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Abstract

Determining stability, quantifying planned dilution, and estimating the potential dilution associated with hangingwall
overbreak are critical in the process of stope design in sublevel open stoping mines. To satisfy these objectives, empirical
stability graphs and numerical modelling are currently used in the mining industry. Empirical methods are limited to
the database used to calibrate them. In the case of numerical modelling, some of the available criteria used to evaluate
hangingwall overbreak do not include the intermediate principal stress around the stope and/or the rock mass geotechnical
characteristics. In this study, a new criterion for numerical modelling is proposed to estimate the hangingwall overbreak in
open stopes. This new criterion includes the intermediate principal stress around the stope and the rock mass geotechnical
characteristics. To develop the criterion, several open stope numerical models are simulated considering different geometrical
and geotechnical conditions. The criterion is calibrated to reproduce empirical case histories of hangingwall overbreak. Next,
the criterion is verified with case histories of hangingwall overbreak that presented different conditions used to calibrate the
criterion. The proposed criterion establish a significant influence and relationship between rock quality and the minimum
and intermediate principal stresses on hangingwall overbreak. The criterion offers sufficient flexibility for application to a
wide range of geometries, in situ stress conditions, and depth and rock mass properties.

Keywords Open stopes - Numerical modelling - Hangingwall overbreak - Stress distribution

List of Symbols D Factor of disturbance
HR Hydraulic radius [m] o, Tensile strength [MPa]
ROD Rock quality designation s Rock mass constant, Hoek and Brown failure
J, Joint set number criterion
J. Joint roughness number o, Uniaxial compressive strength [MPa]
Ja Joint alteration number m; Intact material constant, Hoek and Brown failure
o Rock tunneling quality index modified criterion
A Stress factor my Reduced value of the material constant, Hoek and
B Joint adjustment orientation factor Brown failure criterion
C Gravity factor c, Major principal stress [MPa] (positive in
N Mathews stability number compression)
H Hangingwall height [m] c, Intermediate principal stress [MPa] (positive in
L Hangingwall length [m] compression)
GSI  Geological strength index (o Minimum principal stress [MPa] (positive in
E, Intact rock Young’s modulus [GPa] compression)
E.. Rock mass Young’s modulus [GPa] Z Stope depth [m]
p Mean principal stress [MPa]

, b Differential stress ratio

P< L. Diaz .
javallej@ing.uchile.cl RSS Residual sum of squares
n Total number of simulated cases
! Department of Mining Engineering, Advanced Mining Vi Minimum principal stress of the simulated cases
giciilenology Center (AMTC), University of Chile, Santiago, considering empirical ELOS [MPa]
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Vi Minimum principal stress estimated by the
evaluated criterion [MPa]

R Coefficient of determination

R? Adjusted coefficient of determination

k Number of independent variables

y Average value of minimum principal stress of the
simulated cases [MPa]

1 Introduction

Stope design is a unique process that considers the mining
sequence, stable geometry, space between levels, and
support and filling requirements. When comparing different
options for stope design, it is important to evaluate them in
terms of cost and production, as well as in terms of stope
stability and the potential dilution associated with walls. It
has been established that the main mechanism that allows
quantification of the dilution in sublevel stoping corresponds
to wall overbreak (Cepuritis and Villaescusa 2006).

Quantifying the dilution requires the implementation
of the cavity monitoring system (CMS) and subsequent
comparative analyses. However, according to the level
of dilution certainty, it is possible to distinguish between
planned dilution and unplanned dilution (Scoble and Moss
1994). Planned dilution is defined in the design of a basic
unit; hence, the challenge is in estimating the unplanned
dilution, characterized mainly by the amount of hangingwall
overbreak. Quantifying the unplanned dilution allows
updating the tonnage to extract its grade and the processing
value, which allows a higher level of certainty of the
reserves available for mining planning and better control of
the production costs.

Empirical design methods are widely used as a simple
means of generating broad design guidelines for primary
stopes (Henning and Mitri 2008). Mathews et al. (1981)
developed the first empirical stope stability graph, which
became popular through the expansion of the database
from 50 case histories to 176 case histories by Potvin
(1988). Trueman et al. (2000), Mawdesley et al. (2001) and
Mawdesley (2002) extended the original Mathews stability
graph by increasing the number of case histories from 176
to 485 for 38 mines in North America, Australia, Chile, and
England.

The stability graph method is based on a relationship
between the hydraulic radius (HR) and the stability number,
N. The hydraulic radius accounts for the stope geometry face
and is defined by (Laubscher and Taylor 1976):

Stope face area

6]

" Stope face perimeter

The Mathews stability number, N, is defined by:
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where Q' is defined by (Mathews et al. 1981):
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where RQD (Deere et al. 1967) is the rock quality
designation, J, is the joint set number, J, is the joint
roughness number, and J, is the joint alteration number.
In Eq. (2), A, B, and C are defined as the stress factor,
the t adjustment orientation factor, and the gravity factor,
respectively.

Several authors have worked at improving the reliability
of the stability graph predicting open stope performance.
The most significant limitations are the following (Suorineni
2010):

e The subjectivity in the definition of the stability zones.

e The absence of standardization of the extended database.

e The non-representation of the rock stress factor, A, for
instabilities caused by low confinement conditions.

e The poor representation of the sliding failure modes by
the gravity adjustment factor C.

In the past 3 decades, several studies have focused
on eliminating the effects of these constraints. The
developments have resulted in different values of the stability
number, N, for the same stope surface and different stability
zones, and have resulted in different models for estimating
the hangingwall overbreak (Suorineni 2010).

Several modifications and updates to the A, B, and C
factors have been proposed (Hadjigeorgiou et al. 1995; Clark
and Pakalnis 1997; Diederichs and Kaiser 1999; Stewart and
Trueman 2004; Bewick and Kaiser 2009; Mitri et al. 2011;
Vallejos et al. 2016, 2017a). However, most of these studies
have not evaluated the impact of the proposed modifications
on the performance of the method. Other authors have
proposed new factors that modify the stability number
according to the time effect in the excavation (T) (Pakalnis
1986; Tannant and Diederichs 1997) and the influence of
faults on stope stability (F) (Suorineni et al. 2001), but these
factors have generally not been applied.

The ability of the CMS to produce a three-dimensional
study of a stope enabled Clark and Pakalnis (1997) to
develop the concept of equivalent linear overbreak/slough
(ELOS) to estimate the dilution of an excavation. Different
authors have proposed the use of dilution lines (Scoble and
Moss 1994; Papaioanou and Suorineni 2015; Suorineni et al.
2016) and ELOS lines (Clark 1998) in the stability graph
method. Figure 1 presents an updated ELOS chart developed
by Castro (2015) based on 307 case histories of unsupported
open stope walls from Canadian mines and the addition of
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Fig. 1 Updated ELOS curves
(Castro 2015)
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38 new case histories from two Chilean mines. In these
types of databases, it is necessary to consider the geologi-
cal and operational conditions under which the curves were
developed to use them properly. Therefore, to improve the
performance of the stability graph method, the MineRoc®
software (Vallejos et al. 2015) was developed as a support
tool for open stope design. This software allows storing all
the information related to the stope overbreak case histories
of a site in a single platform, which ensures the possibility
of improving the performance of the local stability curves
(Vallejos et al. 2017b).

