CHAPTER FOUR

40 MICROSCOPIC ANALYSES OF ROCK SAMPLES

This chapter presents the microscopic image analyses of rock specimens from the
Bushveld Igneous Complex after being subjected to heat treatment. The aim of the
microscopic analyses is to examine the effect of heat on rock texture and
composition, in terms of initiation or extension of micro-cracks and changes in their
chemical composition. In the mining context, it was attempted to understand the
effect of temperature drop on the surfaces of underground openings due to ventilation
by the help of microscopic analysis. The growth of planar cracks, which are
perpendicular to the grain boundary, have been reported to be formed during the
cooling of igneous rocks. These cracks were attributed to mismatch of physical
properties across grain boundaries during cooling (Richter and Simmons, 1974;
Fonseka et al, 1985). The micro-cracks contained in rocks affect their behaviour
(compressive and tensile), sonic velocity and thermal conductivity. The results of the
temperature tests reported in chapter three will be correlated with the findings from
microscopic study.

4.1 Microscopes used for image capturing

Image capturing was achieved by means of two types of microscopes, namely:

« Optical Microscope (OM): The OM used is Olympus BX61, (Figure 4.1). The
advantage of the OM is that the colour of the minerals that make up the rock
texture can be seen since the surface coating of specimens is not required. The
OM uses visible light and a system of lenses to magnify images of small size
samples. Using the Olympus BX61, the images were captured in both bright
field (sample contrast comes from absorbance of light in the sample) and dark
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field illumination (sample contrast comes from light scattered by the sample)
(Tsukahara et al, 2014).

Scanning Electron Microscope (SEM): The SEM used is FEI Nova 600
Nanolab, (Figure 4.2). The SEM has edge over the OM because of its higher
resolution, however, the specimens were gold-palladium coated to allow for
good quality image. The SEM produces image by scanning with a focused
beam of electrons. The interaction of the electrons from the beam and the
atoms in the samples produces signals that contain information about the
surface topography and composition (Dunlap and Adaskaveg, 1997). The
changes in the elemental composition of the rock samples were also
determined using Energy-dispersive X-ray Spectrometry (EDS) equipment
known as INCA, attached to the SEM. Progressive scanning of parallel lines
of the specimen through electron beam forms the image.

Figure 4.1: Olympus BX 61 optical microscope.
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Figure 4.2: FEI Nova 600 Nanolab scanning electron microscope.

4.2  Specimen preparation

The specimens for microscopic analysis were prepared from the rock cores obtained
from mines in the western and northern BIC. The rocks used were chromitite (UG2),
pyroxenite, norite, leuconorite, gabbronorite, mottled anorthosite, varitextured

anorthosite, granite and granofels.

The first step in specimen preparation is cutting, grinding and polishing. This is
followed by sputter coating. Dunlap and Adaskaveg (1997) defined sputter coating as
the method of applying a thin layer of conductive metals (such as gold,
gold/palladium, platinum, silver) on a sample using a sputter coater. In SEM,
electrically non-conducting specimens, such as rock, can absorb electrons, which

cause accumulation of negative charge. The accumulated charge repels electron beam
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and results in degrading of the image. Sputter coating reduces sample charging and

microscope beam damage (Mukhapadhyay, 2003).

Grinding and polishing of the surfaces to be examined were done with the aid of a
lapping machine and then the rock specimens were cut to a thickness of 2.5 mm. The
surfaces of SEM specimens were coated with a thin layer of Au/Pd alloy. The layer

deposited is typically 10 to 20 nano meters thick.

Figures 4.3 (a) and (b) show the samples prepared for OM and SEM image capturing
respectively. The thick square marks on the surface of the OM and SEM samples
show the area to be analysed under the microscopes. The dash (-) below the square
marks in the SEM samples (Figure 4.3 (b)) is for easy identification of the base of the
specimen in terms of orientation. Without this mark, it is difficult to pick the same

spot that have been previously captured.

1-Chromitite 2-Granite 3-Granofels 4-Leuconorite
5-Varitextured anorthosite 6-Gabbronorite
7- Mottled anorthosite 8-Norite 9-Pyroxenite
9 1lcm
(a) (b)

Figure 4.3: (a) OM and (b) SEM samples for image capturing.
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4.3  Heat treatment of specimens

The thermal treatment of the rock specimens were done in heat-regulated oven. The
specimens were heated up to 50°C, 100°C and 140°C at the rate of 2°C/minute and the
temperatures were kept constant for five consecutive days. These temperatures are the
approximate virgin rock temperatures of the BIC mines at 1073 m, 3276 m and 5038
m below surface respectively. Samples were then allowed to cool to ambient
temperature before image capturing. Micrographs of specimens were taken before
and after heat treatment. For SEM analyses, a single specimen from each rock type is
subjected the specified temperature range, while different specimens were heat-
treated for OM analyses. All the SEM samples were also subjected to heating and
cooling cycle on alternative days for ten days in order to observe the effect of
repeated heating and cooling on the rock structure. The samples were re-coated with
gold/Palladium alloy after repeated heating and cooling.

4.4  Results of optical image capturing

The aim of the optical image capturing is to examine whether heat treatment of the
rocks will have significant effect on the physical outlook of the sample surfaces, by
looking at the changes in the colour of the rock minerals. The sample images were
captured using OM under bright field illumination. Although the samples were also
captured under dark field illumination, the dark field images were excluded in the
report due to the insignificant differences in the images of dark and bright fields.
Figures 4.4 to 4.6 show the microscopic images of chromitite before and after heat
treatment up to 140°C, while the images of the other samples are presented in
Appendix A7.

