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ABSTRACT

Purpose. This paper presents the result of the research carried out on the effect of increasing temperature and stres-
ses with depth of mining on the stability of stope within the Bushveld Igneous Complex (BIC), where the South
African Platinum mines are located.

Methods. The stability of stope at the platinum mine was analysed using numerical modelling. A commercial
geotechnical software, FLAC (Fast Lagrangian Analysis of Continua), was used for the numerical modelling to study
and to understand the behaviour of the rock in the deep and hot underground excavations. The modelling is hypothe-
tical in the sense that there are no direct field measurements of failure or displacements. However, some field data
received from the mines include virgin rock temperature, in-situ stress data.

Findings. The plots of the yielded zones of the model for excavations at the depths of 1073, 2835 and 5038 m re-
vealed that there would be shear and tensile failures at 2835 and 5038 m, however, these failures will be higher at
5038 m than what will be witnessed at shallow depths. This observation could be attributed to higher in-situ stresses
and virgin rock temperatures.

Originality. Major researches on the platinum mine have not extensively consider the influence of the increased
temperature at the ultra-depth level hence this study aims to fill the gap by studying the effect of the increased tem-
perature and stresses on the stability of stopes at the ultra-depth levels within the BIC.

Practical implications. This research showed that mining at ultra-deep levels would pose a challenge of an increase
in horizontal and vertical displacements with increasing depth. It is recommended that horseshoe-shaped stopes could
be preferred in such conditions to avoid high-stress concentration at the corners of the roof of the stopes, which may
reduce failures from shallow-depth to ultra-depth levels. Also, based on the magnitude of convergence that will be
experienced at ultra-deep mining levels (3500 to 5000 m), it is recommended that access development is located in
the more competent strata, such as in mottled anorthosite with an average UCS of 82 MPa.

Keywords: temperature variation, numerical modelling, laboratory testing, Bushveld rocks, platinum mines

1. INTRODUCTION

The platinum mines are in the Bushveld Igneous
Complex (BIC), which is located in the northern part of
South Africa. The BIC is the world’s largest layered
intrusion. It is about seven to nine kilometers thick and
is divided into eastern, western and northern limbs. Its
upper critical zone hosts the world’s largest deposit of
platinum group elements (PGE), (Schouwstra, Kinloch,
& Lee, 2000).

There are some numerical modelling analyses on the
influence of temperature on the behaviour of rocks
carried out by previous researchers. Kim & Yang

(2001) studied the behaviour of rock surrounding an
underground storage cavern using thermal properties of
the rock. The distribution of heat and the thermal stress
in the cavern were modelled using a numerical code
FLAC (Fast Lagrangian Analysis of Continua). They
reported that only the dead weight of the overburden
contribute towards the major stress before the storage of
low-temperature material (refrigerated foods). How-
ever, after the storage, the maximum principal stress at
the sidewall of the cavern increased more than 60%
because of the thermal stress.

The major areas where research have focused on, in
relation to depth in the platinum mines, are the influence
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of an increase in the rock stresses, development of new
mining methods with improved mechanization, pillar
design, ventilation, and impact of temperature on the
mine workers, in case of inadequate ventilation. For
example, Biffi, Stanton, Rose, & Pienaar (2007) outlined
some of the ventilation challenges associated with deeper
platinum mining and gave an overview of the strategies
that could be employed in tackling them. The effect of
the temperate variation on the stability of the stope at a
depth within the Bushveld rock mass complex has not
been adequately investigated and reported in the litera-
ture hence the need for this study.

2. GEOLOGY OF THE BUSHVELD COMPLEX

Based on lithostratigraphic classification (Ryder &
Jager, 2002), BIC is divided into Lebowa Granite Suite,
Rashoop Granophyre Suite and Rustenburg Layered
Suite (RLS). The RLS is described as the main body of
the Bushveld Complex. It comprises 7000 m (West) to
9000 m (East) of basic igneous rock types, which intrude
into the formation of Transvaal sequence. Its thickness is
9 km. Aside from the fine-grained basal norite, there is
an upward change from ultra-basic rocks towards the
base to basic rocks higher in the RLS succession. The
RLS is further divided into upper, main, critical and
lower zones. The critical zone is where the most im-
portant mining activities take place because of its rich-
ness in Platinum Group Elements (Fig. 1).
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Figure 1. Generalized stratigraphic column for the Bush-

veld Complex indicating predominant rock types
(Jones, 2015)

The primary host rock types in the South African Pla-
tinum mines are Norite (N), Leuconorite (LN), Mottled
anorthosite (MA), Pyroxenite (PX) and Chromitite (CR).
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3. NUMERICAL MODELLING

This paper examines the influence of temperature on
the behaviour of the Bushveld rock mass around the
underground excavation using numerical modelling. The
numerical code used for the analyses is FLAC 2D (Itasca
Consulting Group, 2012). The FLAC thermal conduction
model was coupled with the mechanical model for the
thermo-mechanical analyses.

The conduction model allows simulation of transient
heat conduction in materials and the development of
thermally induced displacement and stresses. In the
following sections, the virgin rock temperature (VRT)
of the in situ stresses, the rock mass properties, and
model geometry used for the numerical modelling are
briefly discussed.

