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Abstract

Purpose. To establish the relationships governing the influence of the Geological Strength Index (GSI) and the dip angle of
a thin ore body on the size of the potential failure zone in the stope roof, and to substantiate an approach for using this zone when
selecting technological parameters of stope extraction.

Methods. The study was conducted using two-dimensional finite element modelling in RS2 according to a full 4x4 factorial
design with GSI values of 35, 45, 55, and 65 and ore-body dip angles of 20, 25, 30, and 35°. The model depth was 400 m, the
stope width was 12 m, the stope height was 4 m, and the inter-stope pillar width was 8 m. The potential failure zone was defined
as a contiguous near-contour region with a Strength Factor < 1.0.

Findings. A consistent reduction in the potential failure zone was established with increasing rock-mass quality. As GSI in-
creased from 35 to 65, the mean z value decreased from 3.48 to 1.71 m, corresponding to a reduction of 50.8%. For individual dip
angles, the reduction in failure-zone size ranged from 48.5 to 52.5%. The maximum value, z = 3.65 m, was obtained at GSI = 35
and a dip angle of 20°, whereas the minimum value, z=1.59 m, was obtained at GSI =65 and a dip angle of 25°. Within the
investigated range of 20-35°, the influence of dip angle was substantially weaker than that of rock-mass quality and exhibited a
non-monotonic pattern. Descriptive decomposition of the numerical matrix showed that 97.6% of the total variation in z was
associated with differences between GSI levels, 2.3% with changes in dip angle, and approximately 0.1% with the combined and
residual component. The mean relative disturbance coefficient Kz decreased from 0.871 at GSI = 35 to 0.429 at GSI = 65.

Originality. The dominant role of rock-mass quality in the formation of the potential failure zone in the stope roof during
the extraction of thin ore bodies has been quantified. Relationships between GSI, ore-body dip angle, and the size of the poten-
tially unstable near-contour region have been established.

Practical implications. The results can be used for the preliminary selection of measures to adjust stope and pillar dimen-
sions, exposed span, and perimeter blasting parameters. Direct prediction of dilution requires site-specific calibration considering
the actual thickness and morphology of the ore body and field-monitoring data.
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1. Introduction In a broader context, the selection of the mining method

The development of thin gold ore deposits is characterized and its parameters should b.e. based on an integrated assess-
by a high sensitivity of extraction performance to the geometry ~ ment of .geologm.al conditions, .ore—bod.y. characteristics,
of the ore body and the stability of its contacts with the host technologlcal. solutions, and potentially critical st.ates of t.he
rocks. Where the ore body is of limited thickness, even localized patural—techmcal system [3]-[6]. In turn, changes in the min-
instability of the stope roof or sidewalls may result in overbreak 118 layout and the method of managing the mined-out space
and the incorporation of waste rock into the blasted ore mass. can substantially affect stress redistribution, deformation of
This leads to increased dilution, reduced valuable component ~ the near-contour rock mass, and the stability of adjacent
content, and deterioration of the technical and economic perfor- underground workings [7]. ' N
mance of mining operations [1]. At the same time, excessive re- One of the key fa}ctgrs governing the stability of the near-
duction in stope dimensions or the retention of oversized pillars ~ contour roqk mass 18 1ts structural dlstu'rbance' and overall
decreases the completeness of reserve extraction and may in-  quality, which can be integrally characterized using the Geo-
crease mining losses. Therefore, the substantiation of stope pa-  logical Strength Index (GSI) [8], [9]. The importance of rock-

rameters for thin ore bodies requires the combined considera- ~ Mass structure is also confirmed by studies of the interaction
tion of technological and geomechanical factors [2]. between natural fractures and elements of the mining system
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during the extraction of steeply dipping ore deposits, where
the degree and pattern of fracturing directly affect the interac-
tion between the host rock and backfill masses [10]. Deposit
geometry, particularly the dip angle, is also of considerable
importance, as it determines the spatial orientation of the stope
and ore-body contacts relative to the prevailing stress
field [11]. The combined influence of these factors governs
stress redistribution and the extent of potentially unstable
zones around stopes [12], [13].

A reliable representation of rock-mass structural charac-
teristics is essential for assessing the stability of underground
mining structures. The spatial orientation and parameters of
fracture systems determine the nature of localized rock weak-
ening and can significantly influence the formation of poten-
tially unstable zones. Modern investigation methods involve
instrumental fracture mapping, processing of spatial data, and
the development of three-dimensional models of underground
mining structures, thereby enabling a more comprehensive
consideration of rock-mass structural heterogeneity in subse-
quent geomechanical analyses [14]-[16].

Numerical modelling combined with engineering-geologi-
cal observation data makes it possible to investigate stress and
deformation redistribution as mining conditions evolve, identify
potentially hazardous areas, and assess the development of dis-
turbed zones around underground excavations. This approach is
particularly important for fractured rock masses, where changes
in the stress-strain state may be accompanied by localized de-
formation and dynamic manifestations. The integrated use of
numerical, structural, and monitoring data provides a basis for
substantiating excavation parameters and improving the relia-
bility of rock-mass stability predictions [17]-[20].

In current studies of the underground extraction of thin and
narrow-vein ore bodies, the problem of ore losses and dilution
is considered in relation to hangingwall and footwall stability,
stope geometry, deposit dip angle, and rock-mass quality [21].
Numerical modelling of the stress-strain state makes it possi-
ble to assess the formation of near-contour zones susceptible
to failure and to predict the conditions under which overbreak
may occur, with overbreak being one of the principal sources
of external dilution [22], [23]. Study [24]demonstrated the in-
fluence of deposit geometry and stope-block parameters on
ore losses and dilution. Study [25]established a relationship
between the predicted dilution of thin ore bodies, GSI, and
ore-body thickness. The practical effectiveness of geomechan-
ical control of host-rock stability for limiting dilution has also
been confirmed by field investigations of thin ore bodies [26].

