitudes reported in Table 3. The stopes in each model
are excavated in separate single steps from left to right, and after each excavation step, the model

is allowed to reach equilibrium.
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Figure 4- Model boundary conditions and the state of in situ stress.

3. Results and discussion

The POF is calculated for each class of hanging wall dip in all categories of hanging wall HR for
the two considered failure modes. The possibility of brittle failure for each model is evaluated by
plotting BSR contours and determining the zone with maximum BSR value (Fig. 5); and the
possibility of structurally-controlled gravity driven failure is assessed by comparing the highest
magnitude of minimum principal induced stress of each model (as an output of FLAC3D), with
the obtained value of rock mass tensile strength (Fig. 6 a—b). The ratio of the number of failed
model realizations, over 100 realizations for each hanging wall dip class, provides the POF in
percentage. It should be noted that for the presumed state of in situ stress and rock mass quality,
no brittle failure condition is observed. Thus, the main failure mechanism is determined to be the

structurally-controlled gravity driven (i.e. tensile) failure.

16



FLAC3D 5.01

©2017 Itasca Consulting Group, Inc.

Step 10008
2017-08-29 13:48:27

Contour of BSR
o A

by: Vi
3.8365E-01
3.7500E-01 ——t
3.5000E-01 =
3.2500E-01
3.0000E-01 = =
2.7500E-01
2.5000E-01

2.2500E-01 ; B
I 2.0000E-01 ——

1.7500E-01 —Z Z
1.5000E-01 === =
1.2500E-01 = =
1.0000E-01
7.5000E-02
5.0000E-02 -
2.5000E-02
0.0000E+00 e
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In order to have a better understanding about the way each input parameter affects the POF, and/or
whether interaction effect exists between the parameters or not, a general factorial design with 36
experiments is generated by Design Expert 7.0 [*®] trial software. The general (multi-level)
factorial design allows categorical factors to be defined with different numbers of levels and

creates an experiment that includes all possible combinations of factor levels [*] . The 36-

17



experiment design and the values of response (POF), obtained from numerical modellings, are
presented in Table 5. The process takes place by fitting different regression models (i.e., mean,
main effects, 2FI and 3FI) to the response data (POFs). Consequently, ANOVA is used to
determine the level of significance for the applied regression models. The final equation (Eq. 12)
expresses the relationship between the POF value (response variable), and the

individual/interactive effects of independent variables:

POF (%)= f(A[1], A[2].B[1], B[2], B[3], C[1]. C[2], A[1]C[1]. A[2]C[1]. Al]C[2]. A[2]C]2]
 BIAC[1], B[2]c[1], B[3]C[1] B[z]c[2], B[2]C[2], B[3]C[2]
(12)

Where POF is the “probability of failure” in percentage; A, B and C refer to the coded values of
stope span width, stope hanging wall dip and stope hanging wall HR, respectively; [n] represents

the corresponding level (range) for each input variable.

Table 5- The 36-full factorial experimental runs and the corresponding values of POF obtained from numerical modellings.

Run Span width (m) HW dip (°) HW HR (m) POF (%)
1 8 75-90 7-10 49
2 8 45-60 7-10 47
3 8 60-75 2.5-5 21
4 4 75-90 7-10 14
5 4 60-75 5-7 26
6 8 60-75 7-10 36
7 4 60-75 7-10 6
8 8 60-75 5-7 49
9 4 45-60 7-10 26
10 4 45-60 5-7 32
11 8 20-45 5-7 43
12 4 60-75 2.5-5 23
13 12 75-90 7-10 56
14 8 45-60 2.5-5 55
15 12 60-75 5-7 45
16 8 20-45 2.5-5 36
17 12 45-60 2.5-5 76
18 8 45-60 5-7 34
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ANOVA results of the general factorial design are presented in Table 6. The applied regression

model is statistically significant (p < 0.0001), and the parameter “adequate precision” which

reflects the signal to noise ratio [*®], has the value well above the minimum desirable limit of 4.0

