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Abstract

In underground mines, stability problems can cause unplanned dilution, increas-
ing the costs of mining operations, such as loading, transport, crushing and grinding. 
This is usually dealt with by simply increasing investments with support. However, the 
design geometry of stopes and drifts also has a great effect on a stope’s stability. The 
use of empirical stability methods is a very common practice, however because of their 
few input parameters, it cannot predict the actual performance related to each stope 
and drift design. This study has as main goals a back analysis of the actual dilution, us-
ing the Equivalent Linear Overbreak Slough (ELOS) method and analysis in the drift 
developments at the hanging wall contact, using numerical models. The case study is 
an underground hard rock gold mine, with a pillar-less Transversal Stope method. 
The hanging wall failure was quantified using a database from 19 stopes measured by 
the Cavity Monitoring System (CMS). Numerical finite elements models (FEM) were 
used, and 5 primary stopes were selected to calibrate models. The volumes of actual di-
lution showed a good correlation with the volumes of the relaxation zones produced by 
the models. Then, new optimized drift geometry layouts at the hanging wall contact 
were proposed, showing a decrease in 2.35 times in the relaxation zone of the numeri-
cal models, therefore justifying the use of these models as a dilution optimization tool. 
This methodology also proved to be useful in the definition of cable bolt length.
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1. Introduction

In an underground mine, stability 
problems can cause dilution. This can 
be attributed to the rock mass quality 
and stress state, in addition to the stope 
and drift geometries. Efforts to reduce 
unplanned dilution require an understand-
ing of all those factors that directly and 
indirectly affect the entry of waste mate-
rial into stopes.

The 1970s saw the development 
of the first empirical systems for under-
ground excavation stability, the RMR 
system (Bieniawski, 1973, 1989; Celada et 
al., 2014) and the Q System (Barton et al., 
1974; Grimstad and Barton, 1993; Barton 
and Grimstad, 2004). These systems, ini-
tially more applied when excavating civil 
tunnels, allowed the definition of the need 
for rock mass support and the maximum 

dimensions in unsupported spans.
Mathews et al. (1981) create an 

empirical method aimed at the stability 
of underground stopes. Over time this 
method has been adapted by different 
authors (Potvin, 1988; Nickson, 1992; 
Mawdesley et al., 2001) seeking to in-
crease its reliability in the dimensioning of 
stable stopes supported with cable bolts. 
This graphical method uses the modified 
stability number (N’), which depends on 
modified Q (Q’), versus hydraulic radius 
(HR). Melo et al. (2014) has verified the 
applicability of empirical methods in 
contexts of Brazilian underground mines, 
showing a lack of site-specific studies. San-
tos et al. (2020) proposed a methodology 
using neural networks to assess the open 
stope stability using local stope data of a 

Vertical Retreat Mining (VRM) method.
Modern rock mechanics is heav-

ily grounded in the use of numerical 
modeling software to complement and 
verify traditional empirical methods, as 
demonstrated by Zingano et al. (2007), 
Napa-García et al. (2019), Abdellah et 
al. (2020), and Hefni et al. (2020). Nu-
merical modeling allows investigating 
the complex behavior of excavations, 
analyzing the interactions and deforma-
tions caused between excavations and 
stress redistributions, through compu-
tational applications. Systems of partial 
differential equations are used to describe 
the analyzed model. The software imple-
ments the equations for the finite element 
method (FEM), finite difference method 
(FDM), among others. The models rep-
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resent the system geometry, boundary 
conditions, in-situ stresses, constitutive 
model and failure criteria. Numerical 
modeling techniques can also include 
time effects, excavation sequence, and 
the interactions between excavations and 

fault or discontinuity interfaces.
The initial objective of this study 

is to quantify the existing dilutions in a 
case study of an underground gold mine, 
which uses backfilling in the Transversal 
Stope mining method. The main objec-

tive of this study is the use of numerical 
models that can represent the existing 
scenario, justifying the use of these mod-
els as an optimization tool for dilution, 
considering drifts excavations and cable 
bolt lengths.