Continuum numerical modelling has become
predominant in the mining industry to analyse the stability
and estimate the overbreak in stope walls (Jing 2003). Mitri
et al. (1998) mentioned that a simple criterion of stress
confinement (minimum principal stress, 65) can be used
to evaluate the stability and potential dilution of the stope
hangingwall. Following this idea, several authors (Clark
1998; Suorineni 1998; Diederichs and Kaiser 1999; Henning
and Mitri 1999; Martin et al. 1999; Henning and Mitri 2007;
Amoussou et. 2020) have shown that stress relaxation, low
stress, and/or tensile stress have negative effects on stope
stability, and have established that criteria such as 6;<0.2
[MPa], 6;=0 [MPa] and o5 =0, (tensile strength) work
properly in certain cases to estimate the dilution of the
excavation. Stewart and Trueman (2003) developed a study
in which they suggested that the amount of stress relaxation,
defined by the total relaxation (65 and 6, <0.2 [MPa]) and
tangential relaxation (one principal stress < 0.2 [MPa] and
less than 20° inclination with respect to the wall), impacts
hangingwall stability, indicating that two-dimensional

5 10 15 20
Hydraulic radius, HR [m]

modelling is insufficient to determine whether the surface
of an excavation is relaxed. Stewart and Trueman (2004)
concluded that in discontinuous rocks, the intermediate
principal stress (c,) of the wall can influence the stope
stability when the minimum principal stress (c5) is tensile.

The effects of the stope geometrical parameters on
stope stability have been investigated in several studies.
The effect of the open stope height on stability was studied
by Chen et al. (1983), Yao et al. (1999), and Henning
(2007). These studies indicated that increasing the stope
height results in increasing the overbreak of stope walls.
The effect of stope strike length variations on stability
was studied by Henning and Mitri (2007) and Hughes
(2011), who showed that longer strike lengths increase
the stope overbreak more than shorter strike lengths do.
Studies on the effect of the stope span width on stability
have demonstrated that a decreased stope span width
increases the stope dilution (Pakalnis et al. 1996; El
Mouhabbis 2013). The effect of stope hangingwall dip
on stope stability has also been studied (Henning and
Mitri 1999; Yao et al. 1999; Hughes 2011). These studies
concluded that a lower hangingwall dip contributes to a
larger overbreak due to the significant effect of gravity on
the hangingwall. The effect of the hangingwall size and
shape defined by the hydraulic radius on stope stability
was assessed by Clark (1998) and Wang et al. (2007).
These studies showed that increasing the hydraulic
radius of the hangingwall increases the stope overbreak
and, therefore, increases the instability of the stope.
Recently, Heidarzadeh et al. (2018) studied the individual
and combined effects of stope geometrical parameters
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(hangingwall hydraulic radius, stope span width, and
stope hangingwall dip) on the probability of stope failure.
The results indicate that the interaction between the
parameters modifies the way that each parameter affects
the probability of stope failure; therefore, the effect of each
geometrical parameter on the probability of failure must
be assessed by considering the level of variation in other
parameters.

Sainsbury et al. (2015) used discrete analysis to model
stope geometries to provide a quantitative assessment
of the expected dilution in the stope hangingwall and
crown. In this study, the authors compared the expected
ELOS estimated through empirical design methods with
the ELOS calculated using discrete numerical modelling.
The dilution volume in these models was calculated by
adding up all the zone volumes that had a displacement
greater than 1 [m], a velocity greater than 1e—6 [m/s], and a
volumetric strain greater than 3%. The results indicated that
the numerical methods were able to accurately capture the
hangingwall failure that was not predicted by the empirical
design methods and to provide a more quantitative and
robust prediction of the crown instability. However, three-
dimensional discrete analysis simulations are not expected
to be used routinely in conceptual studies but are suggested
to be used in the early to late stages of development of a
stoping operation when significant rock mass data sets are
available to provide design reliabilities of more than 80%.

Empirical stope
stability graph
Mathews et al. (1981) Modified factor C;

Stability graph using Introducing ELOS concept

MRMR
Laubscher (1994)
Site-specific
stability graphs
Stewart and Forsyth (1995)

Dilution guidelines
using RMR
Pakalnis (1986)

Modified stability
graph
Potvin (1988)

Time factor (T) in

Dilution guidelines stability number

Scoble and Moss (1994)

Empirical cablebolt (1997)
support recomendation

Nickson (1992)

Empirical mathematical
dilution model
O’Hara (1980)
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Hadjigeorgiou et

al. (1995)
|

|
EMPIRICAL
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NUMERICAL
MODELLING

Clark (1998)
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Suotineni (1998) Factor A adjustment
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Tannant and Diederichs

|

Stability chart
based upon ELOS
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The most significant empirical and numerical devel-
opments for estimating the stability and dilution in open
stopes are chronicled in Fig. 2. Based on Fig. 2, the most
relevant studies that have modified the rock stress factor (A)
are Stewart and Trueman (2004), Mitri et al. (2011), and
Vallejos et al. (2016). Stewart and Trueman (2004) used
three-dimensional numerical models for a number of stope
surfaces that exhibited tensile stresses. They highlighted
that when the minor principal stress is negative, the inter-
mediate principal stress significantly affects the rock mass
behaviour. Their study concluded that when the intermediate
principal stress is positive, then A=1 is appropriate. When
the principal stress is also negative, then A=0.7 should be
used. These conclusions were established with limited case
studies. Mitri et al. (2011) proposed a new rock stress factor
that reflects the impact of low confinement on the stability
of walls. These authors did not provide statistical evidence
of the performance of the new factor on the empirical data-
bases. Vallejos et al. (2016) evaluated the impact of differ-
ent rock stress factors on the performance of the empirical
stability graph. They proposed a new rock stress factor for
high-stress conditions.

To investigate the impact of these updates of the stability
graph method, an empirical database that includes the
complete stress tensor estimated at the walls of the stopes
must be used. Given that this is not currently available,
in this study, the original rock stress factor proposed

New dilution-based stability
graph
Papaioanou and
Suorlnerlvi (2015)
Update to stability chart
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Castro (2015)

Extended stability
graph

Mawdesley et al.
(2001)

Fault factor (F)in
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Suorineni etal. (2001) considering low
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Vallejos etal. (2015)
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Stewart and Trueman
(2008)
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Trueman etal.

Henning and Mitri
N (2006)
Stewartand Trueman | pilution criteria 0;=0
[Mpa] and o;=0,

Vallejos etal. (2017)
New three-dimensional
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Heidarzadeh etal.
(2018)
Probability of failure
controlled by

Diederichsand Kaiser
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relaxation in
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Bewickand Kaiser (2009)
Adjustment to the joint
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Hydraulic radius simulations improve
adversely affectsstope  oyerbreak prediction
stability

Fig.2 Timeline describing the main works that used empirical methodologies and numerical modelling to estimate open stope stability and

overbreak, adapted from Diaz et al. (2018)
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by Mathews/Potvin is employed as a reference for the
development of the overbreak criterion.

Diaz et al. (2018) studied, through three-dimensional
continuum numerical modelling (FLAC3D v6, Itasca
Consulting Group 2018), the performance of the
conventional criteria mentioned above (6;=0 [MPa] and
63 =0,) using the case history database from Canada and
the updated ELOS curves (Fig. 1). In that study, 56 cases
were simulated in terms of the hydraulic radius and Mathews
stability number, N, represented by the ordered pair (HR,
N). In each simulation, the corresponding volume of the
isocontour that defines each criterion was estimated and
associated with the hangingwall. Therefore, for each stability
number, the ELOS obtained by the simulation was compared
to the empirical ELOS.