For thin ore deposits, this problem is particularly important
because even relatively limited overbreak may be comparable
to the thickness of the extracted ore body and can substantially
alter the proportion between ore and the admixed host rock.
However, most studies focus either on the geomechanical as-
sessment of stope stability or on the direct calculation of tech-
nological indicators of ore losses and dilution. The quantita-
tive transition from a numerically predicted zone of potential
rock-mass failure to the substantiation of stope extraction pa-
rameters remains insufficiently addressed.

Additional uncertainty arises from the fact that the maxi-
mum depth of a potentially unstable zone cannot be directly
equated with actual overbreak, caving, or dilution. Such a tran-
sition requires determination of the geometry and kinemati-
cally feasible portion of the failure zone, estimation of the vol-
ume of host rock capable of collapsing into the stope, and
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subsequent comparison of this volume with the geometry and
thickness of the ore body. Therefore, an intermediate geome-
chanical criterion is required to quantitatively characterize the
scale of potential rock-mass disturbance and to use the results
of numerical modelling as a basis for subsequent assessment
of overbreak, Equivalent Linear Overbreak/Slough (ELOS),
ore losses, and dilution.

The purpose of this study is to establish the relationships
governing the influence of the Geological Strength Index
(GSI) and the dip angle of a thin ore body on the size of the
potential failure zone in the stope roof, and to substantiate an
approach for using this zone when selecting technological pa-
rameters of stope extraction.

To achieve this purpose, the following tasks were
addressed: to numerically investigate the stress-strain state of
the rock mass by varying GSI and the dip angle of the ore
body; to determine the dimensions of potential failure zones
in the stope roof for the investigated combinations of factors;
to quantitatively assess the relative influence of GSI and dip
angle on changes in the size of the failure zone; to determine
the relative extent of the potentially unstable region; to de-
velop a procedure for transitioning from geomechanical
assessment of the failure zone to the determination of over-
break, ELOS, and predicted dilution indicators; and to sub-
stantiate directions for adjusting stope extraction parameters
for different levels of rock-mass quality.

2. Methods

2.1. Geomechanical characteristics of the rock mass

The strength condition of the rock mass was assessed using
the Geological Strength Index (GSI), which characterizes
rock-mass structure, blockiness, degree of fracturing, and the
condition of fracture surfaces. The use of GSI enables the tran-
sition from the strength characteristics of laboratory speci-
mens to the equivalent properties of a fractured rock mass and
allows calculation cases representing different degrees of
rock-mass disturbance to be compared.

The Geological Strength Index is used in conjunction with
the generalized Hoek-Brown criterion to determine the equiv-
alent strength and deformation characteristics of the rock
mass. The GSI concept was proposed by E. Hoek [27] and was
subsequently further developed and quantitatively formalized
[28]. GSI is a dimensionless parameter ranging from 0 for
extremely disturbed rock masses to 100 for practically undis-
turbed rock masses.

GSI can be quantitatively estimated using fracture-condi-
tion and rock-mass quality parameters [28]:

GSI =1.5-JCondg, +$,

(1)
where:

JCondsy — joint-condition rating according to the RMRgy
classification;

RQD - rock Quality Designation, %.

The joint-condition rating JCondse is determined as the
sum of individual fracture characteristics:

JCondgy = JAy, + JAyy + JAyy + JAyy + JAy5, 2)

where:
JA41 — joint-roughness rating;
JA4 — joint-length rating;
JA43 — joint-aperture rating;
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JA4 — joint-infill characteristic;

JAss — degree of weathering of joint walls.

The Rock Quality Designation (RQD) is generally deter-
mined from the analysis of drill-core material obtained from
engineering-geological boreholes. In the absence of direct
core-sampling data, RQD can be approximately estimated
from fracture intensity using the relationship applied in [29]:

RQD =100e 14 (0.12+1), (3)
where:

A —average number of fractures per metre of rock-mass
length.

For visual estimation of GSI, the Hoek-Brown classification
chart is also used, taking into account the rock-mass structure
and the condition of fracture surfaces. The chart makes it possi-
ble to relate the degree of rock-mass blockiness, the spatial ar-
rangement and interlocking of structural blocks, and the quality
of discontinuity surfaces to the corresponding GSI range [28].

GSI accounts for the geological characteristics and struc-
ture of the rock mass, as well as a set of geomechanical and
geometric characteristics of its fracture network. The com-
bined use of GSI and the Hoek-Brown criterion makes it pos-
sible to determine the equivalent rock-mass properties re-
quired for numerical modelling of its stress-strain state.

In the present study, GSI was considered an independent
variable factor. For the parametric analysis, GSI values of 35,
45, 55, and 65 were adopted, representing a progressive change
in rock-mass quality from disturbed to relatively stable condi-
tions. These values were not calculated using Egs. (1)-(3) for a
specific deposit but were specified as factor levels in a full fac-
torial experiment. Equations (1)-(3) define the procedure for de-
termining GSI during subsequent site-specific calibration of
the model based on engineering-geological mapping, drill-
core investigation, and assessment of rock-mass fracturing.

2.2. Numerical model and conditions
of the numerical experiment

The stress-strain state of the rock mass was investigated using
the finite element method (FEM), which makes it possible to
account for the geometry of the mined-out space, the mechani-
cal properties of the rock mass, and the prescribed boundary
conditions. The numerical approach was selected because
several calculation cases had to be compared while systemati-
cally varying GSI and the dip angle of the ore body. The finite
element method is widely used for parametric analyses of stope
stability and prediction of overbreak [30]-[33], as well as for
investigating the stress-strain state of the rock mass surroun-
ding underground excavations [34]. In ore-deposit mining, nu-
merical assessment of the stress-strain state can be supple-
mented by field geomechanical observations and analytical
calculations, making it possible to identify potentially unstable
zones and substantiate the parameters of underground mining
structures [35]-[37]For fractured rock masses, deterministic
geomechanical assessment may additionally be combined
with probabilistic analysis when substantiating support pa-
rameters and the stability of underground excavations [38].