2. Material and methods

2.1 Dilution

2.2 Stress state

2.3 Numerical modeling

(1)

(2)

There are two concepts of dilu-
tion, planned dilution and unplanned 
dilution. Internal planned dilution 
occurs due to the presence of waste in-
clusions, in the form of thin lenses, and 
thus, they cannot be effectively sepa-
rated as waste during mining. How-
ever, this dilution is already included 

in the resource estimate. Otherwise, 
unplanned dilution can be caused by 
overbreaking or slough of the hanging 
wall (HW), during the mining of the 
stopes (Scoble and Moss, 1994).

There are several methods for di-
lution calculation. Clark and Pakalnis 
(1997) used the overbreak volume and 

the size of the HW stope surface as a 
measure of stope performance, defining 
the ELOS (linear equivalent over-break/
slough). Clark (1998) incorporated to 
the modified stability graph method 
an empirical estimation of overbreak/
slough considering the ELOS factor. 
Equation 1 below defines the ELOS.

In mining engineering, in-situ 
stresses control the distribution and mag-
nitude of stresses around underground 
excavations, such as in tunnels, raises, 
galleries, wells and stopes (Hoek and 
Brown, 1980). In general, stress-related 
stability problems increase with depth, 
but can also be encountered in shallow 
excavations due to high horizontal in-situ 

stresses. The orientation and magnitude 
of in-situ stresses affect the planned geom-
etry, excavation sequence, and orientation 
of underground excavations (Amadei and 
Stephansson, 1997).

During the development of drifts, 
there are crucial points where large 
stress-induced  changes occur. One of 
these points is precisely in the contact 

between the lower-level stope drift 
(undercut) and the HW. At this point, 
the undercut produces an increase in 
the relaxation zone, where stresses are 
close to zero and tangential to the HW. 
Thus, dilution occurs when the minor 
principal stress (σ3) is equal or less than 
zero (Diederichs and Kaiser, 1999; 
Martin et al., 1999; Wang, 2004).

The main application of numerical 
methods in mining is basically to pro-
vide an analysis of the changes in stress, 
strain and displacement induced by the 
excavation process. Such information is 

a guide for assessing the stability, safety 
and economics of underground excava-
tion projects. Jing and Hudson (2002) and 
Brady and Brown (2005) present the basic 
principles of numerical methods and their 

applications in rock mechanics. Each meth-
od has its specific characteristics and is ap-
plied depending on the problem. Problems 
in rock mechanics can be summarized in 
two types: continuous and discontinuous. 

Where VOB is the overbreak volume, and AS is 
the exposed surface area of the HW. Table 1 

demonstrates the observations, considering 
the ELOS value obtained from Clark (1998).

Henning and Mitri (2007) de-
veloped, analogously to ELOS, the 
dilution potential from a 3D numeri-
cal model, where the boundary of the 

dilution is represented by the minor 
principal stress isoline, equal to zero 
(σ3 = 0 MPa). The term dilution density 
(DD) was used, and its measurement 

unit was in meters. This allows esti-
mating the likely slough of any of the 
walls of the stope. Equation 2 below 
defines the DD.

ELOS Observation

< 0.5m Blast damage only

0.5m – 1m Minor sloughing

1m – 2m Moderate sloughing

> 2m Severe sloughing/Wall collapse

Table 1 - ELOS value ranges. Source: Clark (1998).

ELOS = 
VOB

AS

DD = 
unplaned dilution volume (m3)
exposed wall surface area (m2)
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Assuming that the rock mass is fractured, 
constituted by different rock properties and 
blocks limited by fractures, it can be said 
that the rock mass is heterogeneous and 
discontinuous. When these elements are of 
small size, compared to the characteristics 
and size of the excavation and the geome-
chanical model, the blocks will not be the 
cause of failures or preferential planes of 

deformations. So, in this case, the rock 
mass can be treated as a continuous and 
homogeneous medium, within the same 
type of rock (Zhu and Wang, 1993).

In the finite element method (FEM) 
the entire problem domain is divided into 
small regions containing non-overlapping 
elements, which are connected to each 
other through points called nodes. As the 

domain division can be any, this method 
has a great advantage in handling cases 
with complex geometry (Jing and Hudson, 
2002). The FEM is a popular method 
for modeling engineering problems, even 
though it requires some computational 
power, as a great number of partial dif-
ferential equations need to be solved 
(Pariseau, 1993).