Figure 3 presents a comparison between the empirical
ELOS curves and the estimated values from numerical
modelling using both criteria. Each dot in Fig. 3 represents
the results from numerical modelling, while the dotted lines
represent the updated empirical curves. These graphs indi-
cate that there is no good correlation between the empiri-
cal ELOS guidelines and the estimated overbreak from the
studied numerical modelling criteria. This observation is
related to the fact that the criteria do not consider certain
parameters that influence the hangingwall stability, such
as rock mass quality and stress relaxation. Therefore, it is
necessary to propose an improved criterion that includes
the rock mass quality and stress relaxation around the exca-
vation using the empirical ELOS curves as a guide. This
proposal is the main scope of this study.

(a) o, = 0 criterion (b)

100 100

=
o
=
o

Stability number, N
Stability number, N

[
[

0.1 0.1
0 2 4 6 8 10 12

Hydraulic radius, HR [m]

Fig.3 Comparison between the updated empirical ELOS curves and
the estimated values from three-dimensional numerical modelling
using literature criteria, adapted from Diaz et al. (2018). (a) 65 =0

2 Modelling considerations

In this paper, three-dimensional finite-difference continuum
modelling (FLAC3D v6, Itasca Consulting Group 2018)
is used to calibrate and verify a new criterion to estimate
hangingwall overbreak. Models are simulated using this
software because of the flexibility that it provides using the
FISH programming language. Several cases are modelled
considering different geometrical and geotechnical
parameters. The following sections summarize the modelling
methodology, including the empirical database, geometrical
considerations, constitutive model, in situ stresses, boundary
conditions, and model outputs.

2.1 Empirical database

To establish the representative cases for the numerical
models, 582 case histories of sublevel stoping mining in
Canada were collected from the literature (Table 1) (Mah
1997; Clark 1998; Wang et al. 2003; Capes 2009). The
database includes information on hangingwalls (HWs) and
footwalls (FWs), not including information on backs or end
walls.

Table 1 Sublevel stoping database by author

Authors Number Mining method  Source
of cases
Mah (1997) 103 Sublevel Stoping Canada
Clark (1999) 102 Sublevel Stoping Canada
Wang et al. (2003) 149 Sublevel Stoping Canada
Capes (2009) 228 Sublevel Stoping Canada, Australia
o; = 0, criterion
e o 0 0 0 0 0 0o -
e 0o 0 0 0 o ;/ -
- -
e o m _w -,./. ) _ Empirical ELOS curves
— /; " Sail _._,‘—"’ - = ELOS=0.5[m]
7 -7 — =-ELOS=1.0[m]
[ 4 ¢ ¢4 H EH =&
/, L-” ~-==-ELOS=2.0[m]
/ A ’,/ ¢ ¢ ¢ ¢+ B = Numerical modelling
7 a’m ¢ ¢ ¢ ¢+ o nm e ELOS<0.5[m]
® 0.5<ELOS<1[m]
1<ELOS <2 [m]
2 4 6 8 10 12

Hydraulic radius, HR [m]

criterion, and (b) 63 = o, criterion. Dots represent the results from
numerical modelling, and dotted lines represent the updated empirical
curves
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Table 2 Minimum and

N Parameter Min Max
maximum values of the
parameters considered in Depth [m] 750  1070.0
the collected hangingwall Dip [°] 230 90.0
empirical database used for the p ’ ’
development of the overbreak Width [m] 1.4 520
criterion (307 cases) Length [m] 5.5 60.0
Height [m] 10.0 124.0
Aspect ratio 0.4 7.4
(height/
length)
HR [m] 1.8 21.2
o 0.4 33.8
N 0.8 137.5

The available information of hangingwalls is considered
to establish a database of case histories and for further devel-
opment of the overbreak criterion. In addition, footwalls
with dips greater than or equal to 85° are included in the
database.

As an additional filter, only stopes walls without support
or reinforcement are considered. Finally, the database
contains 307 case histories of hangingwalls without support.
This filtered database is used as a reference to model the
cases studied in this paper. Table 2 shows the minimum and
maximum values of the parameters considered in the filtered
empirical database.

Unfortunately, the empirical collected database
does not include the complete information of all the
required variables, especially those related to rock
mass properties, depth, and stress condition. Therefore,
representative values have been adopted. In the following
sections, the modelling cases are presented.

Ordered pairs simulated (HR, N)

100 e0®®

o®
o0®
o®®

2
o ..
g 10 —.L | _ o 4
[S [ ]
3
c
Z
.363 1 ®ELOS=0.5 [m]
wv

ELOS = 1 [m]

ELOS = 2 [m]

O T T T T 1
0 2 4 6 8 10 12

Hydraulic radius, HR [m]

Fig.4 Discretization of the updated empirical ELOS curve for
numerical modelling
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2.2 Definition of modelling cases

Different stopes were modelled using the database shown
in Table 2 and the updated empirical overbreak guide
(Fig. 1). Each ELOS curve (ELOS of 0.5, 1, and 2 [m])
was discretized into 17 points, representing 17 ordered
pairs (HR, N) with different hangingwall sizes, the val-
ues of which vary between HR =3 [m] and HR=11 [m]
(Fig. 4). For each hydraulic radius, there is a stability num-
ber that is decomposed to obtain the Q' value (Eq. 4):

0 = _N
T AXBxC’ @

The Q' value is related to the geological strength index
(GSI) system used to estimate the geotechnical parameters
of the rock mass. Each of the three curves presented has 17
cases (HR, Q', and ELOS) that were simulated in terms of
the size of the stope, the rock mass characterization, and the
amount of the expected overbreak.

Additionally, a variation in the aspect ratio of the hang-
ingwall stope (Height/Length) is considered to represent the
geometry in a better manner. Figure 5 shows the distribu-
tion of the aspect ratio present in the empirical database. To
represent 90% of the population, eight values were selected:
0.5,0.8,1.2,1.6,2.0,2.4,2.8, and 3.1. The value of 1.6 rep-
resents the average of the empirical database. In this manner,
with 17 cases for three ELOS curves and eight aspect ratios,
a total of 408 cases must be modelled numerically.

Aspect ratio (H/L)

Frequency
20 30 40 50 60
1 1 1 J

10
1

-

r T T T T T 1
0 1 2 3

Aspect ratio (H/L)

ES
3
o

Fig.5 Distributions of the ratio between the height and length of the
hangingwall stope available in the empirical database
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e The dip of the stope walls is equal to 60.9° according to
the average value of the database.

e The depth of the stopes is equal to 778.4 [m] according
to the average value of the database.

e The size of the model is ten times larger than the stope
width, length, and height to eliminate the boundary
effects.

e The boundary conditions applied to the model consider
that the right and left boundaries are bound to a
displacement restriction in the x direction, the front
and back boundaries, in the y direction, and the top and
bottom boundaries, in the z direction.

e Based on a mesh sensitivity study, the selected mesh size
at the edge of the stopes is 0.8 [m] and increases as one
moves away from the excavation.