Numerical modelling was performed using RS2 software
(Rocscience Inc., Canada), which is designed for two-dimen-
sional finite element analysis of the stress-strain state of rock
masses [39]. The numerical model represented a homogene-
ous equivalent rock mass containing a system of stopes 12 m
wide. The stopes were located at a depth of 400 m, with a stope
height of 4 m and an inter-stope pillar width of 8 m.
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A stope height of 4 m was adopted to simulate the extraction
of a thin ore body. The obtained results are parametric in nature
and require subsequent adaptation to the actual thickness, mor-
phology, and physical and mechanical properties of a specific
gold ore deposit. The main geometric and geomechanical pa-
rameters of the numerical model are presented in Table 1.

Table 1. Input parameters for numerical modelling

Parameter Adopted
value
Geological Strength Index (GSI) 35; 45, 55; 65
Ore-body dip angle (a), degree 20; 25; 30; 35
Stope depth (), m 400
Stope width (B), m 12
Stope height (H), m 4

Inter-stope pillar width (b), m 8

Rock unit weight (y), MN/m? 0.027
Uniaxial compressive strength of intact 100
rock (o)) MPa
Intact rock parameter (m1:) 10
Rock-mass disturbance factor (D) 0.25
Poisson’s ratio (v) 0.30

> Determined as a
Rock-mass Young’s modulus (£), MPa function of GSI
Lateral stress coefficient (Ko) 1.0

Generalized Hoek-

Strength criterion .
g Brown criterion

Material behaviour Elastic
. ix- tri 1
Finite element type Six-node triangular
elements

The strength condition of the rock mass was described
using the generalized Hoek-Brown criterion. The rock-mass
parameters mb, s, and a were determined in RS2 based on the
specified GSI values, the intact rock parameter mi, and the dis-
turbance factor D. As GSI varied, the corresponding equiva-
lent strength and deformation properties of the rock mass
changed accordingly. All other input parameters were kept
constant for all calculation cases.

The model domain was selected to be sufficiently large to
eliminate the influence of the external boundaries on stress re-
distribution in the vicinity of the stopes. The external bounda-
ries were located at a distance of at least five characteristic
excavation dimensions from the contour under investigation.

The model domain was discretized using an automatically
refined finite element mesh composed of six-node triangular
elements. Local mesh refinement was applied near the stope
boundaries and inter-stope pillars to provide a more detailed
representation of changes in the stress state within the near-
contour region.

Zero normal displacements were prescribed along the ex-
ternal boundaries of the model. The lateral boundaries re-
strained horizontal displacements, whereas the bottom bound-
ary restrained vertical displacements. After excavation was
simulated, the stope boundaries were assumed to be free of
external loads.

The initial stress state was defined considering the self-
weight of the rock mass at a depth of 400 m. The ratio between
the horizontal and vertical components of the in situ stress field
can substantially influence the deformation behaviour and lo-
calization of potentially unstable zones around underground
excavations [40]. For the parametric comparison of the calcu-
lation cases, the ratio of the horizontal to vertical components
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of the in situ stress field was assumed to be Ky = 1.0. The same
model-domain dimensions, boundary conditions, and discreti-
zation parameters were used in all calculation cases.

The stope geometry and finite element mesh of the nume-
rical model are shown in Figure 1.

) niial Element | Uit weight | Elastic = | poissons | Failure | material
stesial Name [cotor [ "2 Nty | Type Hbasr|| == Ve fnd (pesk)| 3 (pesk) |a (pesk) R

Piezn
iterion | Typ e

sotropic | 21926 | 03 | Flastic 100 ©.704353 | 0.000379 | 0.51555

Hone [ o

Figure 1. Geometry and finite element mesh of the numerical
model at a = 20°

The size of the potential failure zone in the stope roof, z,
was adopted as the stability indicator. Since an elastic material
behaviour model was used, the boundary of the potential fail-
ure zone was identified based on the distribution of the
Strength Factor. A contiguous near-contour region in which
the Strength Factor did not exceed the critical value of 1.0 was
considered potentially unstable.

The failure-zone size z was defined as the maximum dis-
tance from the designed stope-roof boundary to the outer
boundary of the contiguous region with Strength Factor < 1.0.
A single z value was recorded for each calculation case. Iden-
tical model-domain settings, boundary conditions, and finite
element mesh parameters ensured the comparability of the re-
sults and made it possible to relate changes in z to the effects
of the varied factors — GSI and the ore-body dip angle.

2.3. Processing of modelling results

The numerical design represented a full 4x4 factorial exper-
iment. Each of the four GSI values — 35, 45, 55, and 65 — was
combined with each of the four ore-body dip angles — 20, 25, 30,
and 35°. Thus, a total of 16 calculation cases were generated.
The stope geometry, depth, inter-stope pillar dimensions,
boundary conditions, and all other input parameters remained
unchanged when comparing the cases. This design of the nu-
merical series made it possible to separately assess the effects
of GSI and dip angle on the size of the potential failure zone.

For each combination of factors, a single calculated value
of the maximum failure-zone size in the stope roof, z, was rec-
orded. The resulting values were arranged in a 4x4 matrix,
with rows corresponding to GSI levels and columns corre-
sponding to ore-body dip angles. This matrix was used for
comparative and descriptive quantitative analysis.

For each GSI level, the mean, minimum, and maximum
values of z were calculated across the four dip angles. In addi-
tion, the absolute range of variation in z, the difference be-
tween the extreme GSI levels, and the relative reduction in the
mean failure-zone size compared with GSI =35 were deter-
mined. An analogous comparison was performed for each dip
angle as GSI varied from 35 to 65. To assess the relative extent
of the disturbed near-contour region, the following dimension-
less relative disturbance coefficient was used:
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z
z=—,
H
where:

z — maximum size of the potential failure zone in the
stope roof;

H — stope height adopted in the model, equal to 4 m.