(Table 7).
Table 6- ANOVA results of the regression model applied to POF data.
Sumof  Degree of Mean
Source F-value  p-value
squares  freedom square
6823.97 17 401.41 10.61 <0.0001
Model
A 2602.06 2 1301.03 34.39 <0.0001
B 1433.64 3 477.88 12.63 0.0001
C 427.56 2 213.78 5.65 0.0125
AC 613.61 4 153.40 4.05 0.0162
BC 1747.11 6 291.19 7.70 0.0003
Residual 681.00 18 37.83
Cor total 7504.97 35

The model regression coefficient (R?) equals 0.91, and thus indicates the goodness-of-fit of the

regression model for predicting the POF results (Table 7). Another validation of the assigned
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model is the proximity of the predicted determination coefficient (R?) value and the adjusted R?
(R%g;), which indicates that unnecessary variables are eliminated from the model. If the values of
these two parameters fall within approximately 0.20 of each other, a reasonable agreement would

be achieved (Table 7).

Table 7- The values of determination coefficient (R?), adjusted and predicted determination coefficients.

Adequate

= R? Adjusted R? Predicted R?
precision

14.0 0.91 0.82 0.64

Regression coefficient values reflect the way each independent variable impacts the response
variable; however, it should be noted that in the case of a general factorial design with multi-level
categorical factors, these coefficients do not imply a physical meaning. Since these coefficients
are calculated according to a mathematical algorithm, it is strongly recommended [*'] to use the
model graphs, instead of coefficient values, to develop a better interpretation of the model.
Significant model terms influencing the POF are individual parameters of A (span width), B

(hanging wall dip), C (hanging wall HR) and interactions of A*C and B*C (Table 6).

3.1. Effect of open stope hanging wall HR on the probability of failure

Dimensions of the stope hanging wall “exposed surface” is one of the most important factors
influencing the hanging wall stability, since it directly contributes to the extent of the hanging wall
relaxation zone [*®]. The stope strike length and height characterize the exposed surface of a

hanging wall. According to previous studies [*°] [*°] [?!] longer strike lengths cause a greater degree
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of relaxation-related dilution, whereas, decreasing the strike length provides more stability. It is
also reported [*°] [**] [*®] that increasing the stope height contributes to greater instabilities and
according to Henning [*°], even imposes a stronger effect on hanging wall overbreak, compared to
the strike length. Furthermore, to account for the combined effect of hanging wall size and shape,
the hydraulic radius (HR) is used as a common measure, and as reported by many studies,
increasing the hanging wall HR leads to a higher extent of hanging wall instability [**] [2°] [*].

Despite the aforementioned assumptions corresponding to the effect of hanging wall size and shape
on stability, the actual role of hanging wall HR has not been fully understood yet, since the
interferences caused by variation of other stope geometric parameters such as span width and
hanging wall dip have been largely underestimated. Therefore, the effect of the stope hanging wall
HR is investigated for three categories of stope with different values of span width; each category
contains model realizations with four different classes of hanging wall dip. Figures. 7 a—d illustrate

the POFs corresponding to HR variations for each stope hanging wall dip class.
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Figure 7- POF plots for hanging wall HR variations for three average span width groups. (a) hanging wall dip range 20-45°; (b)
hanging wall dip range 45-60°; (c) hanging wall dip range 60-75°; (d) hanging wall dip range 75-90°.

In the case of shallow dipping stopes having hanging wall dip ranging between 20-45°, and span
width between 4 m and 8 m, increasing the hanging wall HR range from 2.5-5 m to 5-7 m increases
the POF from 30% to 32%, and from 36% to 44%, respectively. Whereas, increasing the HR to its
ultimate range (7-10 m), decreases the POF dramatically to 8% and 33%, respectively. However,
for stopes with 12 m of span width, increasing the hanging wall HR range, causes the POF to
reduce from 46% to 40% (Fig. 7a).