3.1. Virgin rock temperature (VRT)

The virgin rock temperature data for the BIC, as
shown in Figure 2 was sourced from the Corporate Of-
fice of Anglo American Platinum Limited, Mine Ventila-
tion and Refrigeration Engineering Unit.
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Figure 2. Graph of virgin rock temperature against depth for
platinum mines

Figure 2 shows that Der Brochen mine has the lowest
temperature gradient, while Bafokeng-Rasimoni Plati-
num Mine (BRPM) has the highest.

For the numerical modelling, the VRT of BRPM was
used since it has the highest thermal gradient so that the
influence of temperature would also be the highest.
Simpson (2011) advised that it is essential that engineer-
ing designers carefully consider the worst situation and
parameter values that could be imagined based on a rea-
sonable and well- informed engineering assessment.
Using the information in Figure 2, the VRT equation for
BRPM is given as:

y=0.0227x+25.64; (1)
and
_ y—25.64 @)
0.0227
where:
y —the VRT;

x — the depth below the surface, in meters.
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Table 1 shows the equivalent depths for the tempera-
tures (50, 70, 90, 110 and 140°C) on which the laborato-
ry testing was based. The temperature-depth relationship
(1) was used in the numerical modelling.

Table 1. Temperatures and equivalent depths for BRPM

Temperature, °C Depth, m
50 1073
70 1954
90 2835
110 3716
140 5037

2.1. In-situ rock stresses

The in-situ stress measurement data was obtained
through correspondence with the Principal Rock Engineer at
Anglo American Platinum Limited. The method used for the
stress measurement is overcoring technique. The primary
data reported from the overcoring stress measurements are:

— the Magnitude and orientation (bearing and dip) of
three principal stresses;

—the vertical, maximum and minimum horizontal
stresses.

The average densities (kg/m3) of some of the rocks
from the Bushveld Igneous Complex is given in Table 2.

Table 2. Densities of rocks from the platinum mines

CR LN MA N PX
4049 2776 2744 3045 3194

Types of rock
Density (kg/m?)

The average of all rock densities is 3061 kg/m>. The
average value was used in the calculation of the vertical
stress for the numerical modelling.

The summary of the principal stress magnitudes is
provided in Table 3 where o, is the vertical stress, while
om and oy are the major and minor horizontal principal
stresses, respectively. The maximum and minimum hori-
zontal-to-vertical stress ratio are k; and k», respectively.

Table 3. Principal stresses from platinum mines

S/N Mines o1, MPa 02, MPa 03, MPa ov, MPa  on, MPa  on2, MPa k1 k2 Depth, m
16 9 4
1 Lebowa (19339 63°06%)  (144°/46°) 8.5 11.9 8.1 14 10 297
2 Lebowa 30 21 10 10 26 24 2.4 2.6 472
(128°/1°)  (218%/13°)  (35°/77°) : :
36 25 16
3 Lebowa (76°/13%) (32990529 (175°/35%) 22 35 19 09 16 470
55.1 32.7 26.1
4 Rustenburg 0000 (140010 (39/53%) 33.6 41.9 38.4 L1 12 1097
47.1 28.5 19.9
S Rustenburg  oou0hizo (1289199 (351%64%) 23.1 36.7 35.8 15 16 1097
40.3 31.5 25.8
6 Rusenburg jgouso (3139447 (219999) 35.8 32.7 29.2 08 09 1204
63 26 15
7 Rustenburg (-9°/20°) (—174°/20°) (83°/5°) 30 58 16 1.9 0.5 1080
44 32 23
8  Rustenburg (85°/34%) (—67°/53%) (~176°/14°) 35 40 24 0.7 1.1 1130
3.2.1. Stress magnitudes used for modelling Stress (MPa)
-20 60 B0 100 120 140 160
Handley (2013) suggested a generic pre-mining linear 0 ‘ hA— ‘ ‘
stress model (i.e. (3), (4) and (5)) for southern Africa to * Veftcalstress 0,
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The model was derived from plots of 180 consistent (91 * Oe)2 \' \\ '

in-situ stress measurements through a combination of the
gradient and intercept of the graph (Fig. 3).

Handley (2013) used a density of 2700 kg/m? in (3),
(4) and (5), which was derived from the Southern Afri-
can stress measurement database. The average rock
density in the platinum mines, however, is approximate-
ly 3061 kg/m®. Therefore, (3), (4) and (5) were modi-
fied by replacing the gradient of the vertical stress,
0.027 with 0.03061.