Voordouw (2009) reported the average modal mineral abundance in volumetric
percentage of plagioclase feldspar, orthopyroxene, chromite and other minerals (such

as phlogopite, biotite, ilmenite, rutile, magnetite, quartz, serpentine and talc) for UG1
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and UG2 seams (Table 4.1). Schouwstra et al (2000) also stated that UG2 consists
predominantly of chromite (60 to 90% vol.), with lesser silicate minerals (5 to 30%
pyroxene and 1 to 10% plagioclase) while other minerals are present in minor

concentrations.

The colour of plagioclase ranges from white, colorless, cream, gray, yellow, orange
and pink, chromite is mostly black while pyroxene ranges from dark green to black.
Plagioclase is silicates of sodium, calcium and aluminium, pyroxene is silicate of
magnesium and iron, while chromite is oxide of chromium, iron and magnesium
(Schouwstra et al, 2000).

Table 4.1: Average modal mineral abundance of UG1 and UG2 seam (Voordouw et

al, 2009)
lithology pl pXx chr Other minerals Total
(Vol.%) (Vol.%) (Vol.%) (Vol.%) (Vol.%)
UG1 31 15 53 1 100
chromitite
UG2 10 8 62 19 99
chromitite
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The major chromitite minerals are indicated in Figures 4.4 to 4.6 in red colour.
Figures 4.4 (a) and (b) show the micrographs of chromitite before being subjected to
heat treatment up to 50°C and when cooled to ambient temperature after heat
treatment. The physical changes observed (red circles) are in the chromite-rich areas.
In Figure 4.4 (b), heat treatment exposed yellow-looking minerals (plagioclase, rutile
or serpentine) and whitish minerals (quartz, talc or plagioclase) - the upper two
circles. The lower circle shows disappearance of whitish mineral, which may be talc
or plagioclase that flaked off from its original position due to heating and cooling of

the specimen.

Figure 4.5 shows that the heat treatment does not cause any significant physical
change in the specimen. It is observed that some spots of white mineral surfaced after
the specimen was heat treated to 100°C (red circles in Figure 4.5 (b)). A major
difference is observed in Figure 4.6 (b) after the specimen was heated to 140°C and
cooled. Some of the dark minerals, such as chromite and pyroxene, were displaced by
quartz or plagioclase. In general, the heating and cooling of rocks is seen to cause

changes in the physical characteristics of the minerals.
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Figure 4.4: Micrograph of CR (a) before and (b) after heat treatment to 50°C
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Figure 4.5: Micrograph of CR (a) before and (b) after heat treatment to 100°C
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Figure 4.6: Micrograph of CR (a) before and (b) after heat treatment to 140°C
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4.5 Results of the scanning electron microscope (SEM) analysis

The SEM was used to examine the reaction of rock samples to heat treatment in terms
of crack extension/widening. Figures 4.7 to 4.9 show the microscopic images of
chromitite before and after they were subjected to heat treatment, while the images of
the other samples are presented in Appendix A7.

Figures 4.7 (a) and (b) are the micrographs of chromitite before and after heat
treatment to 50°C and cooled to ambient temperature. Figure 4.7 (a) shows that the
specimen has a few micro-cracks prior to heat treatment. After heat treatment
(Figures 4.7 (b)), the existing cracks were seen to extend and widen. Some of the
invisible cracks became visible close to the edge of the specimen. When subjected to
further heating to 100°C (Figures 4.8 (a)), more crack extensions and widening were
noticed especially close to the boundaries of the square-marks. The middle of the
specimen remains intact. This suggests that temperature range used is not high
enough to induce cracks within the specimen except at the boundaries.

When the heat treatment was done at 140°C, (Figures 4.8 (b)), crack widening was
more than extension. This was a result of coalescence of the cracks as a result of
tensile failure of specimens due to expansion. Some weakly bonded fragments of the
specimen were detaching as low as 50°C and the detachment continued with further
increase in temperatures. When the specimen was subjected to repeated heating and
cooling (Figures 4.9), there was further crack widening and detachment of fragments

from the specimen.
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Figure 4.7: Chromitite (a) before and (b) after heat treatment to 50°C
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Figure 4.8: Chromitite after heat treatment to (a) 100°C (b) 140°C
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Figure 4.9: Chromitite after heat treatment to 140°C with repeated heating and
cooling.

Table 4.2 shows the maximum visible micro-crack length that develops between 50°C
and 140°C on all the specimens using SEM micro-measurement technique. This
technique involves enlargement of SEM micrograph followed by physical

measurement, then conversion to the original size using the micrograph scales.

Table 4.2: Maximum visible crack lengths of specimens

Specimen CR MA LN N GN GF VTA G PX
Max. crack length (mm) 0.65 0.14 0.05 0.00 0.00 0.00 0.10 0.27 0.36

Table 4.2 shows that no visible cracks were observed in norite, gabbronorite and
granofel. The table also shows that of all the samples heat-treated, chromitite was the
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mostly affected one by heat followed by pyroxenite, while the effects observed in
leuconorite and varitextured anorthosite were insignificant. In the case of granite, few
micro-cracks were observed when heated from ambient temperature to 140°C.
However, when subjected to repeated heating and cooling, a clearly visible macro-
crack extended from the lower to the upper end of the sample as shown in Figures
4.10 and 4.11. This observation shows that granite is sensitive to heating and cooling
cycles. It is noteworthy that when specimens were made to pass through heating and
cooling cycles, the sputtered gold/palladium alloy faded and caused image distortion
(white patches in Figure 4.11(b)). However, when the granite specimen was re-

coated, the visibility of the macro-crack was reduced Figure 4.11(a)).