Fig. 6 Definition of stope geometry and principal in situ stress orien- * The maj Or, principal stress I.S considered perpendlcl.llar

tations for numerical modelling to the strike of the hangingwall; the intermediate

principal stress is considered parallel to the strike of
the hangingwall; and the minimum principal stress is

2.2.1 Geometry considered vertical.

e The aspect ratio (H/L) values are 0.5, 0.8, 1.2, 1.6, 2.0,
The following modelling considerations are included 2.4,2.8,and 3.1.
(Fig. 6): e The hydraulic radius (HR) is calculated according to the

ordered pair simulation.
e The stopes are considered isolated excavations. e The hydraulic radius and aspect ratio are known
e The width of the stopes is equal to 7.2 [m] according to variables, so it is possible to calculate the height and
the average value of the database. length values of the hangingwall according to Eq. (5):

H/L=0.5 | n -
H/L=0.8
H/L=1.2
H/L=1.6
—> H/L=2.0 — 8 models
H/L=2.4 — 24 models
H/L=2.8
H/L=3.1 |
ELOS = 0.5 [m]
HR=3[m] - ELOS=1.0[m] @ | 108 model
ELOS = 2.0 [m] models
ﬁ HR = 3.5 [m] . ﬁ
HR = 11 [m]

Fig.7 Methodology followed to define the 408 models for the analysis
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T)' )

Figure 7 shows the methodology followed to define the
408 models for the analysis.

2.2.2 Constitutive model

The empirical collected database does not include enough
information to establish the peak and post-peak parameters.
The results of plastic modelling depend on the selected
parameters and mesh density. To establish reliable results using
plastic models, it is necessary to have the plastic parameters for
each site and case. Considering that the stability graph method
uses stresses estimated by linear-elastic models and that
several authors have estimated dilution from the hangingwall
based on linear-elastic models (Clark 1998; Suorineni 1998;
Diederichs and Kaiser 1999; Henning and Mitri 1999, 2007;
Martin et al. 1999; Stewart and Trueman 2003; Heidarzadeh
et al. 2018), a linear-elastic approach was adopted. This also
provides a criterion that can be used in practice and be useful
for the mining industry.

2.2.3 Rock mass parameters

The rock mass classification varied in each case according to
the value of the stability number N indicated in the ordered
pair. Through the value of the adjustment factors of the
Mathews stability method, the rock mass classification is
estimated by the Q' system. This estimation is possible; since
all the hangingwall case histories from the database presented
A =1, the discontinuity factor is considered equal to B=0.5
given that 98% of the cases of the database presented this
value, and the dip of the stopes is constant (C=4.6). To
estimate the rock mass classification GSI, first, the rock mass
is assumed to be completely dry, and the joint orientation
adjustment is equal to zero. With these assumptions, the GSI
is related to RMR | o7 according to Eq. (6) (Hoek et al. 1995):

GSI = RMR1976. (6)

Then, the rock mass classification GSI is estimated
according to Eq. (7) (Hoek et al. 1995):

Table 3 Average intact rock Intact rock parameters

parameters
oc [MPa] 157
mi 13
E,; [GPa] 57
v 0.3

@ Springer

GSI =9In(Q') +44. @)

For the numerical modelling, a linear-elastic constitutive
model is considered, defined by the Young’s modulus (E;) and
Poisson’s ratio (v) of the rock mass. Intact elastic parameters
were obtained from the average of the database (Table 3), and
the rock mass modulus was estimated from Eq. (8) (Hoek and

Diederichs 2006):
1=-2
2
60+15D-GSI )’ (8)

E.. =E,-<0.02+
l+e

where E, is the rock mass deformation modulus, E; is the
intact rock deformation modulus, GSI is the geological
strength index, and D is the disturbance factor. In this study,
the value of the disturbance factor is assumed to be equal
to 0.

The tensile strength is calculated using the Hoek—Brown
failure criterion (Eq. 9) (Hoek et al. 2002):

6 == ©)

where s is a constant for the rock mass given by Eq. (10),
o, is the uniaxial compressive strength of the intact rock
material, and m,, is a reduced value of the material constant
m; given by Eq. (11):

GSI — 100
s“”‘( 9-3D ) (10
GSI — 100
mb_m"'”"(ﬁ)' an

2.2.4 Insitu stresses

Due to the absence of specific information associated with
the magnitude and orientation of the principal stresses in
the database, the in situ stresses estimated by Maloney et al.
(2006) and Arjang (1989) for Canada are used (Eq. 12):

o, = 23.64 + 0.026 « z[MPa]
o, = 17.10 + 0.016 « z[MPal, (12)

o, = 17.10 4+ 0.016 « z[MPa]

Using the average depth of the empirical database
(z="778.4 [m]), the major principal stress is considered
perpendicular to the strike of the hangingwall and equal to
43.9 [MPa], the intermediate principal stress is considered
parallel to the strike of the hangingwall and equal to 29.6
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Minimum principal
stress [Pa]

-4.0e+7

Fig.8 Example of o3 isocontours obtained from numerical models
that reproduce different values of the empirical ELOS

[MPa], and the minimum principal stress is considered
vertical and equal to 16.6 [MPa].

2.3 Output model variables

Given the geometry of the stope and the rock mass quality
Q' for each numerical modelling case, the following output
variables were considered (Fig. 8). The minimum principal
stress isocontour, o5, that represents the rock mass volume
corresponding to the empirical ELOS is estimated and indi-
cated by o}. The o} value is calculated using a user-devel-
oped code. This function iterates the o5 value in intervals of
0.0001 [MPa], calculates for each o5 the volume within the
isocontour, and determines the numerical overbreak values
to compare with the empirical ELOS target value. When the
difference between the simulated value of the ELOS and the
target value of the empirical ELOS does not exceed a toler-
ance of 0.005 [m], the iteration ends. The last o5 value used
in the iteration is set and indicated by o}. Figure 8 shows
an example of two o5 isocontours that reproduce different
empirical ELOS values.

Major (o,), intermediate (o,), and minor (o3) principal
stress values are obtained at the centre of the stope hang-
ingwall, as shown in Fig. 9. This is done to relate the three-
dimensional principal stress condition in the hangingwall
with the stress relaxation isocontour (ag‘) and, therefore,
with the stability of the stope wall (Clark and Pakalnis 1997
Clark 1998; Suorineni 1998; Diederichs and Kaiser 1999;
Henning and Mitri 1999, 2007; Martin et al. 1999; Wang
et al. 2002; Stewart and Trueman 2003, 2004). The ¢,, o, and
o5 values are used to calculate the mean principal stress (p)
and the differential stress ratio (b) according to Eq. (13) to

Minimum principal
stress [Pa]

-4.0e+7

Fig.9 Major (o)), intermediate (o,), and minor (c3) principal stresses
obtained from the three-dimensional continuum numerical model for
each stope hangingwall geometry

quantify the effect of the intermediate stress on stope stabil-
ity (Stewart and Trueman 2004).

o, +0,+ 03 0, — 03
= b= .
3 o) — 03 (13)
3 Results

In this section, the results are processed and used to
propose several candidate overbreak criteria. Next, the
overbreak criteria are calibrated. The sensitivity of the
results to the mesh is evaluated. Finally, the performance
of the criteria is evaluated, and a new criterion to estimate
hangingwall overbreak is proposed.

3.1 Calibration of overbreak criteria

Using the principal stress values (o, 0,, 63) obtained at
the centre of the stope hangingwall, the rock mass quality
(@"), and the minimum principal stress isocontour (03) that
represents the empirical ELOS, the criteria to estimate the
hangingwall overbreak are established through statistical
optimization.