For shallow to moderately dipping stopes (45-60°), with a span width equal to 8 m and 12 m,
increasing the hanging wall HR range from 2.5-5 m to 5-7 m, decreases the POF from 58% to 38%
and from 69% to 39%, respectively, while increasing the HR to its maximum range (7-10 m),
increases the POF to 46% and 53%. However, stopes having span width equal to 4 m became more
stable by increasing the hanging wall HR range, resulting in a decrease of the POF from 52% to
21% (Fig. 7h).

In the case of moderately to steeply dipping stopes (60-75°) with a span width of 4 m, increasing

the hanging wall HR range from 2.5-5 m to 5-7 m, significantly increases the POF (from 16% to
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32%), while increasing the hanging wall HR to its highest range (7-10 m), causes a rapid reduction
in the POF (decreased to 12%). For the stopes with a span width equal to 8 m, the POF increases
first (from 21% to 44%) by increasing the range of hanging wall HR from 2.5-5 m to 5-7 m, and
then decreases to 37% while HR reaches its maximum range (7-10 m). In addition, 12 m-wide
stopes have their POF continuously increasing (from 32% to 44%), by increasing the hanging wall
HR range (Fig. 7c).

Finally, increasing the range of hanging wall HR from 2.5-5 m to 5-7 m for steeply dipping (75-
90°) stopes increases the POF from 35% to 47%, 41% to 59% and 52% to 60%, for span width of
4 m, 8 mand 12 m, respectively, while increasing the HR range to 7-10 m, causes the POF to
decrease to 21%, 46% and 53%, for span widths of 4 m, 8 m and 12 m, respectively (Fig. 7d).
The obtained results of the stope hanging wall HR effect on the POF, challenges the conventional
previous assumptions, since hanging wall HR variation does not show similar patterns of effect
depending on differences in span width and hanging wall dip ranges. Thus, these observations
strongly suggest the presence of significant interaction effects between hanging wall HR and the

two other aforementioned parameters.

3.2. Effect of open stope span width on the probability of failure

The effect of open stope span width on relaxation-related dilution has previously been investigated
by some studies, and accordingly as a general notion, it is reported that narrower stopes undergo a
larger extent of dilution and therefore are more prone to be unstable [*1??]. However, to obtain a
clearer understanding about the effect of span width on stope stability, a more comprehensive
assessment is accomplished by considering the influence of other geometric parameters in different

ranges.
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Figures. 8 a—c plot the effects of stope span width on the POF for three hanging wall HR categories
in different hanging wall dip classes. As observed in Figure. 8a, stopes whose hanging wall HR
ranges between 2.5 and 5 m, increasing the span width from 4 m to 12 m continuously increases
the POF for all four hanging wall dip classes respectively from 30% to 46%, 52% to 69%, 16% to
32% and 35% to 52%. Where stopes had their hanging wall HR range between 5-7 m, increasing
span width from 4 m to 8 m raises the POF in all four classes of hanging wall dip, respectively
from 31% to 44%, 26% to 38%, 32% to 44% and 47% to 59%; whereas, increasing span width to
12 m causes almost no change in the values of POF for neither of the four hanging wall dip classes.
It is also found that stopes with hanging wall dip ranges of 20-45° and 60- 75° have almost identical
POFs in every stope span width category (Fig. 8b). Finally, increasing the span width from 4 m to
12 m for the large stopes with a hanging wall HR range of 7-10 m, increases the POF from 8% to
40%, 21% to 53%, 12% to 44% and 21% to 53%, respectively, for hanging wall dip classes of 20-
45°, 45- 60°, 60- 75° and 75- 90°. Here, almost identical POF values are observed in hanging wall
dip classes of 45-60° and 75- 90° (Fig. 8c). The results of the stope span width effect on the POF,
do not support the previous reported assumptions, since wider stopes show less stability (in terms

of POF) than narrower ones.
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3.3. Effect of open stope hanging wall dip on the probability of failure