The ratio 0.03061/0.027, that is, 1.134 was used to
adjust the intercept and gradient for the major and minor
horizontal stress in the equations.
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Figure 3. Plot of consistent stress measurement database
(Handley, 2013)

The modified equations, for the calculation of the
stresses (Table 4) for the numerical modelling are given
in (6), (7) and (8) as:

o, =91.8+0.0306(h —3000); (©6)
0y, =98.1+0.0297 (7 -3000) ; (7)
0y, =54+0.017(h—3000). (8)
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Table 4. Vertical and horizontal stresses used for numerical

modelling
o Ov, Ohl, Oh2,
S/N Temperature, °C  Depth, m MPa MPa  MPa
1 50 1073.1 32.8 409 212
2 90 2835.2 86.8 932 512
3 140 5037.9 1542 158.6 88.6

3.3. Determination of rock mass
properties for numerical modelling

The rock mass properties were determined with the
use of a rocscience software, RockLab. RocLab imple-
ments generalized Hoek-Brown failure criterion (Hoek,
Carranza-Torres, & Corkum, 2002) to obtain reliable
estimates of the rock mass properties. The values of
intact uniaxial compressive strength (o.), geological
strength index (GST), Hoek-Brown material constant (m;),
disturbance factor (D) and intact Young’s modulus (E;)
were used as inputs in the RocLab to generate the rock
mass properties needed for the numerical modelling. The
rock mass properties are the deformation modulus (E,»),
tensile strength (o;), cohesion (¢), and friction angle (¢).

GSI is one of the important input parameters for the
Hoek-Brown failure criterion and its value can be deter-
mined on the field based on the geological description of
the rock mass. The GSI values can also be estimated
from RMR (Bieniawski, 1976; Bieniawski, 1989) or QO
index (Barton, Lien, & Lunde, 1974). Malan & Napier
(2011) suggested the use of an RMR value of 94 and 95
for UG2 and Merensky reef, respectively at Lonmin’s
BIC mine. Using the relation, GS/=RMR -5 (Hoek,
Kaiser, & Bawden, 1995), the GSI values for UG2 and
Merensky reef are 89 and 90, respectively. Watson
(2010) stated that the Barton-Q index values for rock
mass at Amandelbult (shallow depth, k-ratio = 1), Impala
(intermediate depth, k-ratio = 1.3), and Union (interme-
diate depth, k-ratio =0.5) mines are 18.3, 50.0 and 3.2,

respectively. Using the relation, GSI = 9InQ + 44 (Hoek,
Kaiser, & Bawden, 1995), the GSI values for the respec-
tive mines were estimated to be 70.2, 79 and 53. Based
on the GSI values reported by Malan & Napier (2011)
and Watson (2010) from the different mines, an average
value of 80 was used for BIC.

The disturbance factor (D) was considered to be 0.3.
Hoek, Carranza-Torres, & Corkum (2002) drew up a set
of guidelines for estimating the factor D. When D =0, it
means excellent quality controlled blasting, excavation
by tunnel boring machine or mechanical/hand excavation
in poor quality rock with minimal disturbance to the
surrounding rock. The D value of 0.5 represents a situa-
tion where squeezing problems result in significant floor
heave, while D value of 0.8 is for very poor quality blast-
ing in hard rock tunnel which causes severe local dam-
age. The excavations at platinum mines are assumed to
have D value, which falls between 0 and 0.5. A value of
0.3 was adopted for this modelling based on the above
discussions and a report from Sellers (2011) suggesting
cautious blasting such as presplitting and smooth blast-
ing. Also, Malan & Basson (1998) opined that squeezing
would be witnessed at some depths depending on the
uniaxial compressive strength of the footwall and hang-
ingwall. Table 5 summarises the values of o.;, m;, and E;
obtained from laboratory testing of rock specimens,
while Table 6 presents the rock mass cohesion, friction
angle, deformation modulus and tensile strength as de-
termined from the RockLab.

The shear modulus (G) and bulk modulus (K) calcu-
lated from the rock mass deformation modulus and
Poisson’s ratio are presented in Table 7. Also included
in the table is the rock mass dilation angle () that was
calculated by dividing the rock mass friction angle by 4
as suggested by Hoek & Brown (1997) for very good
quality rocks.

Table 5. Intact 6., mi and Young’s modulus

Temp., MA CR N PX LN
oC Oci, i Ei, Oci, i Ei, Oci, i Ei, Oci, i Ei, Oci, i Ei,
MPa GPa MPa GPa MPa GPa MPa GPa  MPa GPa
50 193 10.6 84 75 8.3 56 161 7.4 78 165 64 119 168 7.4 77
90 185 10.5 82 73 7.6 54 160 7.1 74 164 59 115 163 7.4 74
140 180 10.4 80 71 7.4 52 159 6.8 71 163 45 113 159 6.8 71
Table 6. Rock mass cohesion, friction a deformation modulus and tensile strength as determined from RockLab
Depth, MA CR N PX LN
, ¢, Em, o, c, ¢, Em, o1 c, 6, Em, o c, ¢, Em, o1, c, ¢, Em, o,
MPa deg GPa MPa MPa deg GPa MPa MPa deg GPa MPa MPa deg GPa MPa MPa deg GPa MPa
1073 10.7 469 59 36 65 358 40 1.8 99 421 55 43 104 404 83 50 10.0 429 54 44
2835 142 404 58 35 99 277 38 19 133 350 52 44 136 300 81 55 13.0 36.1 52 43
5038 18.1 358 56 34 132 233 36 19 16.7 303 50 46 165 267 79 7.1 16.1 31.0 50 4.6
Table 7. Rock mass shear (G) and bulk (K) modulus and dilation angle (y)
Depth MA CR N PX LN
m ’ G, K, v, G, K, v, G, K, v, G, K, v, G, K, v,
GPa GPa deg GPa GPa deg GPa GPa deg GPa GPa deg GPa GPa deg
1073 219 717 119 139 878 9.0 207 515 105 336 539 101 201 57.0 107
2835 214 713 101 133 828 6.9 194 559 8.7 325 522 75 194 523 9.0
5038 20.6  67.6 8.9 12.7  93.6 5.8 18.7 498 76 319 516 6.7 187 478 7.8
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3.4. Model set up