The following considerations are established regarding
the considered variables and overbreak criteria:

@ Springer



J. A.Vallejos, L. Diaz

* measured

¢ The dependent variable of each criterion is ¢}

in [MPa].

e The variable related to the quality of the rock mass
(Q'") must be present in each of the proposed criteria
since the overbreak appears to be rock mass dependent
(Stewart 2005).

e The other independent variables of each criterion could
be 0, 0,, 03, b, and/or p.

e Given the lognormal behaviour of (', it is considered
that this parameter can be used logarithmically.

e The following approach is used to assess the presence
of correlation (Larose 2006): |p| > 0.7, the variables
are correlated; 0.33 < |p| £0.7, the variables are
slightly correlated; and | p| < 0.33, the variables are not
correlated, where p is the correlation coefficient.

Table 4 presents the correlation coefficients between the
considered variables, used to propose several candidate criteria
to estimate the hangingwall overbreak.

Table 4 has the following implications:

e (' has no correlation with the variables 0,,03and b,
e (Q'isslightly correlated with the variables ¢, and p, and
e o3 has no correlation with Q’, ¢, and b.

These implications are important to consider, because
the performance of each criterion can be influenced by the
correlation that exists between the independent variables.

Based on the above-mentioned analysis, Table 5 shows the
proposed criteria candidates for estimating the hangingwall
overbreak considering the geotechnical characteristics of the
rock mass (Q') and principal stresses at the stope hangingwall,
in addition to the variables b and p. It should be noted that the
principal stresses must be in [MPa] to prevent unit problems
in the criteria and that the parameters a, b’, ¢, and d are
considered constant in each criterion. The conventional criteria
(6;=0 [MPa] and 6;=0) are also included for comparison
purposes.

To calibrate the parameters of each criterion, the least-
squares method is used. This method involves selecting the
parameters that minimize the following residual sum of
squares (RSS) (Eq. 14):

Table 5 Proposed criteria candidates to estimate hangingwall over-
break

Criterion Criterion Number of

number independ-
ent vari-
ables

Oa a;[MPa] =0 0

0b 07 [IMPa] = 0, yyerage 1

1 o;[MPa] =a+1b » log(Q’) 1

2 oi[MPa] =a+ b «log(Q') +ceo, 2

3 oi[MPa]l =a + 1 «log(Q') +ceo, 2

4 ci[MPa] =a+b' «log(Q') + ¢+ o3 2

5 cré‘[MPa]=a+b’-log(Q’)+c-o'1+d-a3 3

6 oi[MPa] =a+b «log(Q') +ceb 3

7 oi[MPa] = a+ b «log(Q') + c « log(p) 3

8 U;[MPa]=a+b’-log(Q')+c-b+d~10g(p) 3

9 oi[MPa] =a+b «log(Q' ) +ce(b)+deo; 3

n
RSS =Y (3 -3)". (14)

i=1

where i is the index that covers the total number of cases,
n is the total number of simulated cases, y; is the minimum
principal stress of the simulated cases considering the
empirical ELOS, and ¥, is the minimum principal stress
estimated by the evaluated criterion. Next, the proposed
criteria are analysed according to the adjusted coefficient of
determination (R ), given by Eq. (15):

(1=l
R=1-(1 R)<n—(k+1)>’

where R? is the coefficient of determination, n is the
total number of data, and & is the number of independent
variables. In this case, the coefficient of determination is
given by Eq. (16):

s5)

EZ?V';:H ﬁ]‘;“;(’)lﬁsi‘ér;rﬁemc‘e“ts o oYI[MPa]  oY[MPa]  o)[MPa]  oi[MPa] b P
variables o 1

o}"“"[MPa] —-0.56 1

oy[MPa] -022 0.34 1

oy MPa] -0.17 —-0.09 0.50 1

o [MPa] —-0.68 0.50 0.54 0.46 1

b 0.26 -0.29 0.57 —-0.01 -0.03 1

p - 051 0.75 0.80 0.52 0.71 0.02 1
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Table 6 Summary of fitted

. . . Criterion number Criterion -2
criteria and adjusted coefficients R
of determination

Oa o;[MPa] =0 0.00
Ob 0-; [MPa] = Ul—average 022
1 o;[MPa] = 2.07 —2.92 « log(Q') 0.69
2 o;[MPa] = 2.71 - 3.15+10g(Q') — 0.07 « 5, 0.71
3 o¥[MPa] = 1.23 — 2.60 « log(Q') + 0.39 « 5, 0.79
4 o;[MPa] =232 - 271 «log(Q') +0.37 + 03 0.79
5 o¥[MPa] = 2.17 — 2.65 + log(Q') + 0.02+ 5, +0.38 « 0 0.79
6 o;[MPa] = 1.56 — 3.12 « log(Q') + 1.93 % b 0.73
7 o i[MPa] = 0.82 — 2.24 « log(Q') + 2.29 « log(p) 0.76
8 o [MPa] = 0.57 — 2.46 + log(Q') + 1.47 « b + 2.03 « log(p) 0.78
9 o[MPa] = 1.83 —2.90 +1log(Q') + 1.82¢ b+ 0.36 + 05 0.82

Table 7 Input data for mesh sensitivity analysis

Simulated case

Depth [m] 778.4
Dip [°] 60.9
Width [m] 7.2
Length [m] 23.4
Height [m] 33.3
Aspect ratio (H/L) 1.6
Hydraulic radius, HR [m] 7.2
Rock mass quality,Q’ 7.4
Stability number, N 11.7
Modulus of deformation, Erm [GPa] 32.2
A2
R=1- M , (16)

Z?:l (yi_ )_}>2

where Y is the average value of the minimum principal stress
of the simulated cases considering the empirical ELOS.
Table 6 shows the values of parameters (a, b’, ¢, and
d) and the adjusted coefficients of determination of the
proposed criteria. Table 6 has the following implications:

e The lowest adjusted coefficient of determination is
obtained for the conventional criteria (5 =0 [MPa] and
G3=0)).

o Including the rock mass quality (Q') directly in criterion
number 1 significantly improves the adjusted coefficient
of determination.

e Criteria 3, 4, and 5 present an adjusted coefficient of
determination of 0.79.

e The highest adjusted coefficient of determination is
obtained for criterion number 9.

1.6
14
1.2
1.0

ELOS [m]
o
(o]
)
)
¢

0.6
0.4
0.2
0.0
04 06 038 1 12 14 16 18 2

Mesh size at the edge of the stope [m]

—&— Criterion 1 Criterion 4 Criterion 9

Fig. 10 Estimated ELOS from numerical modelling with criteria 1, 4,
and 9 and the sensitivity to the mesh size

e The best criteria are number 4 and number 9. From these
criteria, it can be observed that the rock mass quality and
parameters b and o3 have a great influence when estimat-
ing the target minimum principal stress (o7).

3.2 Mesh sensitivity

A mesh sensitivity analysis is defined to study the behaviour
of the proposed criteria. In this case, the mesh size at the
edge of the stope varies from 0.5 to 1.8 [m]. For practical
purposes, only three criteria are considered: numbers 1, 4,
and 9, given the different variables that each one considers.

A synthetic case of an open stope is modelled. Table 7
shows the input parameters used in this case. It should be
noted that this information corresponds to the average value
of the empirical database studied.
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Fig. 11 Comparison between the estimated ELOS and the empirical ELOS for criteria 1, 4, and 9. The distribution of the numerical results
obtained for each case is included as the curve that projects from the vertical line for each empirical ELOS

Figure 10 presents the ELOS generated by the o7 calcu-
lated for each criterion. It can be observed that each crite-
rion is mostly insensitive to the mesh size, given that the
calculated ELOS does not vary by more than 0.1 [m] from
the average.