The laboratory experiments reported in chapter three on the measurement of CLTE
and ultrasonic velocity revealed that when rock specimens are heated, thermal stress
caused breaking of the bond between rock minerals. The bond breakage results in
generation, propagation and coalescence of cracks. The microscopic study detailed
here contributes to the understanding of what happens pictorially, when rock is
heated and cooled. The microscopic analysis shows that not all the cracks generated
during the heating stage are “healed” upon cooling. The analysis also shows that
repeated heating and cooling, even at lower temperatures could lead to the
development of macro-fractures, as it is the case with thermal weathering of rocks.
The implication is that, when ventilation cools the excavation surfaces, the inner part
of the rock (far field) remains hot and continuously radiates heat towards the exposed
surface, while the surface is continuously cooled by ventilation. Such heating-cooling

cycles could contribute to degradation of rock quality.
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Figure 4.10: Granite (a) before heating, after heating (b) 50°C (c) 100°C (d) 140°C
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Figure 4.11: Granite subjected to repeated heating and cooling (a) after sputter
coating, (b) before sputter coating

4.6  Result of Energy-dispersive X-ray Spectrometry

The elemental composition of samples were determined for each temperature range.
The results of the chemical characterisation, which reveals the chemical composition
and composition variation of the elements in chromitite, are presented in Figures 4.12
and 4.13 in the form of element maps. Element map is an image showing the spatial
distribution of elements in a sample. In Figures 4.12 and 4.13, the letter or letters
before “K” or “L” stands for the element symbol. For example, in Figure 4.12 (a), O,
Mg Al, Si, Ca, Ti, Cr, Fe, Zn, Au, V, Mn represent Oxygen, Magnesium, Aluminium,
Silicon, Calcium, Titanium, Chromium, Iron, Zinc, Gold, Vanadium, and Manganese
respectively. “K” and “L” stand for the first and second electron shells respectively,
while “@” representa alpha x-ray. The amount of white portion in the maps is an
indication of the dominance of elements in the group and the maps that look similar
means that there is strong bond between the elements.
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It should be noted that in Table 4.2 and Figure 4.14, oxygen has the highest value of
elemental composition. The reason is that it reacts with almost all the other elements
to form silicates and oxides. A careful look at the all the elemental maps in Figures
4.12 and 4.13 shows that there is not much difference in the mineral compositions of
the specimen when heat treated from ambient temperature up to 140°C. This is also
confirmed in Table 4.3. However, temperature caused some elements to be displaced
while others resurface. For example, the element maps and Table 4.3 reveal that zinc
appears only in ambient condition. A sudden increase in the values of gold and

palladium in the column for repeated heating and cooling results from sputter coating.
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Figure 4.12: Element map of chromitite (a) before and (b) after heat treatment to
50°C
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Table 4.3: Summary of elemental composition (% weight) of CR for all temperatures

Repeated heating &

Ambient 50°C 100°C 140°C cooling
Mg 4.47 4.50 4.46 4.62 4.20
Al 10.70 10.86 10.59 10.76 10.22
Si 6.27 6.45 6.54 6.11 6.48
Ca 1.72 1.73 1.77 1.64 1.80
Ti 0.39 0.37 0.40 0.41 0.36
\Y 0.25 0.24 0.23 0.24 0.25
Cr 23.02 22.24 22.32 22.79 21.36
Fe 14.16 13.71 13.84 14.10 13.27
Au 2.66 2.53 2.49 2.55 4.60
O 35.89 36.04 35.99 35.88 35.19
Na 0.00 0.90 0.96 0.90 0.90
Mn 0.41 0.44 0.41 0.00 0.39
Zn 0.05 0.00 0.00 0.00 0.00
Pd 0.00 0.00 0.00 0.00 0.98
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4.7  Chapter summary

The results of the optical microscope analyses show that there are physical changes
observed on the rocks subjected to heat treatment however, the observed changes are
not significant in a way to affect the behaviour of rocks. The scanning electron
microscope images revealed that crack initiation starts at lower temperature and
extends with increasing temperature. This is an indication that temperature would
influence the texture of rocks in underground mines with high geothermal gradient.
The chemical analyses of the samples subjected to different temperatures show that
the temperature range considered for this research is not high enough to induce

noteworthy chemical changes in the samples.
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CHAPTER FIVE

50 NUMERICAL MODELLING
Some of the in-situ stress measurement data received from the mines are compared
with those published in the literature. The in-situ stress data used in numerical
modelling were derived from these two data sources. Numerical modelling input
parameters, such as, the UCS, E, v, bulk and shear moduli, cohesion, friction angle,
dilation angle, coefficient of thermal expansion, were derived from the laboratory

tests reported in chapter three.

This chapter examines the influence of temperature on the behaviour of rocks through
numerical modelling. The analyses of the numerical modelling results are aimed at
understanding the behaviour of rock in deep and hot underground excavations and on
the laboratory rock specimens.