The coefficient Kz indicates the fraction of the stope height
represented by the calculated depth of the potentially unstable
region. It was used to compare calculation cases with the same
stope height and was not treated as a direct measure of dilu-
tion, since it does not account for the actual failure area and
volume, ore-body thickness, or rock density.

For a quantitative comparison of the effects of the investi-
gated factors, a descriptive decomposition of the total varia-
tion in the z matrix was performed. The total sum of squared
deviations was calculated relative to the mean value for all
16 calculation cases. The contribution of GSI was determined
from the deviations of the row means from the overall mean,
whereas the contribution of dip angle was determined from the
deviations of the column means. The difference between the
total variation and the contributions of the two factors was
treated as the combined and residual component. The share of
each component was expressed as a percentage of the total
sum of squared deviations.

This decomposition was used exclusively to describe the
structure of variation in the results within the adopted numer-
ical matrix. No statistical significance testing of the factors
was performed because only one deterministic calculated
value was obtained for each combination of GSI and dip angle,
with no replicate simulations.

Based on the processed results, relationships between z
and dip angle were plotted for different GSI levels, together
with the ranges of minimum, mean, and maximum z values.
The z values were rounded to 0.01 m, Kz to 0.001, and relative
changes and shares of variation to 0.1%.

“

3. Results and discussion

3.1. Influence of GSI and dip angle
on the size of the failure zone

The results of numerical modelling of potential failure
zones for the extreme rock-mass quality levels, GSI =35 and
GSI = 65, at ore-body dip angles of o = 20, 25, 30, and 35° are
presented in Figure 2.

Figure 2 presents eight representative calculation cases and
allows the formation of potential failure zones to be compared
at the extreme rock-mass quality levels of GSI=35 and
GSI=65. At GSI =35, the obtained z values were 3.65, 3.35,
3.52, and 3.41 m for a =20, 25, 30, and 35°, respectively. At
GSI = 65, the failure-zone sizes decreased to 1.88, 1.59, 1.72,
and 1.67 m. Thus, for the same dip angles, an increase in GSI
from 35 to 65 reduced the failure-zone depth by 1.77 m (48.5%)
at 20°, 1.76 m (52.5%) at 25°, 1.80m (51.1%) at 30°, and
1.74 m (51.0%) at 35°. The mean z value decreased from 3.48
to 1.71 m, corresponding to a reduction of 1.77 m, or 50.8%.

The quantitative analysis confirms the visual pattern shown
in Figure 2. Variation in GSI primarily governs the extent of
the disturbed region, whereas changes in dip angle within the
investigated range affect its configuration and position relative
to the stope boundary. At GSI = 35, the range of z values across
the four dip angles was 0.30 m, from 3.35 to 3.65 m, whereas
at GSI = 65 it was 0.29 m, from 1.59 to 1.88 m.
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Dip angle,

GSI =35
degrees

25

30

35

GSI =65

Figure 2. Changes in potential failure zones at different dip angles for GSI = 35 and GSI = 65

In both cases, the minimum value was obtained at o = 25°
and the maximum at a = 20°, indicating that the influence of
dip angle is non-monotonic. With a constant stope height of
H =4 m, the relative failure depth z/H ranged from 0.84 to
0.91 at GSI =35 and from 0.40 to 0.47 at GSI = 65. Thus, an
increase in rock-mass quality approximately halves the rela-
tive depth of the potentially unstable near-contour region.

For the most unfavourable case considered — GSI = 35
and a = 20° — the failure zone reached 3.65 m, corresponding
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to 91.3% of the stope height. For the most favourable case —
GSI =65 and a = 25° — its size was 1.59 m, or 39.8% of the
stope height. The difference between these extreme cases
was 2.06 m, meaning that the maximum calculated depth of
the disturbed region decreased by a factor of 2.30. This pro-
vides a geomechanical basis for considering low GSI values
as a factor associated with an increased risk of overbreak and
host-rock entrainment during the selective extraction of a
thin ore body.
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The generalized relationships between the size of the roof
failure zone and the ore-body dip angle at different GSI values
are presented in Figure 3.

4.0
g 35 ’\./0\,
<
S 3.0
2
j= 2.5
g 20
N
[
E 1.5
< 10
S5 —&— GSI=35
& 0.5 GSI =45
GSI=55
0.0
15 20 25 30 35 40

Ore-body dip angle, degrees

Figure 3. Relationship between the size of the roof failure zone and
the ore-body dip angle at different GSI values

As shown in Figure 3, the maximum failure-zone size was
3.65 m at GSI =35 and a dip angle of 20°, whereas the mini-
mum value was 1.59 m at GSI =65 and a dip angle of 25°.
Within the investigated range, variation in rock-mass quality
had a more pronounced effect on the failure-zone size than
variation in dip angle.

The obtained results confirm that GSI is the primary factor
governing the extent of roof failure, whereas the dip angle af-
fects the redistribution of the disturbed rock zone and modifies
its size within each rock-mass quality level. From the stand-
point of selective extraction, the most unfavourable cases are
those with lower GSI values, since enlargement of the dis-
turbed near-contour region creates conditions for host-rock en-
trainment. Therefore, when designing stope extraction for thin
gold ore bodies, stope and pillar parameters should be selected
with consideration of the predicted position of the failure-zone
boundary rather than solely on the basis of ore-body geometry.

The mean failure-zone size across the four dip angles de-
creased from 3.48 m at GSI=35 to 3.09 m at GSI=45,
2.73 mat GSI= 55, and 1.71 m at GSI = 65. The reduction in
the mean value between the extreme GSI levels was 50.8%.

For individual dip angles, the reduction in failure-zone size as
GSI increased from 35 to 65 ranged from 48.5 to 52.5%. The
generalized quantitative indicators characterizing changes in
the mean, minimum, and maximum failure-zone sizes at dif-
ferent GSI values are presented in Table 2.