3.3 Criteria performance

For practical comparison purposes, criteria 1, 4, and 9 are
studied. Figure 11 shows the performance of each criterion
to estimate the ELOS in different cases. It should be noted
that the data used in this study were the same data used to fit
the overbreak criterion, that is, the cases with ELOS 0.5, 1,
and 2 m (Fig. 4). Each graph shows a comparison between
the ELOS estimated by the corresponding criterion and the
empirical ELOS. For each empirical ELOS, the distribution
of the numerical results obtained for each case (curve that
projects from the vertical line for each empirical ELOS) is
presented. A diagonal line is incorporated into the graphics

@ Springer

to indicate a perfect fit between the estimated and empirical
ELOS.

Criterion number 1 presents a large spread of results
(long vertical line), which is consistent with the adjusted
R? presented earlier (Table 6). Criterion 9 presents a lower
spread and more precise results than those of criterion 4,
which is directly related to the R?. From the distributions
shown, criteria 1 and 4 have erratic performances in
estimating the ELOS of 0.5 and 1 [m]. For the ELOS of 2
[m], the three criteria concentrate their results around this
value; however, they tend to overestimate this overbreak
value.

The addition of the aspect ratio as a parameter to repre-
sent the geometry of the stopes allows incorporating into the
analysis a factor used in previous works (Suorineni 1998;
Suorineni et al. 1999; Henning and Mitri 2007). In this man-
ner, Fig. 12 shows the performance of each criterion to esti-
mate the empirical ELOS as a function of the aspect ratio.
Figure 12a shows the performance of the three criteria used
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Table 8 Global and local bias of each criterion for estimating the
empirical ELOS

Bias

Global ELOS0.5[m] ELOS1[m] ELOS?2 [m]
Criterion 1~ 0.32 0.09 0.22 0.67
Criterion4  0.18 0.08 0.14 0.32
Criterion9  0.17 0.04 0.10 0.36

to estimate the empirical ELOS of 0.5 [m]. When the aspect
ratio varies from 0.5 to 3.1, criteria 1 and 9 have the high-
est and lowest deviation, respectively. Criterion 1 tends to
overestimate the ELOS when the aspect ratio is lower than
1.6 and tends to underestimate the ELOS when the aspect
ratio is higher than or equal to 1.6. Criterion number 4 tends
to overestimate the ELOS when the hydraulic radius is lower
than 5 [m] independent of the value of the aspect ratio and
tends to underestimate the ELOS when the HR is higher than
5.5 [m] for an aspect ratio higher than 1.6. It can be observed
that criterion number 9 is invariant to the aspect ratio vari-
ation when estimating the ELOS of 0.5 [m]. This criterion
tends to overestimate the ELOS when the HR is lower than
5 [m] and tends to underestimate the ELOS when the HR is
higher than or equal to 5.5 [m].

Figure 12b presents the performance of the three criteria
used to estimate the empirical ELOS of 1 [m]. Criterion
number 1 has the highest deviation, while criterion number
9 has the lowest deviation when estimating the ELOS of 1
[m] as a function of the aspect ratio. Criterion 1 tends to
overestimate this ELOS of 1 [m] when the aspect ratio is
lower than 1.2 and tends to underestimate it when the ratio is
higher than 1.6. Criterion 4 tends to overestimate the ELOS
when the HR is lower than 7 [m] and tends to underestimate
it when it is higher than or equal to 7 [m]. Criterion number
9 has a similar performance to that of criterion number
4 as a function of the aspect ratio. This criterion tends to
overestimate the ELOS when the HR is lower than 6 [m]
and tends to underestimate it when the HR is higher than or
equal to 6 [m]. It can be noted that this criterion has a special
behaviour when the HR is between 6 and 8 [m] given the
aspect ratio values of the hangingwall.

Figure 12c shows the performance of the three criteria
used to estimate the empirical ELOS of 2 [m]. Criterion
number 1 has the highest deviation, while criterion number
9 has the lowest deviation. Criterion number 1 tends to
overestimate the ELOS except when the HR is lower than
5 [m]. Criterion number 4 tends to overestimate the ELOS
when the value of the hydraulic radius increases. Criterion
number 9 has a similar behaviour to that of criterion 4, but
when the HR is higher than 9 [m] and the aspect ratio is
lower than or equal to 1.6, it tends to underestimate the
ELOS.
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From the graphs described above, it can be concluded that
the three criteria have different performances for estimating
the different ELOS values studied in this paper. Criterion
number 9 has the lowest variation when estimating each
empirical ELOS value, but it equally tends to overestimate
and underestimate the dilution under certain HR and aspect
ratio values. It is important to note that the range of the
aspect ratio used in this study is limited to the range present
in the database used. This range can be extended in future
works to provide a more comprehensive study of this
criterion with respect to the aspect ratio.

Next, the bias of each criterion is calculated.
Equation (17) is used for this purpose:

~\ 2
Bias — Z=3) (17)
n—(k+1)

where y is the estimated value for each criterion, y is the
average of the real data, n is the total number of data, and k
is the number of independent variables.

Table 8 shows the global and local bias for each criterion.
It can be observed that criterion 9 has a lower global bias
than that of criteria 1 and 4. Criterion 9 has a lower bias for
estimating the ELOS of 0.5 and 1 [m] than that of criteria
1 and 4; however, when estimating the ELOS of 2 [m],
criterion 4 is the one that has the better performance.

Next, the proposed criteria 1, 4, and 9 are used to estimate
hangingwall overbreak and to compare the results with the
empirical updated ELOS curves. For this, 56 new cases are
modelled numerically. These cases represent the ordered
pairs of HR and N obtained from the stability graph. Fig-
ure 13 shows the estimated ELOS of each criterion com-
pared with the empirical updated ELOS curves (Castro
2015). It can be observed that criterion number 1 tends to
overestimate the overbreak between the ELOS curves of 1
[m] and 2 [m]. Criterion number 4 tends to follow the ELOS
lines; nevertheless, when N=20.8, this criterion tends to
overestimate the hangingwall overbreak at lower HR values
(Iess than 4 [m]) and tends to underestimate the hangingwall
overbreak at higher HR values (greater than 7 [m]). Criterion
9 best reproduces the empirical updated ELOS curves.

Finally, Fig. 14 shows the behaviour of the proposed crite-
rion 9 as a function of the adjusted stress variables estimated
at the centre of the hangingwall, b, 65, and the quality of the
rock mass, Q'. For this analysis, one of the parameters is
considered variable, while the others remain constant. In this
manner, the impact of each variable on the behaviour of the
proposed criterion can be analysed individually.

Figure 14 has the following implications:

¢ As the value of the stress variable b increases, the o3
value increases (Fig. 14a). This is an effect of the
intermediate principal stress, which increases the
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Fig. 13 Comparison of the ELOS estimated with the proposed criteria 1, 4, and 9 with the empirical updated ELOS curves

hangingwall confinement and, therefore, the stability of
the wall.

e As the value of the minor principal stress (c3) in the
hangingwall increases, the o7 value increases (Fig. 14b).
This result is related to the value of the o7 that must be
larger than the value of o5 at the centre of the hangingwall
to estimate the overbreak correctly.

* As the value of the rock mass quality Q" increases, the o7}
value decreases (Fig. 14c). The hangingwall overbreak
must be lower with a better rock quality for the same
stress conditions.