According to Henning [*°], greater hanging wall overbreak occurs for shallower dips, since vertical
stresses (o3) are shed onto the surrounding orebody, leading to the creation of larger relaxation
zones. Hence, shallow dipping stopes are considered to be more unstable. However, the effect of
hanging wall dip may be altered when it is combined with the effect of other stope geometric

parameters.
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The impacts of open stope hanging wall dip on the POF are presented in Figures. 9 a—c, with three
values of span width, in various categories of hanging wall HR ranges. In stopes with a hanging
wall HR in the range 2.5-5 m, increasing the hanging wall dip results in similar variation trends on
the POF for all the span width groups. Accordingly, for stopes with span widths of 4 m, 8 m and
12 m, increasing the range of hanging wall dip from 20-45° to 45-60°, increases the POF from
30% to 52%, from 35% to 58% and from 46% to 69%, respectively. Moreover, increasing the
hanging wall dip to the range of 60-75°, causes a significant decrease in the POF to 16%, 21% and
32%, respectively. Ultimately, reaching a hanging wall dip range of 75-90°, results in 35%, 41%
and 52% of POF for stopes with span widths of 4 m to 12 m, respectively (Fig. 9a).

In the case of stopes having hanging wall HR ranging from 5 to 7 m, similar patterns of POF
variation are observed for all the span width groups, especially for span widths of 8 m and 12 m,
in which almost identical POFs are obtained for each hanging wall dip range. For stopes with a
span width equal to 4 m, increasing the range of hanging wall dip from 20-45° to 45-60°, decreases
the POF from 31% to 26%, while increasing the hanging wall dip range to 60-75° and ultimately
75-90°, increases the POF to 47%. For stopes with 8 m and 12 m span widths, POFs of 44%, 39%,
44.3% and 59% are obtained for dip ranges of 20-45° to 75-90°, respectively (Fig. 9b).

The effect of increasing the hanging wall dip on the POF shows a similar pattern for all three span
width groups with 7-10 m hanging wall HR. Thus, for stopes having span widths of 4 m, 8 m and
12 m, increasing the range of hanging wall dip from 20-45° to 45-60°, increases the POF from 8%
to 21%, from 33% to 46% and from 40% to 53% respectively. Moreover, increasing the hanging
wall dip range to 60-75°, reduces the POFs to 12%, 37% and 44% respectively. Ultimately,
increasing the dip range to 75-90°, results in POFs of 21%, 46% and 53% for span width groups

of 4 m to 12 m, respectively (Fig. 9c).
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Figure 9- POF plots for hanging wall dip variation for three span width groups. (a) hanging wall HR range 2.5-5 m; (b) hanging
wall HR range 5-7 m; (c) hanging wall HR range 7-10 m.

3.4. Interaction effect of open stope geometric and inclination parameters on the

probability of failure
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As indicated by the results for individual parameters in previous sections, the POF is significantly
controlled by strong interactions between certain geometrical parameters. The presence of
synergistic effects between the geometrical parameters complicates a general conclusion on the
influence of stope size, shape and inclination on the POF. Based on the results of previous studies,
it can be assumed that stopes, either with high vertical and short horizontal dimensions or with
long horizontal and short vertical dimensions, are considered more stable in comparison to square-
shaped stopes [*?].

Figures. 10 a—d illustrate the interaction effects of stope span width and stope hanging wall HR,
for the hanging wall dip ranges of 20-45°, 45-60°, 60-75° and 75-90° respectively. As previously
discussed, it is observed that regardless of the stope hanging wall dip range, increasing the stope
span width increases the POF for all three hanging wall HR categories (Figs. 10 a—d).

In shallow dipping stopes (HW dip between 20-45°), increasing the hanging wall HR for stopes
with low and moderate span widths (4 m and 8 m), firstly elevates the POF and then reduces the
POF to their minimums. However, for large span widths (12 m), a global decreasing trend of POF
is observed (Fig. 10a). The most stable condition (POF = 8%) occurs with narrow stopes (span
width of 4 m), having the maximum range of hanging wall HR (5-7 m). In contrast, when the
horizontal dimensions of the stope becomes closer to its vertical dimension (the category of span
width equal to 12 m and HR ranges between 2.5 and 5 m), the POF increases to its maximum level

of 46%.
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Figure 10- General factorial analysis plots showing interaction effects between stope span width and stope hanging wall HR in
(a) hanging wall dip range 20-45°; (b) hanging wall dip range 45-60°; (c) hanging wall dip range 60-75°; (d) hanging wall dip
range 75-90°.