Table 2. Quantitative assessment of the effect of GSI on failure-

zone size
Reduction
GSI Mean, Minimum, Maximum, relative to
m m m GSI = 35,
%

35 3.48 3.35 3.65 0.0

45 3.09 2.94 3.23 11.4

55 2.73 2.65 2.86 21.6

65 1.71 1.59 1.88 50.8

The obtained results confirm that, under the considered
modelling conditions, GSI is the dominant factor. Variation in
the dip angle from 20 to 35° at a fixed GSI causes non-mono-
tonic local changes in the failure zone, whereas an increase in
GSI results in a consistent reduction in its size. A similar in-
fluence of rock-mass quality and stope geometry on external
dilution has been reported in [25], [30]-[32].

The established relationships provide a geomechanical
basis for controlling ore losses and dilution: as the predicted
failure zone increases, the stope parameters, extraction se-
quence, and dimensions of the retained rock-mass elements
should be adjusted accordingly. However, the numerical mo-
delling performed in this study has several limitations: the
stope height was kept constant at 4 m, the rock mass was rep-
resented as an equivalent continuum, and ore-loss and dilution
indicators were not calculated directly in the current series of
models. Therefore, the established relationship with mining-
quality indicators reflects geomechanical risk and should be
complemented by further calculations for different ore-body
thicknesses, stope and pillar dimensions, as well as by valida-
tion against field data. For the practical interpretation of the
established relationships and the selection of appropriate di-
rections for adjusting technological parameters, the obtained
results are summarized in Table 3.

Table 3. Interpretation of numerical results for selecting technological solutions

GSI Mean faﬂure- Geomechanical Recommended direction for adjustment
zone size, m assessment
35 348 Unfavourable Redupe the st.ope span or extraction step; strengthen control of perimeter
blasting; retain protective rock-mass elements
45 3.09 Increased risk Limit exposed span; adjust stope and pillar parameters; reduce damage
to the near-contour rock mass
. Select parameters based on the predicted failure boundary; monitor ac-
55 2.73 Moderate risk P p 4 unaarys
tual overbreak
. M let tracti i i that th It
65 171 Relatively favourable ore complete extraction may be considered, provided that the results

are confirmed by field monitoring and stability control

Table 3 is intended as an engineering interpretation of the
numerical results and does not replace a detailed design cal-
culation. Its purpose is to demonstrate how the established
geomechanical relationship can be translated into a techno-
logical decision aimed at limiting external dilution. The final
stope and pillar dimensions, as well as drilling-and-blasting
parameters, should be refined for a specific deposit consid-
ering the actual ore-body thickness, in situ stress field, and
field-monitoring results.
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3.2. Quantitative assessment of the effects
of GSI and dip angle

The results of the descriptive decomposition of the total
variation in failure-zone size between the investigated factors
are presented in Table 4. The descriptive decomposition of the
sum of squares for the balanced 4x4 numerical matrix shows
that 97.6% of the total variation in z is associated with differ-
ences between GSI levels, whereas 2.3% is attributable to
changes in the ore-body dip angle.
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Table 4. Descriptive decomposition of variation in failure-zone size
Share of total

Factor variation, % Interpretation
GSI 97.6 Prlmary. source
of variation
. Secondary source
Dip angle a 23 of variation
Residual 01 Combined and residual
variation ) component

Approximately 0.1% corresponds to the combined and
residual component. This distribution confirms that, within the
investigated factor space, rock-mass quality has a substantially
more pronounced effect on the failure-zone size than the ore-
body dip angle. The reported values characterize only the inves-
tigated numerical matrix and do not represent the results of sta-
tistical significance testing, since no replicate simulations were
performed for each combination of GSI and dip angle. There-
fore, the obtained shares should be regarded as a descriptive
quantitative characterization of the parametric modelling results.

The calculated values of the relative disturbance coeffi-
cient Kz for all 16 calculation cases are presented in Table 5.

Table 5. Relative disturbance coefficient Kz for the calculation cases

GSI Kz,20° Kz,25° Kz, 30° Kz, 35° Mean Kz
35 0.912 0.838 0.880 0.853 0.871
45 0.807 0.735 0.785 0.757 0.771
55 0.715 0.662 0.680 0.672 0.682
65 0.470 0.398 0.430 0417 0.429

The mean Kz value consistently decreased from 0.871 at
GSI=35100.771 at GSI =45, 0.682 at GSI =55, and 0.429 at
GSI = 65. Thus, increasing GSI from 35 to 65 approximately
halves the relative extent of the disturbed near-contour region.

The maximum value, Kz = 0.912, was obtained at GSI =35
and a =20°, whereas the minimum value, Kz = 0.398, was
obtained at GSI =65 and a =25°. At each fixed GSI value,
variation in dip angle resulted in relatively small and non-
monotonic changes in the coefficient. At the same time, in-
creasing GSI produced a consistent decrease in Kz for all con-
sidered dip angles, which is consistent with the results ob-
tained for the absolute failure-zone size.

Therefore, the coefficient Kz can be used for comparative
assessment of the relative extent of the potentially unstable re-
gion at a constant stope height. However, it is not a direct
measure of dilution because it does not account for the actual
volume of collapsed rock, ore-body thickness, or the geometry
of the extraction block. The transition from the calculated z
and Kz values to predicted dilution indicators is considered in
the following subsection.

3.3. Relationship between the failure zone,
predicted dilution, and technological decisions

The failure-zone depth alone is insufficient for the direct
calculation of dilution. Such a calculation requires determi-
nation of the area or volume of actual overbreak, ore-body
thickness, extraction-block geometry, as well as the densities
of the ore and host rock. According to the published meth-
odology for thin ore bodies, dilution is predicted after deter-
mining the area of potential caving around the stope and
comparing the volume of entrained host rock with the vol-
ume of extracted ore [25].