3.4 Verification of the criterion

The cases from the collected empirical database (Table 2)
that present complete information for all the variables are
used to verify the generality of the proposed criterion. A
total of 30 cases presented complete information. Figures 15
and 16 present the histogram and cumulative percentage for
the different variables related to the intact rock, rock mass
properties, geometry, depth, and in situ stress conditions.
From Figs. 15 and 16, it can be observed that the cases used
to verify the criterion are significantly different from the
cases used to calibrate the criterion.

Next, each of the cases is simulated, and the principal
stresses (o, 6,, 03) are determined at the centre of the stope

hangingwall (Fig. 9). Then, the overbreak isocontour (¢7) is
determined using criterion 9. Finally, the volume and corre-
sponding ELOS associated with the overbreak isocontour are
estimated. Figure 17 presents the histogram and the cumula-
tive percentage for the difference between the ELOS . cured
available from the database and the ELOS, ;. .eq DY the
proposed criterion. It can be observed that, 93% and 80% of
the cases, have ELOS, . curea— ELOS egtimateq l0Wer than 0.5
and 0.2 [m], respectively. The results of the model provide
a reasonable fit to the data measured in the field.

4 Case study

To illustrate the applicability of the proposed criterion 9, a
case study is presented using the data published by Martin
et al. (1999). This case corresponds to a mine operated by
long-hole stoping in a narrow vein operation in Canada,
with 3 [m]-wide open stopes at a depth of 300 [m]. Field
observations had noted that dilution became excessive
beyond a stope strike length of approximately 25 [m] with
stope heights ranging from 20 to 40 [m], that is, an hydraulic
radius close to 5 [m] and 8 [m] for the cases of 20 [m] and
40 [m] heights, respectively.

In this case, stopes of 20, 40, and 60 [m] heights are
modelled with strike lengths between 10 and 60 [m]. This
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Fig. 14 Behaviour of the proposed criterion 9 as a function of the adjusted variables. a Impact of the stress variable b. b Impact of the minor

principal stress, 3. ¢ Impact of the quality of the rock mass, Q'

geometry allows the evaluation of open stopes with a
hydraulic radius between 3.3 and 15 [m]. In each case, the
estimated overbreak is estimated from the numerical model
using criterion number 9, and the result is compared with the
case history presented by Martin et al. (1999). A summary
of the geometry, rock mass quality, and in situ stress used in
these cases is shown in Table 9.

Figure 18 shows the estimated ELOS for open stopes
of 20, 40, and 60 [m] height for the simulated study case
using the proposed criterion (solid lines). This figure
includes the estimated ELOS using the ;=0 [MPa] cri-
terion (dotted lines) and the recorded field values of two
case histories presented by Martin et al. (1999) identified
as “Measured values”. The two case histories correspond
to stopes of 25 [m] and 40 [m] height. It can be observed
that the proposed criterion correctly estimates the field
observations mentioned above. The estimated ELOS curve
for a stope height of 20 and 40 [m] presents an increase
in overbreak for HRs close to 5 and 8 [m], respectively.

Figure 18 indicates that the proposed criterion tends to
overestimate the measured overbreak. This is an effect of
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the average case used in the numerical models to calibrate
the criterion. The hangingwall of the average case has a
dip of 60.9°, resulting in a more unfavourable stability
condition than the one reported in the cases presented by
Martin et al. (1999) with a dip equal to 90°.

From Fig. 18, it can be observed that for criterion
number 9 and ¢;=0 [MPa], the stopes of 20 [m] height
present a higher estimated overbreak than the 40 and 60
[m] height stopes. This is an effect of the stress distribution
around the excavation related to the height/length ratio of
the hangingwall. In the case of the 20 [m] height stope,
the ratio is less than or close to 1, which generates a
more unstable condition. This can also be observed when
comparing the estimated ELOS curves for stopes of 40 [m]
and 60 [m] height. This finding will be explored further in
the discussion section.



A New Criterion for Numerical Modelling of Hangingwall Overbreak in Open Stopes

(a) 30 100%
[ o1 perpendicular to strike
101 parallel tostrike [ 90%
25 A
[ 80%
]
L 70% o
20 - % g
g - 60% g
EREE Fso%
o
o 2
fre F40% ®
]
10 - E
F30% 5
o
s [ 20%
ﬂ H |
0 T T T T T T 0%
48 50 52 54 56 58 60 62
Ei[GPa]
(c) 4 100%
L 909
. ] 90%
[ 80%
)
10 L
W o1 perpendicular tostrike 70% E
c
> s [Jo1 parallel tostrike Fe0% 8
] — 4
5 Cumulative percentage g
3 [ 50% o
4 >
2 6 . £
& F40% &
g
il [ 30%
s 3
[ 20%
2
- 10%
0 T T T T T T T T 0%
280 300 320 340 360 380 400 420 440
Ei/UCs
(e) 12 100%
[ 01 perpendicular tostrike
[ 90%
[ o1 parallel tostrike i
10 A ™
Cumulative percentage [ 80%
]
D - 70%
&1 ‘E
? F 60% g
S 6 Fs0% o
=3
o £
& F40% ®
2l >
F 30% :E,
o
) [ 20%
H H H |
0 —T T T T I:I T T T T T 0%

4 8 12 16 20 24 28 32 36 40 44
Erm [GPa]

Fig. 15 Histograms and cumulative percentage of cases from the
empirical database with complete information to be used for verifi-
cation of the overbreak criterion (30 cases). The vertical dotted line
indicates the average values of the variables used to calibrate the cri-
terion. The orientation of the strike of the stopes relative to the orien-

5 Discussion

The correlation analysis demonstrates that the best
variables to calibrate a criterion for the numerical
modelling of hangingwall overbreak in open stopes are
the rock mass quality Q', the minor principal stress o5, and
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modulus. b Uniaxial compressive strength. ¢ Ratio between the
Young’s modulus and the uniaxial compressive strength. d Geologi-
cal strength index. e Rock mass Young’s modulus

the stress variable b. This is a result of the low probability
of linear combinations between these parameters.

The proposed criterion (number 9) has a significantly
better performance than that of the criteria traditionally
used in the industry (c;=0 [MPa] and o5 = ¢,) to estimate
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Fig. 16 Histograms and cumulative percentage of cases from the
empirical database with complete information to be used for the veri-
fication of the overbreak criterion (30 cases). The vertical dotted line
indicates the average values of the variables used to calibrate the cri-

the overbreak in open stope hangingwalls. The main rea-
sons are as follows:

e The new criterion directly considers the impact of the
quality of the rock mass in the hangingwall overbreak.
e The new criterion considers the impact of stope
geometry through the principal stress distribution
around the stope. Specifically, the impact of the
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terion. The orientation of the strike of the stopes relative to the ori-
entation of the major principal stress is indicated. a Depth. b Dip. ¢
Width. d Major in situ principal stress. e Intermediate in situ princi-
pal stress. £ Minor in situ principal stress

intermediate principal stress (o,) and the minimum
principal stress (o3) in the rock mass confinement is
considered.