For shallow to moderately dipping stopes (HW dip between 45-60°) with the span width of 4 m;
increasing the hanging wall HR, sharply decreases the POF. In this case, the most stable condition
occurs in the group of stopes with span widths of 4 m and hanging wall HR between 7 and 10 m.
For stopes with span widths of 8 m and 12 m, increasing the HR decreases the POF in the beginning
(at HR range of 5-7 m), and then increases it considerably for larger HR values. It is also observed
that reducing the difference between stope’s horizontal and vertical dimensions (the category of
span width equal to 12 m and HR ranges between 2.5 and 5 m), results in the most unstable

condition in terms of POF (69%) (Fig. 10Db).
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In the case of moderately to steeply dipping stopes (HW dip between 60-75°), increasing the
hanging wall HR first increases the POF (at HR range of 5-7 m), and then decreases it for all the
span width categories. Again, the most stable condition in term of POF (11%) is achieved for
stopes with hanging wall HR between 7 and 10 m and span width of 4 m (Fig. 10c).

A similar pattern of POF variation is observed for steeply dipping stopes (HW dip between 75-
90°), in that increasing the hanging wall HR first increases the POF (at HR range of 5-7 m), and
then decreases it across all span widths. In addition, the lowest POF (21%) was observed for stopes
with high vertical (HR ranges between 7 and 10 m), and short horizontal (span width of 4 m)
dimensions (Fig. 10d).

Across the hanging wall dip classes, the highest level of stability (the lowest POF values), is
achieved for the category of stopes with the hanging wall HR ranging between 7-10 m, and span
width of 4 m. This result supports the previously stated assumption that high vertical and short
horizontal dimensioned stopes are more stable than square-shaped stopes. Moreover, it provides a
general pattern for POF variations; where in all the hanging wall dip classes (except the dip class
of 45-60°), increasing the hanging wall HR and span width simultaneously, causes the POF to
increase. In stopes dipping between 45-60°, increasing the hanging wall HR and span width
simultaneously, at first causes the POF to decrease significantly, and then to increase by the same
value.

The interaction effect of stope hanging wall HR and stope hanging wall dip, for span widths of 4
m, 8 mand 12 m are presented in Figures. 11 a—c, respectively. Regardless of the stope span width,
the POF for the stopes with hanging wall HR ranges between 2.5 and 5 m and 7 and 10 m, follows

an increase/decrease/increase pattern as the stope hanging wall dip range is increased. While for
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the stopes with a hanging wall HR range of 5-7 m, the POF decreases at first and then continuously

increases with increasing stope hanging wall dip ranges (Figs. 11 a—c).
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Figure 11- General factorial analysis plots showing interaction effects between stope hanging wall dip and stope hanging wall
HR for (a) span width of 4 m; (b) span width of 8 m; (c) span width of 12 m.

Where stope span widths equaled 4 m, the POF for the stopes with hanging wall dip ranges of 20-
45°, 60-75° and 75-90°, increases to its highest level by increasing the hanging wall HR range
from 2.5-5 m to 5-7 m. Consequently, the POF decreases to its minimum when the hanging wall
HR is increased to 7-10 m range. However, for stopes with hanging wall dip ranges of 45-60°, the

POF continuously decreases with increasing hanging wall HR ranges (Fig. 11a).
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For 8 m-wide stopes with moderate to steeply dipping hanging walls (60-75° and 75-90°),
increasing the HR range from 2.5-5 m to 5-7 m, increases the POF from their minimum value to
their maximum value; however, when HR range is increased to 7-10 m, the POF decreases. For a
hanging wall dip range of 20-45°, increasing the HR range to 5-7 m results in an increase of POF
to its maximum value, while at the 7-10 m range of HR, the POF is decreased to its minimum
value. POF for the stopes dipping between 45-60°, decreases from their maximum to minimum
value by increasing the HR from 2.5-5 m to 5-7 m and increases when HR ranges between 7 and
10 m (Fig. 11b).