Therefore, in the present study, hypothetical dilution
percentages were not calculated solely on the basis of
the parameter z. The obtained failure-zone values are
regarded as a numerical basis for the subsequent stage —
relating them to the actual thickness and morphology of
the gold ore deposit.

To formalize the transition from the geomechanical fail-
ure-zone indicator to the technological dilution indicator, the
Equivalent Linear Overbreak/Slough (ELOS) can be used.
ELOS represents the ratio of the overbreak volume to the stope
surface area [25], [30]:

ELOS = Yover | )

St

where:

Vver — volume of host rock involved in overbreak, m?;

Sy — stope surface area, m?.

When the ore-body thickness m is known, predicted dilu-
tion can be estimated using the relationship between ELOS
and ore-body thickness [25]:
7y =@~IOO%, (6)

m
where:

rq — predicted dilution, %;

m — true ore-body thickness, m.

The failure-zone depth z calculated in the present study is
not equivalent to ELOS. Application of Egs. (5) and (6)
requires determination of the actual area or volume of the
portion of the failure zone that is kinematically capable of
collapsing into the stope.

Therefore, the presented relationships are considered a
framework for subsequent site-specific verification rather than
a basis for determining dilution from the parameter z alone.
The input parameters required for direct prediction of ore
losses and dilution when adapting the model to a specific de-
posit are presented in Table 6.

Table 6. Input parameters required for direct prediction of ore losses and dilution

Parameter Symbol Determination method Role in the calculation

True ore-body thick- . . . Determines the volume of in-situ ore reserves
m, m Geological and mine-surveying data o SR

ness and sensitivity to host-rock dilution

Potential failure area A m? Numerical modelling and digitization of Determines the volume of potentially
5 the failure-zone boundary entrained host rock

Length and.helght gf L. H.m Stope-block parameters Enable conversion of the failure

the calculation section area into volume

Ore and host-rock 3 . Required to establish the mass balance

density por pr, Um Laboratory and production data between ore and diluting host rock

Actual overbreak ELOS, m Laser scanning, CMS, or mine surveying Used to verify the calculated failure zone

Surveying of residual ore reserves and Characterize extraction completeness
Ore losses PL, %

sampling

when stope parameters are modified
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Table 6 shows the additional data that must be obtained
when adapting the model to a specific thin gold ore deposit.
Thus, two levels of investigation are distinguished: the present
study substantiates a geomechanical criterion for dilution risk,
whereas direct prediction of technological indicators should
be performed after geometric calibration of the failure zone
and determination of the actual ore-body thickness.

The obtained failure-zone range of 1.59-3.65 m should be
considered in the context of published studies on thin ore de-
posits. For thin, steeply dipping ore bodies, Imashev et al. [25]
showed that decreasing GSI is accompanied by an increase in
the potential failure area and predicted dilution. For ore-body
thicknesses of 1-3 m, substantially different dilution values
were obtained depending on GSI, confirming the appropriate-
ness of using GSI as one of the principal factors governing
geomechanical risk.

Additional practical evidence of the relationship between
near-contour rock-mass stability and the quality of extracted
ore was obtained by Mussin et al. [26] during the mining of
thin ore bodies. Artificial support of the hangingwall using ca-
ble bolting in steeply dipping sections reduced dilution from
62.8 to 48.7%. For inclined deposits with dip angles of up to
40°, the effectiveness of this support was substantially lower.
This finding is important for interpreting the results of the pre-
sent study, which considered dip angles of 20-35°. Within this
range, the principal potential for reducing risk should be asso-
ciated primarily with accurate formation of the excavation con-
tour and the rational selection of drilling-and-blasting parame-
ters, including the characteristics of the explosives used and the

calculation of drilling and blasting parameters [41], [42], as
well as with the exposed span and the geometry of stopes and
pillars [22], [25], [43], [44]. The practical implementation of
technological measures involving adjustment of drilling-and-
blasting parameters also imposes requirements on the opera-
tional durability of drilling tools, the rational selection of oper-
ating modes, and the reduction of adverse effects from dynamic
loading, particularly when drilling hard rocks [45]-[48].

Based on the calculated z and Kz values and their compar-
ison with published data, a matrix of technological decisions
was developed (Table 7). It is intended for the preliminary
selection of optimization measures prior to site-specific cali-
bration of the model.

The proposed matrix does not establish the final dimen-
sions of stopes and pillars or the explosive charge parameters.
Its purpose is to define the decision-making sequence: first,
rock-mass quality is classified according to GSI; then, the pre-
dicted failure zone is determined; subsequently, the direction
of technological adjustment is selected, and its effectiveness
is assessed through repeated numerical modelling.

For conditions corresponding to GSI=35-45, limiting
overbreak is the priority because the mean size of the disturbed
zone ranges from 3.09 to 3.48 m. At GSI=65, the mean
failure-zone size decreases to 1.71 m, creating conditions for
increasing extraction completeness without a proportional
increase in the risk of host-rock entrainment. However, the
corresponding technological decision should be confirmed
by field monitoring. The sequence for geomechanical substan-
tiation of technological parameters is presented in Table 8.

Table 7. Geomechanically substantiated matrix of technological decisions

GSI Mean z, m Kz Risk level

Priority technological decision

35 3.48 0.871 High

Minimize exposed span; apply controlled or perimeter blasting; reduce the extrac-
tion step; retain protective rock-mass elements; implement enhanced monitoring