3.4.1. Model geometry

The numerical modelling analysis was carried out
using the two-dimensional FLAC version 7.00. Typical
rectangular stope geometry of 10 m width and 1 m verti-
cal height was selected for the numerical model. Egerton
(2004) has reported that the average thickness of UG2
reef is 70 to 75 cm, which is typically mined at stoping
width of 1 m to avoid grade dilution. Egerton (2004)
made a comparison between different mining methods
that can be employed in the extraction of UG2 reef. Of
the various methods stated, he reported a range of panel
length of 8 to 30 m and concluded that a panel length of
10 m gave the best extraction rate.

For the numerical modelling, a FLAC model was
chosen to be 200 m wide and 61 m high. These dimen-
sions are large enough to avoid the boundary effect,
which could affect stress distribution in the model. Roller
boundary conditions were used on the vertical, top and
bottom boundaries of the model.

3.4.2. Modelling sequence

The physical, mechanical and thermal properties were
assigned accordingly for the rock types as shown in Fig-
ure 4. The temperatures corresponding to different depths
were given as initial condition.

JOBTIMLE : SOVE ELASTIC ANDTHERVAL FROFERTIES c102)
FLAC (Version 7.00)
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-80B1E+01<y< 1.416E+02
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20B5E+0 [ Footwall - Norite Loo
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210E+0 B Reef- Chromitite

spec_heat [-0.600
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0200 o800
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i)

Figure 4. Some of the model properties for excavation at a
depth of 1073 m

In-situ stresses were then applied to the model. For
the three depths modelled, the major horizontal stress
(Skx), vertical stress (S)y) and the minor horizontal stress
(Szz) are the major, intermediate and minor principal
stresses respectively. The detail of the in-situ stresses is
given in Table 4.

The acceleration due to gravity is set to be 9.81 m/s?,
while the model was executed in large strain mode. The
model was first cycled until the desired temperature was
reached, and in the meantime, the mechanical calculation
is turned off to allow for only thermal cycling. After that,
the mechanical is turned on, and the thermal option is
turned off, to enable the mechanical calculation to be
effective. The stress gradient option in FLAC was used
to reproduce the effect of increasing stress with depth.

The applied in situ stresses were made to vary linearly
over the entire model in order to represent the true pic-
ture of stress distribution in the rockmass.

4. RESULTS AND DISCUSSION

4.1. Numerical model results

The stability of the stope was analyzed using the plots
of the yielded zone, roof and wall convergences and the
failure depth.

4.2. Yielded zones plots

The plot displays the zones in which the stresses sat-
isfy the Mohr-Coulomb yield criterion that is indicative
of areas where a plastic flow is occurring. It should be
noted that initial plastic flow often occurs at the begin-
ning of a simulation; however, subsequent stress redistri-
bution unloads the yielding elements so that the stresses
do not satisfy the yield criterion. In the state plots, these
non-yielding parts are referred to as “yield in past”. The
parts that satisfy the yield criterion indicate tensile or
shear failure (Itasca Consulting Group, 2012).

The state plots of the model for excavations at 1073,
2835 and 5038 m below the surface are given in Figures
5 —7, while Figure 8 shows the post-excavation tempera-
ture plot. The state plot for 1073 m (Figure 5) shows no
presence of shear and tensile failures, which implies that
the hangingwall and footwall are competent enough to
bear the surrounding stresses.
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FLAC (Version 7.00)

LEGEND

Z7-Mer19 1653
step 2176

Themd Time 1.6572E+(B
8865E+01 <x< 1. ME+@
1968E+01 <y< 42401

state
[ Elastic
[ Elastic, Yied in Past

Figure 5. State plot at 1073 m below the surface
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Figure 6. State plot at 2835 m below surface
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FLAC (Version 7.00)
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Figure 7. State plot at 5038 m below the surface
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Figure 8. Post-excavation temperature at 5038 m below the
surface

However, both shear and tensile failures are wit-
nessed at 2835 and 5038 m. Figures 6 and 7 reveal that
these failures are greater at 5038 m than 2835 m below
surface. This could be attributed to higher in-situ stresses
and virgin rock temperatures. As expected, horizontal
and vertical displacements are also increasing, as will be
shown later with displacement plots.

Besides, one of the reasons for the increase in the ten-
sile failure at this depth could be the rapid cooling of the
excavation wall from 140°C to approximately 40°C
(Fig. 8). The combined effect of high-temperature varia-
tion and mining induced stresses result in the develop-
ment of micro-cracks, which coalesce to form tensile
failure. Castro, Bewick, & Carter (2012) stated that at
great depth, common failure types are stress-induced
failures in the form of spalling and slabbing, in addition
to structurally controlled gravity-driven failures. These
failures are attributed to the reduction of radial stresses
and increasing tangential stresses.