3. Case study

3.1 Geology

3.2 Mining methods

The deposit develops along a shear 
zone with a main NW-SE direction and 
a dip varying between 45 and 70 degrees 
south. The orebody is approximately 
750 m along the east-west axis and 750 
m along with the dip. Intense hydro-
thermal alteration processes, associated 

with brittle-ductile deformation, affect 
monzonitic rocks, generating highly 
deformed hydrothermalites.

These processes are mainly related 
by two first-order mine-scale faults: 
H1, corresponds to the upper limit of 
the hydrothermal zone (hanging wall), 

with a width between 2-8 m and F1, 
corresponds to the base of that zone 
(footwall); the width of this zone varies 
between 60-100 m. A third fault (NW), 
plunging approximately 30° SW controls 
the immersion axis of the mineralization 
(Figure 1).

Initially, the deposit was mined 
by open pit, being later in 2010 mined 
underground until 2016. The main 
Portal was developed in the bottom 
of the open pit, level -7 m. The under-
ground mine used two mining methods, 
Inclined Room and Pillars (IRP) and 
Transversal Stopes (TS), which will be 
the object of this study. The TS method 
was used to extract the largest mineral-
ized zone, located below level -120 m. 
This method is a transverse variation of 
the Sublevel Stope method, which con-
sists of extracting the ore forming large 
open stopes separated by sub-levels, 
the undercut and overcut. The longest 
axis of the stope is perpendicular to 
the strike of the ore body. The draw 
points are located at the undercut 
drifts and extend from the HW to 
the FW. This method requires more 
waste development on the footwall 

and is generally used when the qual-
ity of the HW limits the span of the 
stopes. However, it allows for greater 
flexibility to mining sequences.

The drift excavation begins in 
the FW and goes to the HW, reaching 
as close as possible to the fault zone, 
where the highest grade is. The drift 
excavation gallery consists of a 5 × 5 m 
semicircular arc section. Each round 
has 3 m of advance rate, using the 
conventional drill and blast method. 
Regularly spaced split sets are used as 
primary support.

Initially, between levels -182 
m and -220 m, the TS method was 
used, keeping pillars about 8 m wide 
between the extracted stopes. After 
being extracted, the stopes were filled 
with waste rock (Uncemented Rock Fill 
– URF). The stopes had 20 m high, 20 
m wide and a variable length between 

20 m to 50 m. Considering a modified 
stability number (N’) of 1.65 and a 
hydraulic radius (HR) of 5.66, the em-
pirical method (Potvin, 1988) suggested 
the use of 9 m cable bolts.

During the mine's operation, an 
economic feasibility study showed an 
opportunity to change the method, 
where a pillar-less method was adopted. 
This was possible using a mixture of 
cement and waste rock (Cemented 
Rock Fill - CRF) for the primary stopes, 
and URF backfilling for the secondary 
stopes. This method was used between 
levels -120 m and -182 m with the 
mining sequence shown in Figure 2. 
The extraction sequence starts with 
the primary stopes in the lower level in 
ascending mining sequence. The extrac-
tion of the secondary stopes begins, as 
soon as the adjacent stopes, filled with 
CRF, reach the required curing period.

Figure 1 – Cross-section of the ore zone, looking east, showing the main faults. 
The H1 fault corresponds to the upper limit of the hydrothermal zone (hanging wall); 

the F1 fault corresponds to the base of that zone (footwall); and the NW fault controls the immersion axis of the mineralization.
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Figure 2 - Complete extraction sequence of the Transversal Stopes 
method with CRF and URF filling types (Cross-section looking North).

Parameters Ore HW FW H1 F1

Young's modulus 50.9 GPa 21.9 GPa 44.1 GPa 3.9 GPa 7.7 GPa

Poisson's ratio 0.20 0.23 0.21 0.27 0.26

Density 2.73 t/m3 2.75 t/m3 2.63 t/m3 2.73 t/m3 2.80 t/m3

GSI 70 55 65 40 45

mb parameter 4.17 1.83 2.48 0.12 1.36

s parameter 0.036 0.007 0.020 0.001 0.002

a parameter 0.5 0.5 0.5 0.5 0.5

Table 2 - Geomechanical parameters of the rock mass.