The confining pressure and temperature are varied for the laboratory modelling in
order to study the influence of temperature on the behaviour of intact rock, as well as,
the effect of confinement on the temperature-induced tensile in a failed specimen. In
the case of underground excavation modelling, the virgin rock temperature and in-situ
stresses become higher with increasing depth of mining. Continuous ventilation cools
the excavation surfaces, while heat is also continuously radiated to the surface from
the inner rock, thereby causing temperature variation close to the skin of the
excavation. The numerical modelling, therefore, looked into the influence of the
variation of both in-situ stresses and various temperatures on the response of

underground excavations.

Since there are many factors that could influence the stability of underground
structures, the numerical modelling provides an opportunity of keeping some of these
factors fixed in order to have an understanding of the effect of varying temperature.
The numerical code used for the analyses is FLAC (Fast Langrangian Analysis of
Continua) 2D (Itasca Consulting Group, 2012). The FLAC thermal conduction model
was coupled to the mechanical model for thermo-mechanical analyses (The model

153



detail is given in Appendix A8). The conduction model allows simulation of transient
heat conduction in materials and the development of thermally induced displacement

and stresses.

5.1 Model input parameters

The required input parameters for the thermo-mechanical modelling of laboratory
size rocks and underground excavation and their sources are summarized in Table
5.1.

Table 5.1: Model input parameters and their sources

Model Input Parameters Source
Virgin rock temperature (VRT) Corporate Office of Anglo Platinum Limited
Rock stress (confining conditions) Mines and published articles
Rock properties (mechanical and thermal) Laboratory testing (Chapter three)

5.1.1 Virgin rock temperature (VRT)

VRT data (Figure 5.1) for the BIC was sourced from the Corporate Office of Anglo
American Platinum Limited, Mine Ventilation and Refrigeration Engineering Unit
(Erasmus, 2012). Figure 5.1 shows that Der Brochen mine has the lowest temperature
gradient, while BRPM has the highest.
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Figure 5.1: Graph of virgin rock temperature against depth for platinum mines
(Erasmus, 2012)

Simpson (2011) advised that it is essential that engineering designers carefully
consider the worst situation and parameter values that could be imagined based on a
reasonable and well- informed engineering assessment. Therefore, in this modelling,
the VRT of BRPM is used since it has the highest thermal gradient so that the

influence of temperature would also be the highest.

Using the information in Figure 5.2, the VRT equation for BRPM is given as:
y = 0.0227x + 25.64 (5.1)
and x = (y — 25.64)/0.0227 (5.2)
Where y is the VRT, and

X is the depth below surface, in meters.
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Table 5.2 shows the equivalent depths for the temperatures (50°C, 70°C, 90°C, 110°C
and 140°C) on which the laboratory testing was based. The temperature-depth
relationship (equation 5.1) was used in the numerical modelling. For instance, VRT
of 50°C was assigned to the modelled excavation at depth of 1073 m.

Table 5.2: Temperatures and equivalent depths for BRPM

Temperature (°C) Depth (m)

50 1073
70 1954
90 2835
110 3716
140 5037

52  FLAC 2D modelling of laboratory intact rock in triaxial testing

The input parameters required for numerical modelling of the triaxial laboratory
testing are divided into mechanical and thermal types.

1. Mechanical parameters are:
% density,
% cohesion,
% friction angle,
% bulk and shear modulus,
% dilation.
2. Thermal parameters are:
% coefficient of linear thermal expansion (o),
¢ thermal conductivity (A) and

¢ heat capacity (c).

5.2.1 Intact rock properties

The summary of the properties of intact rock samples tested in the laboratory under
different confinement and thermal conditions is given in Tables 5.3 to 5.6. These

parameters were determined in chapter three. Varitextured anorthosite and anorthosite
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chromitite are not included in the tables because they are not considered in the

numerical modelling.

Table 5.3: Average tensile strength and density of specimens

MA CR N PX LN
Tensile Strength (MPa) 9.46 491 1121 11.42 9.45
Density (kg/m?) 2744 4049 3045 3194 2776

Table 5.4: Summary of friction angle (¢) and cohesion (c)

MA CR N PX LN

Temperature (°C) o c 0] c 0] c 0] c [0} c

Ambient 56.0 30.1 515 13.6 495 31.0 475 327 508 31.0
50 558 29.7 50.7 134 49.7 302 46.6 325 49.7 309
90 556 287 50.2 133 489 301 463 32.0 496 300
140 555 28.0 496 132 487 300 441 317 481 2938

Table 5.5: Post-peak and residual dilation angles for the rocks tested

MA CR N PX LN

Temperature (°C) Post-peak (°)

Ambient 515 388 451 472 465
50 53.0 40.1 515 505 487
90 55.0 476 53.7 540 522
140 588 533 557 576 549
Residual (°)
Ambient 147 861 1199 1259 1352
50 16.2 10.96 13.39 1357 13.93
90 19.1 1353 16.10 16.87 15.10
140 23.2 1594 1898 20.58 19.45

157



Table 5.6: Heat capacities, thermal conductivity and coefficient of thermal linear

expansion of the rocks

MA CR N PX LN

Temperature (°C) Heat capacities of the rocks (J/kg/K)

50 810 740 840 860 840
90 850 780 880 900 880
140 890 820 920 940 920
Thermal conductivity of the rocks (W/(m.K))