4.3. Horizontal and vertical displacements

The aim of including the horizontal and vertical dis-
placement plots is to examine the deformations that in-
situ stresses and temperature would cause at ultra-deep
levels in the platinum mines. Malan and Basson (1998)
noticed a severe case of squeezing at Hartebeestfontein
Gold Mine. Squeezing, as defined in Malan and Basson
(1998) is the time-dependent large deformation, which
occurs around the excavation, and is mostly associated
with creep caused by exceeding of limiting shear stress.
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Malan and Basson (1998) presented a graph, which
shows a squeezing line, above which there is no squeezing
(Fig. 9). The average UCS of pyroxenite, chromitite and
norite, which are the hangingwall, reef and footwall rock
types respectively, are included in the graph. The graph
indicates that chromitite (CR), norite (N) and pyroxenite
(P) will experience squeezing conditions at depths of
about 1400, 2950 and 3100 m, respectively.
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Figure 9. Hypothetical squeezing conditions of ultra-deep mining
excavations in hard rocks (Malan & Basson, 1998)

The horizontal and vertical displacement plots were
used to monitor the relative displacement of
hangingwall and sidewalls in the model. Vertical dis-
placement (or convergence), AV, is determined by con-
sidering the relative movement of the hangingwall and
footwall, while the horizontal displacement, AH, is
determined by taking the relative movement of the
sidewalls into account (Fig. 10). Table 8 summarises
the horizontal and vertical displacement plots for all
depths under consideration.

4 f v
ﬁ-/kf((i __________________ P o
\ i 5
! 7 E "ngH
A / -------------------------- / -------------- |
H Hy

Figure 10. Illustration of horizontal and vertical displacements:
V —vertical distance before stope is excavated;
H — horizontal distance before stope is excavated;
Vy—vertical distance after stope is excavated;
Hy— horizontal distance after stope is excavated

Table 8. Summary of horizontal and vertical displacements

Depth, m ‘ Horizontal ‘ Vertical
’ displacement, mm displacement, mm
1073 2.0 1.5
2835 13.6 19.6
5038 35.8 62.9

As observed in Table 8, both the horizontal and verti-
cal displacements increase with increasing depth. In
summary, the results show that mining at ultra-deep
levels will pose a challenge of an increase in horizontal
and vertical displacements.
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4.4. Prediction of the depth of failure

Equation (9) is the constant deviatoric stress equation
proposed by Martin, Kaiser, & McCreath (1999) for the
depth of failure prediction in brittle rock mass:

o -0

3 -0.33, ©9)

Oci
where:

o1, 03, 0, are the major principal stress, minor princi-
pal stress and the uniaxial compressive strength of the
rock, respectively.

Equation (9) was written as a FISH function and in-
cluded in the model for the evaluation of the extent and
depth of failure in the hangingwall and sidewall. The
points in the sidewall are labelled as si, 52, and s3 while
that of hangingwall were represented as 4, A2, and hs.
The failures were examined at intervals of 1, 2 and 3 m
from the skin of the stope in both hangingwall and side-
wall, as shown in Figure 11. Figure 12 presents the plot
of the failure of the sidewall at 1073 m against time step
while Figure 13 shows the comparison of the sidewall
and hangingwall failure indicators at different depths.
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Figure 11. Illustration of failure measurement intervals
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Figure 12. Sidewall failure indicator at 1073 m below the
surface

4.5. Sensitivity analysis

Sensitivity analyses were done to evaluate the influ-
ence of temperature variation on failure in the model.
This was achieved by assigning the temperature and
thermal properties (coefficient of expansion, thermal
conductivity and heat capacity) at a depth of 1073 m to
that of 5038 m in order to observe the influence of lower
temperature at high depth. The temperature and thermal
properties for a depth of 5038 m were also assigned to
that of 1073 m in order to observe the influence of higher
temperature at shallow depth.
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Figure 13. Comparison of the sidewall and hangingwall
failure indicators at different depths

The modelling geometry and the remaining input pa-
rameters were kept constant. The temperature was in-
creased from 50 to 140°C at 1073 m and reduced from
140 to 50°C at 5038 m. The depths of 1073 and 5038 m
were chosen for comparison since they are at the far ends
on the depth scale.

Figures 14 — 16 show the state plots, while Table 9
presents the horizontal and vertical displacements for
comparison.
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Figure 14. State plot for temperature 140°C at 5038 m below
the surface
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Figure 15. State plot for temperature 50°C at 5038 m below
the surface
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Figure 16. State plot for temperature 140°C at 1073 m below
the surface

Table 9. The horizontal and vertical displacements from the
sensitivity analyses

50°C 140°C 50°C 140°C
Depth, m Horizontal Vertical
convergence, mm convergence, mm
1073 2.0 2.5 1.5 2.3
5038 43.0 36.0 90.4 63.0

4.6. Discussion

Underground workings are constructed in stressed
rock, and any excavation causes changes in the state of
virgin stresses. To determine the stability in competent
rocks, the knowledge of stress concentration around the
opening is essential. Stresses around openings may reach
the limit according to the failure criterion used that
would result in further closure. Evaluation of stresses and
displacements around such openings will then be a useful
basis for engineering design and support (Malan
&Basson, 1998; Pérez Hidalgo & Nordlund, 2012).