Finally, for 12 m-wide stopes dipping between 60-75° and 75-90°, increasing the hanging wall HR
range from 2.5-5 m to 5-7 m, enhances the POF from their minimum to the maximum value;
whereas increasing HR to 7-10 m, causes the POF to decrease. The POF for stopes dipping between
45-60°, decreases from their maximum to minimum values by increasing the HR from 2.5-5 m to
5-7 m; in contrast, an increase in the POF value is observed, when the HR reaches the 7-10 m
range. In stopes dipping 20-45°, increasing the HR range from 2.5-5 m to 7-10 m, decreases the

POF (Fig. 11c).

4. Conclusions

The Monte-Carlo simulation approach combined with the finite difference code FLAC3D, are
employed to assess the individual effects of open stope size, shape and inclination on the stope
probability of failure. The effect of stope hanging wall HR, stope span width and stope hanging
wall dip were evaluated for three groups of stopes, having different average values of span width

(4 m, 8 mand 12 m), with every group divided in three hanging wall HR categories (2.5-5 m, 5-7
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m and 7-10 m) and each category of HR varied the hanging wall dip in four classes of 20-45°, 45-
60°, 60-75° and 75-90°. In order to calculate the POF as the response variable, the possibility of
rock mass brittle failure and structurally-controlled gravity driven (tensile) failure were assessed
for simulated stopes through the BSR parameter and the minimum principal induced stress,
respectively. It was found that under the presumed state of in situ stress and rock mass quality;
structurally-controlled gravity driven failure is the dominant mode of failure. Due to the presence
of strong interaction effects between the parameters; a general multi-level factorial design with 36
experiments was utilized to determine the induvial and interactive effects of the parameters. An
appropriate quadratic model with an adequate fit was applied to the obtained POF results. The
mathematical relationship between the POF and the geometrical parameters in their corresponding
levels were adequately described by a polynomial equation. Results indicated that the three
parameters stope hanging wall HR, stope span width and stope hanging wall dip have a strong
influence on the stope stability state; while the probability of stope failure is significantly
controlled by interaction effects between span width / hanging wall HR and hanging wall dip /
hanging wall HR. The interaction between the parameters, alters the way each parameter affects
the probability of stope failure; hence, the effect of each geometrical parameter on POF must be
assessed by considering the variation level of other parameters. However, a key finding of this
study is that whatever the stope hanging wall dip is, increasing the stope span width from 4 m to
12 m, increases the POF in all categories of stope hanging wall HR.

Moreover, aside from stope span width range, when the hanging wall HR ranged between 2.5-5
m, the most unstable condition occurs for hanging wall dip between 45-60°, while the most stable

condition occurs for hanging wall dip between 60-75°. In contrast, for stopes having their hanging
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wall HR ranging between 5-7 m, the most stable condition occurs for the hanging wall dip range
of 45-60°, while the maximum instability is observed for hanging wall dip between 75-90°.
Furthermore, it can be concluded that independent of stope span width, increasing the stope
hanging wall HR range from 2.5-5 m to 7-10 m decreases the POF for the stopes dipping up to
60°. While stopes dipping greater than 60°, the most unstable condition occurs for the hanging
wall HR range of 5-7 m for all span width groups.

The mathematical optimization performed with Design Expert 7.0 [*] trial software predicts that
the maximum stability (in terms of POF) would be achieved for narrow stopes (span width of 4 m)
whose hanging wall dip ranges between 20 and 45° and hanging wall HR ranges between 7 and
10 m. In contrast, the maximum instability would occur in wider stopes (span width equal to 12
m) whose hanging wall HR ranges between 2.5-5 m and hanging wall dip ranges between 45 and

60°.
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