50 2.0 2.4 2.3 3.7 2.2
90 1.9 2.3 2.2 3.6 2.1
140 1.8 2.2 2.1 35 2.0

The coefficient of thermal linear expansion

x 10 m/m/°C

50 6.8 6.5 6.6 6.8 6.5
90 7.6 7.5 7.6 7.5 7.6
140 8.8 8.5 8.4 8.8 8.7

5.2.2 FLAC 2D model set-up

A finite difference grid is generated for the numerical model (Figure 5.2). The
material is composed of 36 zones in the x-direction and 95 zones in the y-direction to
provide the specimen dimensions and length to diameter ratio used in the laboratory.
After the grid generation, the model is configured in thermal and isotropic option and
material properties were then assigned, that is, density, bulk and shear modulus,

cohesion, friction angle and dilation.

Roller boundary conditions were applied to the top and bottom boundaries of the
model and the model is fixed along y-direction. The right and left boundaries of the
model were left free because of the applied confining stress of 10 MPa. A
compressive velocity of 2.5 x 10° m/s was initialized at j=1 and 96, while the

confining stress was applied as sxx, syy and szz at i=1 and 37.
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Figure 5.2: Model set up for the triaxial simulation.

A servo-control function was used to minimize the influence of inertia effects on the
response of the model. The FISH file “SERVO.FIS” (appendix A9) was used to
adjust the applied vertical velocities as a function of the unbalanced force. The FISH
function was built into the data file to calculate the average vertical stress, sigmav,

and average vertical strain, ev, in order to generate the stress-strain plots.

The numerical experiment was carried out on specimens at ambient temperature,
50°C, 90°C and 140°C, in order to simulate the laboratory experiment. Rock testing in
numerical modelling extended beyond the results obtained in the laboratory. The
ambient condition was modelled on mechanical cycling and thermal cycle was set
off. In problem solving with FLAC, static mechanical option is selected for
conventional tests, which does not involve consideration of thermal, dynamic and
fluid interactions (ltasca Consulting Group, 2012). For samples modelled at 50°C,
90°C and 140°C, the thermal properties were included and thermal-mechanical

cycling was used in order study the thermal effects.
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Rdchter et al. (2011) defined shear band (Figure 5.3) as thin zones of localised
deformation with a discontinuity of the strain field at its boundaries. Charalampidou
et al. (2011) also described shear band as a zone of cracked and shear grains, a few
grains wide, in which the predominant displacement of grain pieces is parallel to the

band’s long axis.

Shear band

Figure 5.3: Illustration of shear band on a failed triaxial test specimen.
Figures 5.4 to 5.11 show the results ot FLAC and laboratory tests for norite with
specimen superimposed for comparison of the shear bands. In the FLAC plots, the
units of stress and strain are MPa and mm/mm respectively, as it is the case with the

laboratory results presented in this chapter.
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JOB TITLE : NORITE_90 C_10 MPa

FLAC (Version 7.00)

LEGEND

24-Mar-15 19:32

step 120000
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Figure 5.8: FLAC plot of norite tested at 90°C and confining pressure of 10 MPa
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Figure 5.9: Laboratory plot of norite tested at 90°C and confining pressure of 10 MPa



JOB TITLE : NORITE_140 C_10 MPa
FLAC (Version 7.00)
0 SRS
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Figure 5.10: FLAC plot of norite tested at 140°C and confining pressure of 10 MPa
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Figure 5.11: Laboratory plot of norite tested at 140°C and confining pressure of 10
MPa
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As observed in the FLAC plots, the stress starts from about 20 MPa to 40 MPa while
the axial strain is zero. This is due to the use of servo-control function in the model.
Similar observation is seen in the example given by Itasca Consulting Group, (2012),
while demonstrating the use of the servo-control function. The stresses become

higher at zero strain when the thermal-mechanical coupling is used.

From Figures 5.4 to 5.11, it is observed that the numerical modelling results are
similar to the laboratory results, in terms of the peak strength and the nature of shear
band of the samples. The only difference is in the post-peak part of the FLAC stress-
strain plots for rocks that show class Il type behaviour in actual laboratory testing.
Instead of positive modulus in the post-peak region, the stress-strain behaviour results
in the negative modulus in FLAC modelling. The modelling of class Il behaviour is
difficult to achieve with FLAC code due to the servo-controlled FISH function that
uses axial strain-control to obtain the post-peak curve. Efforts to use radial strain or
Young’s modulus in FLAC modelling as control mode, the method of control in the

actual laboratory experiment, were unsuccessful.