The geomechanical review was ob-
tained by the company, with the support of 
external consulting. The rock mass prop-
erties were defined based on the combina-

tion of geomechanical descriptions of 59 
oriented boreholes totaling 7.176 m of rock 
cores, laboratory strength tests (66 UCS 
tests, 26 Brazilian tensile tests, 36 triaxial 

compression tests and 24-point load tests). 
The generalized Hoek-Brown failure cri-
terion (Hoek et al., 2002) and the elastic 
parameters are shown in Table 2.

To date, there are no studies pub-
lished or carried out in the region regarding 
the measurement of in-situ stress. Thus, it 
was considered that σ1 is contained in the 
horizontal plane (north-south trend 15º), 
perpendicular to the mineralization plane. 
The σ2 is also contained in the horizontal 

plane, but parallel to the mineralization 
plane (east-west) and the σ3 is vertical.

The magnitude of the stresses was 
assumed considering that the geologi-
cal environment is relatively stable and 
far from important tectonic influences. 
For the vertical stress (σ

v
), Equation 3, 

obtained by Brown and Hoek (1978) 
was used, which uses the mean value of 
the specific weight of 0.027 MN/m3 (very 
close to the specific weight of the site 
lithologies). The horizontal stress compo-
nent (σ

h
) is calculated by Equation 4, using 

a k factor multiplied by the σ
v
.

In this equation, z is the depth (m) 
below the surface and E

h
 is the average of 

the deformation modulus of the upper 
portion of the earth's crust. Thus, con-

sidering an average deformation modulus 
of about 20 GPa and an average depth of 

Where the value of k was obtained using 
the thermal elasto-static Earth model 

developed by Sheorey (1994). Equation 5 
is shown below:

3.3 Rock mass properties

3.4 In-situ stress

σ
v
 = 0.027z

σ
h 
= kσ

v

(3)

(4)

(5)k = 0.25 + 7Eh  0.001 + 1
z(                  )
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300 meters, the value of k equal to 1.5 was 
obtained from the graph. This value was 

used in the calculation of the maximum 
horizontal main stress (σ1 = σh1). As for 

the stress σ2 (σh2) has set the intermediate 
value of k2 equal to 1.2.

The database used for dilution 
calculations came from the Cav-
ity Monitoring System (CMS) of 19 
stopes extracted from 2013 to mid-

2015. The planned geometry of each 
stope was intersected with the actual 
geometry, using Boolean operation. 
After that, the resulting geometry 

needs to be cut with the HW sur-
face, obtaining the volume and the 
surface area of the HW dilution, for  
ELOS calculation.

The back analysis is the procedure 
that analyzes field data and calibrates the 
data entered in the models so that they 
can be used as a starting point in future 
models. In order to correctly calibrate 
the 3D elastic numerical models, it is 
necessary to use dilution data (ELOS) 
from selected primary stopes that were 
mined without the stress influence of 
near excavations or geomechanical 
problems, which could bias the results of 
the dilution density (DD) from numeri-
cal models. To create the models by the 

FEM, the RS3 software developed from 
Rocscience was used (Rocscience, 2021). 
The material properties included in the 
models were those based on the geome-
chanical characterization study carried 
out by the company.

The fundamental premise is that 
the CMS represents the rock mass zones 
where the failure occurred. However, this 
can lead to some variations in the results of 
the analysis, as the CMS scanning profile 
may show elements of the HW that have 
suffered failures, but which have not yet 

been removed, as an artificial arc formed 
by the cable bolts can maintain these 
elements in place. Furthermore, errors or 
deviations in drilling and blast can also 
influence the dilution. However, as this 
cannot be confirmed in this study, it must 
be assumed that the dilution is due to rock 
mass stress failures. Figure 3 below shows 
one of the 5 primary stopes used in the 
calibration, where it is possible to visual-
ize the actual hanging wall dilution and 
the numerical model with the resulting 
relaxation zone.