Nyungu & Stacey (2014) observed that at shallow
depth in the BIC, rock failure might be unexpected in
underground openings because of the competence of
rocks and relatively lower in-situ stress levels in compa-
rison to the UCS of the rocks. Nyungu & Stacey (2014),
however, stated that fractures had been observed in the
walls of excavations where the stress levels are well
below the UCS. They further asserted that stress-induced
failure could occur when the post-excavation stresses are
as low as one quarter to one-half of the rock strength.

As can be seen from the state plots (Figs. 5 —7) and the
failure indicator plot (Fig. 13), increase in the in-situ stres-
ses and temperature lead to a higher magnitude of failure
except that there is a more tensile failure than shear failure
at 5038 m below the surface. At 1073 m below surface,
using Equation (5), the criterion proposed by Martin, Kai-
ser, & McCreath (1999), only the hangingwall failure
indicator value at 4, is less than 0.33, which implies that
there would be no failure at position /; of the hangingwall.
However, for the sidewall points at 51, 52 and s3, the failure
indicators from Equation (5) are greater than 0.33.

At the depth of 2835m, there is more failure
as shown in the state plot (Fig.6). As observed in
Figure 13, hangingwall and sidewall failure indicators
are higher at the depth of 2835 m than 1037 m. The state
plot shows that, in addition to shear failure, tensile failure
could also be experienced at 2835 m below the surface. It
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is possible that the tensile failure is not only the result of
increased in-situ stresses but also temperature. Volumet-
ric expansion of the rocks takes place when the rock tem-
perature increases. This expansion is a function of the
thermal cracks induced by the heat energy (thermal stress).
These thermal cracks were also observed in the microscop-
ic analyses of the heated rocks that are cooled and viewed
under the microscope (Oniyide & Yilmaz, 2016). The
generation of thermal cracks is also possible before the
immediate walls of excavation are cooled through ventila-
tion. The values of the failure indicators are well above
0.33 for both the hangingwall and the sidewall as shown in
Figure 13 except for position A; of the hangingwall at
1073 m. Therefore, all excavations across all levels would
require more support that is conservative.

The observations from the previous two cases, at the
depths of 1073 and 2835 m render the analysis at the
depth of 5038 m to be more critical. Although, there is a
reduction in the observed shear failure from the state plot
(Fig. 7) as compared to that of 2835 m, however, the
extent of the horizontal, vertical displacement and tensile
failures are higher due to the increase in temperature and
in-situ stresses. Kaiser & Kim (2008) affirmed that brit-
tle, tensile rather than shear failure modes play a role at
intermediate to high-stress levels and in massive to mo-
derately jointed rock mass. Apart from the contribution
of high in-situ stresses to tensile failure at 5038 m, in-
creased temperature also plays an essential role as shown
in the sensitivity analyses (Table 9).

The horizontal and vertical convergences are 35.8 and
62.9 mm, respectively at 5038 m below the surface. In
comparison with the previous depths, stoping at 5038 m
below the surface has the highest vertical convergence,
which implies that roof sagging and floor heave will be
more experienced than the relative deformation of the
sidewalls. Based on the magnitude of convergence that
will be experienced at ultra-deep mining levels (3500 to
5000 m), it is recommended that access development is
located in the more competent strata, such as in mottled
anorthosite with an average UCS of 82 MPa. In addition,
the use of yielding rock bolts, which allow significant
deformation without failure, would be necessary.

Furthermore, longitudinal compression slots can be
included in shotcrete to prevent a build-up of a load in
the lining that would lead to failure. Malan & Basson
(1998) also suggested the use of flexible membrane sup-
port such as Everbond. Everbond is a versatile acrylic
polymer emulsion that can be used either as a bonding
adhesive or as an admixture that enhances Portland ce-
ment-based mixes, giving these mixes improved flexural,
tensile and bond strength. They explained that a flexible
membrane provides broken rocks with increased residual
strength, even when subjected to large deformations.

Figure 15 shows a reduction in both the extent of shear
and tensile failure in comparison with Figure 14 for the
depth of 5038 m below the surface. In reality, this reduction
is due to decreasing temperature. However, as observed in
Table 9, the reduction of temperature increased the hori-
zontal and vertical convergence from 36 and 63 mm to 43
and 90.4 mm, respectively. In the case of 1073 m below the
surface, increasing the temperature from 50 to 140°C in-
creased the extent of shear and tensile failure and conver-
gence as shown in Figures 15 and 16, and Table 9.
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5. CONCLUSIONS

This paper presents the numerical modelling of un-
derground excavation, with particular reference to BIC
in the South African Platinum mines. The study reveals
that the combination of stress and higher temperatures
influence the stability of under-ground openings. Ten-
sile failure was observed to increase with increasing
mining depth. The sensitivity analyses show that fail-
ure of rocks, especially in the BIC, with increasing
depth is a function of both increasing in-situ stresses
and higher temperatures.