Figure 5.12 shows the plot of peak strength for the laboratory size specimens in
numerical modelling experiments, as well as the actual laboratory tests. The suffixes
L and M stand for the laboratory and modelled specimens respectively. The figure
shows similar peak strengths for the laboratory results and numerical modelling
results. This implies that, given the accurate thermal properties, the numerical

modelling could well be used to simulate the laboratory experiments.
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Figure 5.12: Plot of laboratory numerical modelling peak strengths

The numerical modelling stages presented above are known as model calibration and
validation/verification. That is, matching the results of laboratory experiment with the
numerical modelling under given experimental conditions (parameters). The next
stage would be to make predictions by the alteration of critical parameters. It is
intended perform sensitivity analysis by varying the confining pressure and
temperature and observing the influence behaviour of the rocks, in terms of the extent
of shear and tensile failure and peak strength. Figure 5.13 shows the plasticity plot for
norite simulation at ambient temperature and no confinement. The orange colour
represents parts of the specimen that have undergone shear failure, the parts shown as
green remain elastic at the time of failure of the specimen, while the purple indicates
tensile failure. Figures 5.14 and 5.15 show the results of the numerical modelling on

norite and chromitite at various temperatures and confining pressures.
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JOB TITLE : NORITE_20°C_0 MPa

FLAC (Version 7.00)

LEGEND

25-Mar-15 12:42

step 24000
Thermal Time 1.9200E+24
-4.737E-02 <x< 8.337E-02
-1.787E-02 <y< 1.129E-01
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Figure 5.13: Plasticity indicator plot for norite at ambient temperature under no
confinement.

A careful observation of the failed specimens (Figures 5.14 and 5.15), shows that the
extent of tensile failure at the shear band increases with increasing temperature, and
in contrast reduces with increasing confining pressure. In addition to this general
observation, the extent of tensile failure is greater with norite than chromitite as
shown in the plasticity plots. The possible reason for this is that norite has higher
coefficient of thermal expansion than chromitite. This observation can be quantified
by looking at Figure 5.14 and 5.15, tensile failure is noticed in norites sample tested
in under uniaxial condition and at confining pressures of 10, 50 and 100 MPa for all
temperature range considered. On the contrary, there are no tensile failures observed
in chromitite tested at ambient temperature and 50°C, under confining pressure of 50
and 100 MPa. Once temperature increases to 90°C and 140°C, tensile failure
becomes visible at confining pressures of 50 and 100 MPa.
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Figures 5.16 and 5.17 show the plot of strength versus confining pressure at various
temperatures for norite and chromitite respectively. The strength of norite and
chromitite increases with increasing confinement. However, both rocks display
strength reduction with increasing temperature. In the case of norite (Figure 5.16), the
strength reduction is remarkable between ambient temperature, 50°C and 140°C,
while the strength at 50°C and 90°C are similar. The effect of strength reduction due
to temperature variation is smaller for chromitite at 50°C as compared to 90°C and
140°C (Figure 5.17). In all cases, nevertheless, it is obvious that temperature plays an

important role in the reduction of the strength of test specimens.
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Figure 5.16: Peak strength of norite at various temperatures and confining pressure
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Figure 5.17: Peak strength of chromitite at various temperatures and confining
pressure

Combining the observations from plasticity plots (Figures 5.14 and 5.15) and the
strength plots (Figures 5.16 and 5.17), it is clear that increasing temperature has
influence on the failure process and on the crack generation and extent that relates to
the reduction in the strength of rocks. On the contrary, confinement increases
strengths and reduces the extent of tensile failure. The reduction in tensile failure with
increasing confinement can be observed in Figures 5.14 and 5.15 with reduction in

the purple indicator.

5.3 FLAC 2D modelling of rock mass

The parameters for the modelling of rock mass are similar to the ones stated under
intact rock modelling. The difference is that rock mass parameters such as tensile and
compressive strength, Young’s modulus, cohesion and friction angle were determined

from intact rock parameters and Geological Strength Index (GSI) as described in
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section 5.3.3. In addition, in-situ stresses are used as one of the input parameters in
the modelling of rock mass, unlike the case of intact rock modelling, where confining

pressure is used.

5.3.1 In-situ rock stresses

The in-situ stress measurement data was obtained through correspondence with the
Principal Rock Engineer at Anglo American Platinum Limited (Priest, 2012). The
method used for the stress measurement is overcoring technique. The primary data

reported from the overcoring stress measurements are:

%+ magnitude and orientation (bearing and dip) of three principal stresses

% vertical major and minor horizontal stresses.

The summary of the principal stress magnitudes and their measurement dates are
provided in Table 5.7. The angles shown in parenthesis are the orientations of stresses
given in direction from north/dip. “k” ratios, k; and Kk, taking into account the major

and minor horizontal stresses are also included in the table.

From Table 5.7, the average k; for the depth range of 297 m — 472 m and 1097 m -
1130 m are 1.57 and 1.20 respectively, while k, for the same depth range are 1.43 and
0.92 respectively. This is in agreement with values presented by Stacey and
Wesseloo, (1998) as shown in Figures 5.18 and 5.19. The k ratios, k; and k;
calculated from the data obtained from the mines are included the in Figures 5.18
and 5.19 as red squares.
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Table 5.7: Principal stresses from platinum mines (Priest, 2012)