45 3.09 0.771 Increased

Adjust stope span and pillar dimensions; reduce explosive charge near

ore-rock contacts; monitor actual overbreak

55 2.73 0.682 Moderate

Select stope parameters considering the predicted failure-zone boundary;

provide local support for potentially unstable areas

65 1.71 0.429  Relatively low

Consider more complete reserve extraction where stability is confirmed;

monitor contact conditions and ore losses

Table 8. Sequence of geomechanical substantiation of technological parameters

Stage Action

Result

fracture parameters, and rock properties

Engineering-geological mapping; determination of GSI, RQD,

Design rock-mass characteristics

Refinement of ore-body thickness, dip angle, and morphology

Geometric model of the ore deposit

Numerical modelling of stope, pillar, and blasting-parameter variants

Failure-zone boundaries and Kz values

portion of the failure zone

Determination of Ay, Vover, and ELOS for the kinematically feasible

Predicted volume of entrained host rock

Calculation of 74 and ore losses for the considered mining-layout variants

Comparable extraction-quality indicators

AN || B~ W N

and ore losses while ensuring stability

Selection of the preferred variant based on minimizing dilution

Recommended technological parameters

of actual dilution

Field monitoring of overbreak using CMS data and determination

Model calibration and refinement

The proposed sequence establishes a link between the re-
sults of geomechanical modelling and the selection of techno-
logical solutions. In this case, stope extraction parameters are
evaluated not only in terms of the stability of exposed rock
surfaces but also with consideration of their expected influ-
ence on ore losses and dilution.

The applicability of the obtained quantitative results is lim-
ited to the conditions of the performed parametric experiment.
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The results apply to a two-dimensional RS2 model with
GSI = 35-65, dip angles o = 20-35°, a depth of 400 m, a stope
height of 4 m, a stope width of 12 m, and an inter-stope pillar
width of 8 m. All cases were calculated using identical bound-
ary conditions, Ko = 1.0, and a consistent discretization ap-
proach. Therefore, the identified differences in z primarily re-
flect the effects of the varied factors, GSI and a.
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The model represents the fractured rock mass as an
equivalent continuum and does not reproduce the individual
geometry of discrete fractures, localized weakened ore-host
rock contacts, spatial variability in ore-body thickness, or
three-dimensional end effects. In site-specific assessments of
structurally disturbed rock masses, additional consideration
of the spatial orientation of fracture sets and kinematically
feasible block-failure mechanisms can improve the reliabil-
ity of stability predictions [49]. The numerical series also did
not vary the blasting sequence, blast-induced dynamic dam-
age to the rock mass, or possible changes in the in situ stress
field with depth. Therefore, the calculated failure zone char-
acterizes a potential region of instability but should not be
automatically equated with the actual volume of collapsed
rock or the magnitude of dilution.

To assess the robustness of the established relationship
within the investigated range, the variation in z caused by
changes in dip angle at a fixed GSI was additionally consid-
ered. For the four GSI levels, the absolute ranges zZmax — Zmin
were 0.30, 0.29, 0.21, and 0.29 m, respectively. These values
are substantially smaller than the change in the mean z be-
tween GSI = 35 and GSI = 65, which was 1.77 m, confirming
the robustness of the main conclusion regarding the dominant
role of rock-mass quality. At the same time, the non-zero
range indicates that the influence of dip angle should be con-
sidered in site-specific design. Figure 4 presents the calculated
range of variation in failure-zone size as a function of GSI.

4.0
3.5
3.0
2.5
2.0
1.5

Failure-zone size z, m

1.0
—&— Maximum z, m

Mean z, m
—&— Minimum z, m

55 65

0.5

0.0

35 45

GSI

Figure 4. Range of variation in failure-zone size at a = 20-35° for
different GSI values

The lower and upper curves correspond to the minimum
and maximum z values, respectively, among the four investi-
gated dip angles, whereas the middle curve represents the
mean value. The convergence of the three curves with increas-
ing GSI confirms the overall reduction in the extent of failure,
while the vertical width of the range characterizes the residual
sensitivity of the results to ore-body geometry. Figure 4 can
be used for preliminary engineering assessment only under the
adopted initial conditions.

Application of the obtained results to a specific thin gold
ore deposit requires site-specific calibration. The minimum re-
quired input dataset should include the actual ore-body thick-
ness and morphology, GSI, RQD and fracture parameters,
contact strength, deformation modulus, Poisson’s ratio, as
well as the measured or otherwise substantiated in situ stress
field. Additional information on structural heterogeneities and
deformation manifestations may be obtained using geophysi-
cal methods for rock-mass investigation [50] and integrated
geodetic monitoring [51], [52]. After the numerical analysis,
the predicted failure-zone boundary should be compared with
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the results of mine surveying, CMS or laser scanning of actual
overbreak, and measured dilution values. Only after such
back-analysis can the established relationships be used to
determine specific stope and pillar dimensions, as well as
drilling-and-blasting parameters.

4. Conclusions

Within the investigated factor space, increasing GSI from
35 to 65 reduced the mean size of the potential failure zone in
the stope roof from 3.48 to 1.71 m, corresponding to a de-
crease of 50.8%. At a fixed GSI, variation in the ore-body dip
angle within the range of 20-35° caused substantially smaller
and non-monotonic changes in z. Therefore, for the adopted
numerical scheme, rock-mass quality is the primary factor
governing the extent of near-contour failure.

Descriptive analysis of the 16 calculation cases showed
that, within the investigated matrix, 97.6% of the total variation
in z was associated with differences between GSI levels, 2.3%
with changes in dip angle, and approximately 0.1% with the
combined and residual component. The mean relative disturb-
ance coefficient Kz decreased from 0.871 to 0.429 as GSI in-
creased from 35 to 65, confirming a substantial reduction in the
relative extent of the potentially unstable near-contour region.

The practical outcome of the study is represented by the se-
quence “GSI and ore-body geometry — failure zone — ELOS and
overbreak volume — predicted dilution — adjustment of technolog-
ical parameters”. For rock masses with GSI = 35-45, the priority
measures are to reduce contour damage during drilling and blast-
ing, limit the exposed span, and adjust stope and inter-stope pillar
dimensions. At the same time, the calculated failure-zone depth z
is not a direct measure of dilution. Direct calculation of dilution
should be performed only after determining the kinematically
feasible failure area or volume and the actual ore-body thickness.