It is recommended that horseshoe-shaped opening
could be preferred in such conditions to avoid high-stress
concentration at the corners of the roof of the stopes,
which may reduce failures from shallow-depth to ultra-
depth levels. Also, based on the magnitude of conver-
gence that will be experienced at ultra-deep mining
levels (3500 to 5000 m), it is recommended that access
development is located in the more competent strata,
such as in mottled anorthosite with an average UCS of
82 MPa. In addition, the use of yielding rock bolts, which
allow significant deformation without failure, would be
necessary. Furthermore, longitudinal compression slots
can be included in shotcrete to prevent a build-up of a
load in the lining that would lead to failure.
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YUCEJBHE MO/JIEJIIOBAHHS BIIVIUBY TEMIIEPATYPHHUX
3MIH HA CTABIJIBHICTh OYUCHOI'O BUBOIO ¥
BYHBEJACBKOMY MAI'MATHYHOMY KOMILJIEKCI

I'.O. Owiitine, M.A. Inpic

Meta. BuBueHHS BIUIUBY TEMIIEpAaTypH 1 HapyKeHb, M0 POCTYTh 31 30UIBIICHHSIM IMTHOWHN BUPOOKH, Ha CTa-
OinmpHICTE oumcHOro BuOOI0 y bymBenacekomy marmarmanomy komiiekci (BMK), ne 3Haxonmarbcs miaTHHOBI
pyauuku [TAP.

Metoauka. /[ aHai3y cTabiIbHOCTI OYUCHOTO BHOOIO Y IJIATHHOBOMY PYIHHUKY OYJIO 3aCTOCOBAHO YHCEIIbHE
MoJientoBaHHs. [lJiss BUBUEHHS i pO3YMIHHS NMOBEAIHKHM OPOJM NPU MIMOOKHUX 1 BUCOKOTEMIIEPATYPHUX MIA3EMHUX
po3po0Kax BHKOPUCTOBYBaJIacs KoMepliiiHa reotexHigHa nporpamMa FLAC. MopemoBaHHS HOCHIIO TilIOTETUYHUN
XapakTep y TOMY CEHCi, [0 BOHO HE IPYHTYBajJocCs Ha HpPSIMHX IIOJILOBHX BHUMipax oOBalieHb a00 3CyBiB.
[Ipote, neski MOTHOBI JaHi, OTPUMaHI Ha pPyIHHUKAX, BKIIOYAIN TEMIIEpaTypy HEPBUHHOI MMOPOIN Ta BHYTPIIIHBO-
TUIACTOBI HANPYKECHHS.

PesyabraTu. JlocmimpkeHHs MoKazanyu, o po3poOKa IuiacTa Ha HAATJIMOOKHX PIBHSIX CYHNPOBOKYETHCS 3POCTaH-
HSM TOPHU30HTAJIBHHUX 1 BEPTUKAIBHUX 3CYBIB 31 30UIBIIEHHIM IMHOMHK po3poOKku. KpuBi mractuuHo nedopMoBaHUX
30H y Mozeni po3pobok Ha rimbuaax 1073, 2835 1 5038 M m03BONMMIN CIIPOTHO3YBAaTH OOBAJEHHS MpPH 3CYBi Ta BiJ
HanpykeHb Ha riaubuHax 2835 1 5038 m. IIpoTte, Ha rmbuHi 5038 M oOBaneHHs OyAyTh OUTBII 3HAYHIMH TTOPIBHSHO 3
MEHII INIMOOKMMHU PO3pOOKaMH, IO MOXe OyTH MOSCHEHO OUIbII BUCOKMMHU 3HAUEHHSMH BHYTPILIIHBOIUIACTOBHX Ha-
NPYKEHb 1 TeMIIepaTypy MEePBUHHOT TOPOAH.

HayxoBa HOBH3HA. ABTOpH OCHOBHUX OCII/KEHb TUIATHHOBUX PYAHHUKIB HE PO3IIISAAIMA B JIOCTaTHIM Mipi BIUIMB
3pOCTaHHS TEMIIEpPaTypH y BHPOOKax Ha HAJIIIMOOKHX PIBHAX, TOMY JaHa po0OOTa 3allOBHIOE NPOTajMHYy Yy BHBUCHHI
BIUIMBY 301JIBILICHHS TEMIIEPATYPH Ta HAIIPY>KeHb Ha CTaOiJIbHICTh OYMCHUX BHOOIB Ha HaAMIMOOKKX piBHAX y BMK.

IpakTHyHa 3HAYMMicTh. PEKOMEHIOBAaHO 3aCTOCOBYBATH BUOIH IMiIKOBOMOAIOHOT opmu [uta 3amobiranHs (op-
MYBaHHS KOHIIEHTpallii BUCOKMX Halpy)XeHb Y KyTaX IOKpiBIi BHOOr0. PekoMeH/10BaHO B yMOBaxX HaJBHUCOKHX TTTHOMH
(Bix 3500 no 5000 M) po3TamoByBaTH BHPOOKY B OLTBIN CTIHKMX IJIACTAX, TAKUX SIK KpaImdacTHil aHOPTO3WT i3 cepel-
HBOIO MEXEI0 MIIHOCTI Ha OgHOBICHUM cTHCK 82 MIla.