S/IN  Mines (7 G c3 %G, *G1p *Gpy Date Depth Borehole Borehole position
(MPa)  (MPa)  (MPa)  vipay (MPa) (MPa) ' (M) number
1 Lebowa 16 9 4 6 Level Haulage
8.5 8.1 11.9 14 1.0 1999 297 6E
(11%33°%)  (263°/26°)  (144°/46°) East
2 Lebowa 30 21 10 9 Level Haulage
10 24 26 2.4 2.6 1999 472 9E
(128%1°)  (218°/13°%  (35%77°) East
3 Lebowa 36 25 16 9 Level Haulage
22 19 35 09 16 1999 470 9w
(76°13°%)  (329°/52°)  (175%35°) West
4 Rustenburg 55.1 32.7 26.1 Frank  shaft- 33
33.6 38.4 41.9 1.1 1.2 2004 1097 1 .
(227°/29°%) (124°21°)  (3°/53°) level-hanging wall
5 Rustenburg 47.1 28.5 19.9 Frank  shaft- 33
23.1 35.8 36.7 15 1.6 2004 1097 2
(224°/17°)  (128°/19°)  (351°/64°) level-on reef
6 Rustenburg  40.3 31.5 25.8 Frank  shaft- 36
35.8 29.2 32.7 0.8 0.9 2004 1204 6
(119°/45°%)  (318°/44°)  (219°9°) level-foot wall
7 Rustenburg 63 26 15 Turffontein shaft-
30 16 58 1.9 05 2007 1080 1
(-9°20%  (-174°/20°)  (83°5°) 32 level
8 Rustenburg 44 32 23 Turffontein shaft-
24 40 0.7 11 2007 1130 2
(85%34°)  (-67°/53°)  (-176°/14°) 32 level

* oy IS the vertical stress, while on; and op, are the major and minor horizontal principal stresses respectively.
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Figure 5.18: Major horizontal to vertical stress ratio as a function of depth (Stacey
and Wesseloo, 1998)
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Figure 5.19: Minor horizontal to vertical stress ratio as a function of depth (Stacey and
Wesseloo, 1998)
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The average densities (kg/m®) of the rocks from the Bushveld Igneous Complex is

given in Table 5.8

Table 5.8: Densities (kg/m®) of rocks from the platinum mines

ANCR CR LN MA N PX  VTA Average
2853 4049 2776 2744 3045 3194 2766 3061

The average of all rock densities is 3061 kg/m® This is the value used in the

calculation of the vertical stress in numerical modelling.

5.3.2 Stress magnitudes used for modelling

Handley (2013) suggested a generic pre-mining linear stress model for southern
Africa (equation 5.3).

o, = 81 + 0.027(h — 3000)MPa

(5.3) (Handley, 2013)
on1 = 87 + 0.026(h — 3000)MPa

Ohy = 48 + 0.015(h — 3000)MPa

Where o, is the vertical stress, on; is the major horizontal stress, op IS the minor

horizontal stress, h is the depth below surface.

The model was derived from plots of 180 consistent in-situ stress measurements

through a combination of the gradient and intercept of the graph (Figure 5.20).
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Figure 5.20: Plot of consistent stress measurement database (Handley, 2013).

Handley (2013) used a density of 2700 kg/m® in equation 5.3, which is derived from
the Southern African stress measurement database. The average rock density in the
platinum mines, however, is approximately 3061 kg/m?, therefore, equation 5.3 is
modified 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 equation 5.3. The modified equations, for the
calculation of the stresses (Table 5.9) in FLAC 2D modelling are given in equation
5.4 as:

0, = 91.8 + 0.03061(h — 3000)MPa
Oh1 = 98.1 + 0.0297(h — 3000)MPa (5.4)

Ony = 54 + 0.017(h — 3000)MPa
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Table 5.9: Vertical and horizontal stresses used for numerical modelling

S/IN  Temperature (°C) Depth (m) o,(MPa) on (MPa) o, (MPa) ki k,

1 50 1073.1 32.8 40.9 21.2 1.25 0.65
2 90 2835.2 86.8 93.2 51.2 1.07 0.59
3 140 5037.9 154.2 158.6 88.6 1.03 0.57

5.3.3 Determination of rock mass properties for numerical modelling

The rock mass properties were determined with the use of a rockscience software
“RockLab” (Figure 5.21) by inputting the values of the Hoek-Brown parameters, og;
(intact uniaxial compressive strength), GSI (geological strength index), m;, D
(disturbance factor) and E; (intact Young’s modulus). The Hoek-Brown parameters,
from triaxial strength data, were used to generate the Mohr-Coulomb fit, ¢ (cohesion),
@ (friction angle) and rock mass parameters, o; (tensile strength), o, (uniaxial
compressive strength), ocm (rock mass strength) and E., (rock mass deformation
modulus).
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Figure 5.21: Screen shot of RocLab software used for the determination of rock mass
parameters
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Malan and 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, GSI =
RMR - 5, the GSI values for UG2 and Merensky reef are 89 and 90 respectively.
Watson (2010) stated that the Barton-Q value for rock mass at Amandelbult (shallow
depth, k-ratio = 1), Impala (intermediate depth, k-ratio = 1.3), and Union
(intermediate depth, k-ratio = 0.5) mines are 18.3, 50 and 3.2 respectively. Using the
relation, GSI = 9InQ + 44, the GSI values for the respective mines are 70.2, 79 and
53. Based on the GSI values reported by Malan and Napier (2011) and Watson
(2010) from the different mines, an average value of 80 is used for BIC. The
disturbance factor (D) was considered to be 0.3. Hoek et al (2002) described D as a
factor which depends upon the degree of disturbance to which the rock mass has been
subjected by blasting damage and stress relation. It varies from O for undisturbed in-
situ rock masses to 1 for very disturbed rock mass. They asserted that a large number
of factors influence the degree of disturbance in the rock mass and that it may never

be possible to quantify these factors precisely.