The addition of these new variables provides a more com-
prehensive criterion than those currently used and better dis-
tinguishes between different conditions of the stope design
and rock mass. The proposed criterion considers the impact



A New Criterion for Numerical Modelling of Hangingwall Overbreak in Open Stopes

Fig. 17 Histogram and cumula- 9 100%
tive percentage for the differ- o1 perpendicular to strike
ence between the ELOS | .;qured 3 90%
available from the database o1 parallel to strike
and the EL(,)SE%limﬂled by the Cumulative percentaje 80%
proposed criterion 7 o
[oT)
70% ®©
6 -
[=
> 60% O
g 5 (7]
S 50%
o [}
@4 2
w 40% ©
3 =]
% £
30% '3
2 20%
1 10%
0 0%
O WO NO®MOILNONSTO®NMONSI O KO
Neoododdd oo o0 00000 o ddddd

Table 9 Summary of the

. Simulation parameters
geometry, rock mass quality,

and in situ stress for the study Depth [m] 300
case (Martin et al. 1999) Width [m] 3
Dip [°] 90
Height [m] 20, 40, 60
Length [m] 10 to 60
o 18
GSI 70
E [GPa] 35
N 0.2
UCS,,, [MPa] 223
Gy [MPa] -038
O\ _insiel MPa] 22
Oy _insiel MPa] 13
03_insiel MPa] 8

of rock mass quality (Stewart 2005), the impact of stress
relaxation (Clark 1998; Suorineni 1998; Diederichs and Kai-
ser 1999; Henning and Mitri 1999; Martin et al. 1999; Wang
et al. 2002b; Stewart and Trueman 2003, 2004; Henning and
Mitri 2007), and the influence of the intermediate principal
stress (Stewart and Trueman 2004) on stope stability.
Criterion number 9 presents a low dispersion of results
with ELOS estimates of 0.5 [m], 1 [m], and 2 [m]. According
to the distribution of estimated ELOS values obtained for
this criterion, it was found that most of the estimated values
are close to the actual value, which is indicated by the
goodness of fit between the variables used and the prime

IEl'osmeasured'ELosest:imated [m]

minimum principal stress (c}). By varying the aspect ratio of
the stopes, it was found that the best criterion remained near
constant when estimating an ELOS of 0.5 [m], 1 [m], and
2 [m], which indicates that this criterion is not affected by
variations in the ratio between the height and length of the
stope. However, it is affected by variations in the hydraulic
radius due to the influence of this parameter on the stress
distribution around the excavation.

It was shown that the proposed criterion offers sufficient
flexibility to be applied to a wide range of geometries,
in situ stress conditions, and depth and rock mass properties.
It should be noted that the proposed criterion does not
consider rockbursting conditions that could occur in deep
underground mines, so it should be used with caution in
these cases.

Stopes with heights lower than their length (i.e., H/L less
than 1) have a stress distribution that is more unfavourable
for hangingwall stability, because o, is perpendicular to the
strike stope and tends to be distributed vertically around the
excavation. This is related to the effect of the intermediate
principal stress. Figure 19 illustrates this situation.

The results of the case study presented in this paper show
that the o; = 0 [MPa] criterion tends to underestimate the
measured values, because only the o5 distribution around
the stopes is considered. This criterion does not correctly
estimate the field observations for stopes higher than 20
[m], because it shows an increase in overbreak for hydraulic
radius close to 7 [m] instead of 8 [m] for 40 [m] height
stopes. On the other hand, criterion number 9 tends to
overestimate the measured values of the history cases
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Fig. 18 Estimated ELOS for 2.0
20, 40, and 60 [m] height 1.8 03=0 Criterion
open stopes for the simulated 16 H=20 [m]
study case using the proposed '
criterion (solid lines) and o,=0 14 = = —H=40[m]
[MPa] criterion (dotted lines). € 12 — — —H=60[m]
The measured field values of @ 1.0 .
ace hictariac . o [ == Selected new criterion (number 9)
two case histories presented = 08 _ 8-
by Martin et al. (1999) for 25 e == H=20 [m]
and 40 [m] height stopes are 0.6 s H=40
included 0.4 / /l [m]
02 ,! ! H=60 [m]
0.0 —_— Measured values
0 2 4 6 8 10 12 14 16 H=25 [m]
Hydraulic radius, HR [m] ® H=40[m]
(a) (b) H/L=3 o It fits well with empirical estimation guides that are cur-
rently used to estimate the hangingwall overbreak, which
H/L=0.5 .. .
allows us to complement the empirical methods with
\ numerical modelling.
e The proposed methodology can be used to calibrate the
K R criterion with any available empirical database.
01 «— 01
|« .
] / 6 Conclusions
In this paper, a three-dimensional numerical study is used

Fig. 19 Principal stress distribution in (a) stopes with H/L less than 1
and (b) stopes with H/L greater than 1

published by Martin et al. (1999), because it was calibrated
using a lower hangingwall dip than that of the recorded
cases. However, the proposed criterion correctly estimates
the field observations, because it shows an increase in
overbreak for hydraulic radius close to 5 [m] for 20 [m]
height stopes and for hydraulic radius close to 8 [m] for 40
[m] height stopes.

Given the results, it can be concluded that criterion
number 9 proposed in this paper is a reasonable tool for
estimating overbreak in hangingwall stopes.

The main advantages and considerations of the proposed
criterion are as follows:

It can be used in three-dimensional numerical modelling.
It directly relates the stress distribution around the stope
with the rock mass quality, which gives more accurate
results when different conditions are evaluated.

It can be used in early engineering stages to estimate the
unplanned dilution that allows updating the tonnage to
extract, its grade, and the value of processing.

@ Springer

to calibrate a new criterion for estimating hangingwall
overbreak. Several numerical models of open stopes are
modelled considering different geometrical and geotechnical
parameters. Multiple linear regressions are evaluated using
the rock mass geotechnical properties and the principal
stresses in the hangingwall as independent variables. The
performance of each criterion is analysed according to the
adjusted coefficient of determination and by comparing its
results with the values used for its calibration.

Based on the numerical and adjustment analyses
performed in this study, a new criterion for estimating
hangingwall overbreak is proposed. The proposed criterion
establishes a significant influence and relationship between
rock quality and the minimum and intermediate principal
stresses on hangingwall overbreak.

The use of the proposed criterion improves the
predictive capabilities of the numerical modelling method
and leads to a modification of the numerical analysis
currently used in the industry. This modification implies
changes in output information from numerical models,
because it considers the three principal stresses at the
centre of the hangingwall. It is important to note that once
the parameters used in the proposed criterion are obtained,
the same numerical model must be used to calculate the
volume of rock that it is contained in the o5 isocontour
calculated with the criterion.
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The proposed criterion for estimating overbreak does not
consider rockbursting conditions. At depth, the risk for rock-
bursting and major seismic events increases and thus typi-
cally becomes the criteria for stope sizing and not the stabil-
ity graph method. Therefore, the proposed criterion must be
used with caution when addressing deep underground mines.

The numerical modelling methodology presented
in this paper has proven to be useful for developing a
new numerical criterion and can be used to improve its
performance considering new variable parameters.

Finally, the authors recommend developing a standardized
database to improve the predictive capabilities of the
empirical stability graph, which must be compared with
numerical modelling to improve the stope design method.
A standardized database is defined here as a combination
of case histories from multiple sources that have been
collected, processed, and analysed with a standardized
procedure. With this objective, an integrated software
program, MineRoc (Vallejos et al. 2015), was developed.
MineRoc includes an acquisition platform or mine data and
geotechnical information, a design module for stopes, and a
back-analysis platform for calibrating a local stability graph
curve. The application and benefits of MineRoc have been
illustrated elsewhere for sublevel open stopes in Chilean
mining operations (Vallejos et al. 2015, 2017b; Miranda
et al. 2018).
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