Knwuoei cnoea: smina memnepamypu, yucenvre Mooento8anis, 1abopamopui eunpodysanns, byweenocwvxi nopoou,
NAAMUHOBE PYOHUKU

YUCJIEHHOE MOJEJIMPOBAHUE BJIUAHUSA TEMITIEPATYPHBIX
W3MEHEHHW HA CTABUJIbHOCTh OUMCTHOI'O 3ABOS
B BYHIBEJIJICKOM MATMATHYECKOM KOMIIVIEKCE

I'.O. Onniiuge, M.A. Unpuc

Heasn. M3ydyeHue BIMsSHUS TeMIEpaTypbl W HaNpsDKEHUs, PacTyLIMX C YBEJIWYEHHUEM IIIyOWHBI BBIpaOOTKH, Ha
cTabMIIbHOCTh OYUCTHOTrO 320051 B bymBeniackom marmatnueckoM komiuiekce (BMK), rne HaxonsiTcst miaTHHOBBIE
pynuuku FOAP.

Metoauka. /{11 aHaim3a CTaOMIBHOCTH OYMCTHOTO 330051 B IUIATHHOBOM PYyIHHMKE OBUIO IPHUMEHEHO YHUCIICHHOE
MojienpoBanue. /st u3ydyeHus U MOHUMAaHUs MTOBEJCHUS MTOPOAbI IPH TITyOOKHX M BBICOKOTEMIIEPATYPHBIX IOJ3EM-
HBIX pa3paboTKax MCIOJIb30Bajack KOMMepUeckas reorexuudeckas nporpamma FLAC. MonenupoBaHue HOCHIIO THITO-
TETUYECKUI XapaKkTep B TOM CMBICIIE, YTO OHO HE OCHOBBIBAJIIOCH HA MPSAMBIX HOJIEBBIX M3MEPEHMSAX OOpYIICHUH nMin
cnBuroB. OHaKo, HEKOTOPHIE TIOJIEBBIE JTaHHBIC, MTOTYYEHHbIE Ha PyAHHUKAX, BKIIOYAIN TEMIIEpaTypy HEpBHYHOI IMO-
POZBI ¥ BHYTPHILIACTOBBIC HATIPSDKEHMS.

Pesyabratsl. MccnenoBanus nokasany, 4To pa3paboTKa MiacTa Ha CBEPXITyOOKHX YPOBHSX COMPOBOXKAACTCS PO-
CTOM FOPH30HTAJIBHBIX U BEPTHKAJIBHBIX CIIBUTOB C YBEIHMUYCHUEM IIyOHHBI pa3padoTku. Kpussle mactuuecku aedop-
MHpPYEMBIX 30H B MOJIeNIN pa3paboTok Ha riayomrax 1073, 2835 u 5038 M 03BOMIM CLIPOTHO3UPOBATE OOPYIICHHUS IPU
C/IBUTE U OT HallpshKeHUs Ha riryouHax 2835 m 5038 m. OnHako, Ha Tiyoune 5038 M 0OpyiieHus OynyT Oonee 3HauM-
TENLHBIMHE 110 CPABHEHHIO C MEHEE NTyOOKMMH pa3pabOTKaMH, YTO MOXKET OBITh OOBSICHEHO 00JIee BHICOKMMU 3HAYCHHSIMU
BHYTPHUIUIACTOBBIX HANPSHDKEHUH M TEMIEpaTypsl IEPBUYHON ITOPO/IBI.

Hayuynasi HOBU3HA. ABTOPbI OCHOBHBIX MCCIIEAOBAHUI TUIATHHOBBIX PYIHHKOB HE pacCMaTpHUBAIN B JOCTATOYHOMN
CTENEHH BIMSHHUE POCTa TEMIIEPaTyphl B BEIPA0OTKAX HA CBEPXIITyOOKHX YpPOBHSIX, ITOATOMY JIaHHAsi paboTa BOCIIOIHSET
mpo0esl B M3yYEHHWH BIMSHUS YBEIHMUCHHS TEMIEPAaTypbl M HANPSKCHUH Ha CTaOMIBHOCTH OYHCTHBIX 3a00€B Ha
CBEpXTIIyOOoKuX ypoBHsX B BMK.

IpakTHyeckasi 3HAYUMOCTB. PEKOMEH/I0BaHO MTPUMEHATH 32001 MOAKOBOOOPa3HON (POPMBI I MPEAOTBPAICHUS
(opMHpPOBaHUS KOHIIEHTPALUH BBICOKUX HAIPSKEHUH B yTrilaX KpoBJHU 3a00s. PEKOMEHIIOBAHO B YCIIOBUSIX CBEPXBBICO-
kux ry6uH (ot 3500 mo 5000 M) pacnonarate BEIpaOOTKY B O0jiee yCTOMYMBBIX IUIACTAX, TAKUX KaK KpamdaThlil aHOP-
TO3HT CO CPEAHUM MPEAEIOM MIPOYHOCTH HA OAHOOCHOE cxkatue 82 Mlla.

Knioueguvie cnosa: usmenenue memnepamypsl, uuciennoe mooeauposanue, iabopamopuvie uchvimanus, byween-
OcKue nopoosl, HIAMUHOBbLE PYOHUKU
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