The established relationships apply to a two-dimensional
RS2 model at a depth of 400 m, with a stope height of 4 m, a
stope width of 12 m, an inter-stope pillar width of 8 m,
GSI = 35-65, and dip angles of 20-35°. For practical applica-
tion to a specific thin gold ore deposit, the model should be
calibrated using actual data on ore-body thickness and mor-
phology, the physical and mechanical properties of the rocks,
fracture characteristics, and the in situ stress field. The numer-
ical results should also be compared with CMS or laser-scan-
ning data and actual dilution. Further research should focus on
establishing quantitative relationships between failure zones,
ore losses, and dilution while varying ore-body thickness and
stope and pillar dimensions.
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OOrpyHTYBaHHSI HapaMeTpiB 0YHMCHOI0 BUIIMAHHSA MAJIONOTYKHUX 30J0TOPYAHHUX TiJ
HA OCHOBI OIIiIHIOBAHHS 30H PYHHYBAHHS MACHBY

A. Maraes, A. Cyimb0aeBa, I. Apucran, H. [llaiike, M. Icpainos, A. Xamse

Merta. BctaHOBUTH 3aKOHOMIPHOCTI BIUIMBY T€0JIOTiYHOTO iHAeKcy MinHocTi GSI Ta KyTa magiHHS MaJONOTYXXKHOTO PYIHOTO Tila Ha
PO3Mip 30HH MOXIUBOTO PYHHYBaHHS B HOKPIBIIi OYHCHOTO MIPOCTOPY Ta OOTPYHTYBATH IMiAXiA 1O BUKOPUCTAHHA L€l 30HU Wi 4ac BUOOpPY
TEXHOJIOTIYHUX TTapaMeTpiB OYHCHOTO BUIMAaHHS.

MeTtoauka. JlociipKeHHS] BAKOHAHO METOJIOM IBOBUMIPHOTO CKIHUEHHO-€JIEMEHTHOTO Mo/iesIfoBaHHs B RS2 3a moBHUM (pakTOpHIM ITa-
HOM 4%4 mipu 3HaueHHsx GSI = 35, 45, 551 65 ta kyTiB maginus pyaHoro tina 20, 25, 30 1 35°. [MubuHa po3TalryBaHHs OYUCHOTO MPOCTOPY
cranosmia 400 M, foro mmpuHa — 12 M, BUCOTa KaMepH — 4 M, IIMPUHA MDKKaMEPHOTO LIUTNKA — 8 M. 30HY MOXKJIMBOTO pYHHYBaHHS BU3HAYAIN
K 3B’SI3HY TIPUKOHTYpPHY 00JacTh 31 3HaueHHsaM Strength Factor (SF) < 1.0.

PesyabTaTu. BeraHoBieHO CTilike 3MEHIICHHs 30HH MOXJIMBOTO PyHHYBaHH 31 3pocTaHHsIM sikocTi MacuBy. [Ipu minsumienni GSI Big
35 o 65 cepenHe 3HaYeHH: z 3MeHImnocs 3 3.48 1o 1.71 m, To6To Ha 50.8%. J{ns oKpeMHX KyTiB MaJliHHSA 3MEHILIEHHS PO3MIPY 30HU pyHHY-
BaHHS CTaHOBHIO 48.5-52.5%. Makcumanbhe 3Ha4eHHs z = 3.65 M orpumano rnpu GSI = 35 i kyti maginas 20°, a miniMangeHe z = 1.59 M —pu
GSI = 65 i xyTi maginas 25°. ¥V nocmimkeHoMy miana3oHi 20-35° BIiuB KyTa nafiHHA OyB CYTTEBO CIIAOLIMM 3a BIUIMB SKOCTi MaCUBY Ta MaB
HEMOHOTOHHUIT XapakTep. JleckpuNTHBHE PO3KIIAIaHHs Bapialii po3paxyHKOBOI MaTpHIIi ITOKa3ao, mo 97.6% 3aranbsHoi Bapiallii z ToB’13aHO
3 BigMiHHOCTSAIMH Mik piBHAME GSI, 2.3% — 31 3MiHOI0 KyTa maaiHHs Ta 6:1m3bKko 0.1% — 13 CyMiCHOIO Ta 3aJIMIIKOBOIO CKiIanoBoto. CepenHiit
koedirieHT BitHOCHOI opymeHocti Kz 3menmmBes 3 0.871 npu GSI = 35 o 0.429 npu GSI = 65.

HayxoBa HoBH3Ha. KiTEKICHO BCTAHOBJIEHO JIOMIHYIOUY POJIb SKOCTI MacHBY y (hOpMyBaHHI 30HH MOXKJIMBOTO PyWHYBaHHS B IOKPIBIIi
OYKCHOT'0 MPOCTOPY Mij Yac PO3POOKH MaJOMOTYKHUX PYyIHHX Till. BcraHoBIeHO B3aeMo3B’s130K Mixk GSI, KyToM nafiHHS pyAHOTO Tija Ta
PO3MIpOM MOTEHIIHO HECTIHKOI MPUKOHTYPHOT 00JIacTi.

IpakTnyHa 3Ha4YuMicTh. Pe3ynpraTi MOKYTh OyTH BUKOPHUCTaHI JUIA MONIEPEAHHOTO BUOOPY HAMPSMIB KOPUTYBAaHHS pO3MipiB Kamep i
LTHKIB, BEIMYMHH BIIKPUTOTO BiZICIOHEHHS Ta MapaMeTpiB KOHTYpHOTO HifpuBaHHA. besnocepeaHiit mporuo3 30inHeHHs NOTpedye 00’ €KT-
HOTO KaNiOpyBaHHs 3 ypaxyBaHHIM (PaKTHYHOT MOTY>KHOCTI Ta MOP(OJIOTii pyIHOTO Tijia i TaHWX HATYPHOTO MOHITOPHHTY.

Knrouosi cnosa: manonomysicue pyone mino; 3010mopyoHe pooosuwye, 30Ha PYUHY8AHHS, YUCEIbHe MOOeTIO8AHH A, 30I0HeHH s Pyou
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