The stopes from database were clas-
sified according to the ELOS classification 
to obtain linearized dilution values, allow-

ing a direct comparison between different 
stopes. The results show a major occur-
rence of severe sloughing in the stopes, 

with 8 cases with ELOS value greater 
than 2 m, as shown in the histogram of 
the Figure 4 below.

4. Methodology

4.1 Stope database

4.2 Model calibration

5.1 Dilution

5. Results and discussion 

Figure 3 – (a) Actual hanging wall failure in red; (b) Numerical model within the resulting relaxation zone in red.

Figure 4 – Histogram of ELOS classification for the analyzed stopes.

(a) (b)
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After performing the model cali-
bration for the 5 primary stopes, the 
DD values were calculated, for this, the 
relaxation zone volumes (σ3 ≤ 0) were 
measured in each scenario and this 
value was divided by the area of the 
corresponding HW. The actual dilution 
values (ELOS) and the DD were plotted 

on a scatter plot. Linear regression was 
used to demonstrate the mathematical re-
lationship of actual data versus estimated 
data. The data correlation coefficient 
(R2) of 0.99 demonstrates that there is 
an excellent data correlation.

Numerical models were also per-
formed with different values of k1 and k2 

to verify their influence on the model re-
sult, since these parameters were defined 
without the use of real data from in-situ 
stress measurements. The numerical 
models for the isotropic condition of k1 
and k2 equal to 1, were less likely to over-
estimate the dilution values compared to 
the other values of k1 and k2 (Figure 5).

The hanging wall fault zone was 
previously mapped using surface and 
underground drill holes. However, only 
with field mappings did the fault contact 
become more accurate. Considering 
that the drift excavation needs to get 
as close as possible to the fault zone, 
where the highest grade is, excavating 
them requires good field control.

Comparative numerical models 
were produced between cases with and 

without over-excavation at the HW of 
both drifts, all properties being equal. 
The over-excavation considered is of 
an extra round of 3 m of advance rate, 
with a 5 × 5 m gallery section. The 
excavation was made using a full-face 
drill and blast method, with regular 
hole depths, without pre-cut, and using 
ANFO explosives.

 The stope size was approximately 
25 × 25 × 30 m (height × width × length). 

A comparison of the σ3 stress distribu-
tion in Figure 6, shows an increase in the 
relaxation zone in the case with over-
excavation, resulting in a large zone of 
potential instability or dilution. This 
effect occurs because a hangingwall 
face interruption is caused by the drift 
over-excavation, leading to an increase 
in their exposed area. The calculation of 
the dilution density shows this increase 
and can be seen in Table 3.

Models Relaxation zone m3 Exposed HW m2 DD m

Without over-excavation 883.7 696.2 1.27

With over-excavation 2,073.7 810.6 2.56

Figure 5 - Scatter plot of DD values plotted against the ELOS 
value for the five primary stopes chosen, varying the values of k1 and k2.

Figure 6 – Cross-section of the σ3 ≤ 0 isosurface of the numerical model for a planned stope. 
(a) Without the over-excavation of the undercut and overcut galleries in the HW; (b) With the over-excavation.

Table 3 - Calculation of the dilution density (DD) in both cases.

5.2 Model calibration

5.3 Influence of drifts over-excavation on dilution

(a) (b)
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As represented by the models, the 
over-excavation of the HW causes an 
increase in the stress relaxation zone. 

This finding actually was observed, for 
example in the TS-157-W1 stope where 
both the undercut and overcut drifts 

crossed the HW fault, causing dilution 
(Figure 7).

F igu re  8  be low shows the  
TS-145-W3 and TS-195-W1 stopes 
cross-sections, with the planned geom-

etry (blue) and actual geometry (red), 
where undercut and overcut drifts 
crossed the HW fault, producing a re-

laxation zone that led to dilution also. 
It is possible to notice the inefficiency 
of the cable bolts installed in this zone.

In Figure 9, the numerical models 
produced considering the over-excavation 
of drifts, show that the 9 m cable bolts in 
the middle of the hanging wall are anchored, 

almost entirely, within the stress relaxation 
zone, which is not recommended, since this 
is where the cable bolts have less strength 
at the cement-cable interface. The solution 

would be using longer cable bolts, around 15 
m to ensure an anchorage greater than 2 m 
outside the relaxation zone limit, as shown 
by Hutchinson and Diederichs (1996).

5.4 Cable bolt length analysis

Figure 7 – Actual (TS-157-W1) stope cross-section, comparing the planned design (blue) with the actual geometry from 
CMS (red), where unplanned dilution can be seen, caused by the development of both overcut and undercut within the fault zone.

Figure 8 – Actual stopes cross-section comparing the planned design (blue) 
with the actual geometry (red). We can notice the inefficiency of the cable bolts installed in both stopes. 

(a) Stope (TS-145-W3) with undercut over-excavation; (b) Stope (TS-195-W1) with overcut over-excavation.

Figure 9 – Perspective view with the σ3 ≤ 0 isosurface of the numerical model for a planned stope with both overcut 
and undercut drifts over-excavation: (a) Stope with 9 m cable bolts; (b) Stope with 15 m cable bolts in the hanging wall center.

(a)

(a)

(b)

(b)
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5.5 Stope location influence

6. Conclusion

Acknowledgments

Another six models were pro-
duced with different stope locations, 
to analyze the effect of local stope se-
quence in the relaxation volume zone, 
as Henning and Mitri (2007) have 
already shown in theory. The models 
considered the drifts over-excavation. 
The first model was the isolated stope, 

considered the base case. The other 
cases were: one adjacent stope mined; 
both sides mined; one side and below 
mined; both sides and below, and below 
only. These findings show that when 
sides are already mined, the hanging 
wall of the planned stope will have an 
increase in the volume of relaxation, be-

cause of the change in stress path by the 
generated voids, that is stress redistribu-
tion. The worst case, with both sides 
mined, shows a 20% increase in DD 
when compared to the base case. The 
one side mined scenario shows a 17% 
increase. Figure 10 shows the simulated 
scenarios and the respective DD.

The calibrated 3D elastic models 
allowed us to confirm that the in-situ 
stress considered produced numerical 
models with a good correlation between 
the modeled dilution (DD) and the actual 
dilution, measured by the ELOS factor. 
There was a slight tendency to overes-
timate the dilution obtained through 
the models, even when considering an 
isotropic stress state. This probably was 
due to the small tensile strength of the 
rock mass and the cable bolts installed 
in the hanging wall, providing even if 
low, a certain efficiency in containing 
the rocks in the relaxation zone. These 
calibration models also show that when 
the σh in-situ stress increases, the volume 
of the relaxation zone in the hanging wall 
also increases. This is naturally observed 

near surface excavations, where the k 
factor is higher. The stress redistribution 
caused by the excavations of adjacent 
stopes also affects the relaxation zone, 
increasing it by 20%, as observed in the 
models produced.

The over-excavation of only 3 m 
through the hanging wall by both drifts, 
can lead to a 2.35-times increase in the 
volume of the relaxation zone and a 
correlated increase of 2 times in the DD. 
Thus, the drift over-excavation must be 
minimized with better field control by the 
geomechanics department when develop-
ing drifts near the hanging wall, avoiding 
crossing the hanging wall fault as much 
as possible.

The main limitation of the empirical 
methods for stability analysis and dilution 

estimation is that they are limited to the 
database of cases and that can bias the 
results in sites where there is a lack of data. 
These methods also do not consider the 
relaxation zone around the stopes, thus 
the effect of the presence of adjacent stopes 
already mined and the over-excavation of 
drifts into the hanging wall.

The elastic numerical model dem-
onstrates that the length of the cable bolts 
on the hanging wall must be defined to 
ensure that they are anchored outside the 
relaxation zone in each case. Thus, the 
best design flow of new stopes should start 
with stability analysis and dilution estima-
tion by empirical methods. Afterwards, 
it is convenient to use a numerical model 
to better estimate the actual dilution and 
optimize the design.

The authors wish to thank UFRGS and UNIPAMPA for their support in this research.

Figure 10 – Simulated scenarios of expected DD related to the stope location and surroundings.
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