Hoek et al (2002) attempted to draw 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. D value of 0.5 represents a situation where
squeezing problems result in significant floor heave, while D value of 0.8 is for very
poor quality blasting in hard rock tunnel which causes severe local damage. The
excavations at platinum mines are assumed to have D value, which falls between 0
and 0.5. A value of 0.3 is adopted for this modelling based on the above discussions
and a report from Sellers (2011) suggesting cautious blasting such as presplitting and
smooth blasting are not always applied in deep level mines. Table 5.10 summarises
the values of o, m;, and E; obtained from laboratory testing of rock specimens
(Chapter 3), while Table 5.11 presents the rock mass cohesion, friction angle,

Young’s modulus and tensile strength as determined from RockLab.
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Table 5.10: Intact o , m; and Young’s modulus.

Temperature (°C) | MA CR N PX LN
Oci m E Oci m E Oci mi  E Oci m E Oci mi E
(MPa) (GPa) | (MPa) (GPa) | (MPa) (GPa) | (MPa) (GPa) | (MPa) (GPa)
50 193 106 84 75 8.3 56 161 74 78 165 6.4 119 168 7.4 77
90 185 105 82 73 76 54 160 7.1 74 164 59 115 163 74 74
140 180 104 80 71 74 52 159 6.8 71 163 45 113 159 6.8 71

Table 5.11: Rock mass cohesion, friction angle, Young’s modulus and tensile strength as determined from RockLab.

MA CR N PX LN
DEPT | C %] Em Gy C @ Em < Cc @ Em [ C 1) Em Gt C Em Gt
H (MPa) (9 (GPa) (MPa) | (MPa) (9 (GPa) (MPa) | M () (GPa)  (MPa) | (MPa) () (GPa)  (MPa) | (MPa) (GPa)  (MPa)
Pa)

1073 10.7 46. 59 -3.6 6.5 358 40 -1.8 99 421 55 -4.3 10.4 404 83 -5.0 10.0 429 54 -4.4
9

2835 14.2 40. 58 -35 9.9 277 38 -1.9 13. 350 52 4.4 13.6 300 81 -55 13.0 36.1 52 -4.3
4 3

5038 18.1 35. 56 -3.4 13.2 233 36 -1.9 16. 303 50 -4.6 16.5 26.7 79 -7.1 16.1 31.0 50 -4.6
8 7
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Table 5.12: Rock mass shear (G) and bulk (K) modulus and dilation angle (1)

MA CR N PX LN
DEPTH | G K Y |G K Vv |G K v |G K v |G K "
(GPa) (GPa) (°) |(GPa) (GPa) (°) | (GPa) (GPa) (°) | (GPa) (GPa) (°) | (GPa) (GPa) ()
1073|219 717 11.9[139 878 90207 515 105|336 539 101|201 570 107
2835 |214 713 101|133 828 6.9 |194 559 87 [325 522 75 [194 523 9.0
5038 | 206 676 89 |127 936 58187 498 76 |31.9 516 67 |187 478 78
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The shear and bulk modulus calculated from rock mass Young’s modulus and
Poisson’s ratio are presented in Table 5.12. 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 and Brown (1997) for very good quality rocks.

5.3.4 Model set up

The numerical modelling analysis was done with FLAC version 7.00. Egerton (2004)
reported that average thickness of UG2 reef is 70 cm to 75 cm which is normally
mined at stoping width of 1 m to avoid grade dilution. Egerton (2004) made
comparison between different mining methods that can be employed in the extraction
of UG2 reef. Of the different 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.
Based on this, a stope with dimension of 10 m by 1 m (length by height) was
considered for the numerical modelling analyses.

The design is for mechanized/hybrid dip pillar mining method. The method, as
described by Egerton (2004), involves stoping of panels 10 m long on either side of
two roadways, both down dip and up dip at planned stoping width (1 m). The panels
are drilled with hand-held rockdrills on air legs. The broken rock is throw-blasted into
the dip roadways. The run-of-mine is loaded with a low profile load-haul-dump truck.
In order to avoid complexities, only a single panel is modelled.

For the purpose of modelling, a block of 200 by 61 m was generated, from which a
stope of 10 m by 1 m was excavated (Figure 5.22) centrally in the block. This
excavation was made farther away from the modelling boundary to avoid boundary
effect, which could affect stress distribution in the model. Budavari (1983) developed
analytical plane strain solution of vertical stress, c,, along the centre of a single
parallel-sided panel, which is given as:

°|

_az qlz
o=yt J(2+22)3 (5.5)
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Figure 5.23 shows the plot of equation 5.5. As observed from the figure, the virgin
stress level of 32 MPa at a depth of 1037 m can only be reverted back at a vertical

distance of 20 m or more above the panel.
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Figure 5.23: Plot of equation 5.5 (Malan (2015), personal communication.)

Based on this, a vertical boundary of 30 m above and below the panel was used,
which gave a total of 61 m as the vertical extent of the model. A horizontal extent of

200 m was used.

Figure 5.24 illustrates the fixed boundaries and the excavated stope. As can be seen in
the figure, the mesh close to the excavation is made finer than the mesh far away
from the excavation in order to capture model histories close to the excavation in
more detail. In the model, the footwall, hangingwall and reef are norite, pyroxenite
and chromitite respectively. The physical, mechanical and thermal properties were
assigned (Figure 5.25) accordingly for the rock types. Pinned boundary condition was
assigned to the top, bottom and both sides of the model since there is no part of the
model that has free surface.
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Figure 5.24: Illustration of fixed boundaries and the stope
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Figure 5.25: Some of the model properties for excavation at a depth of 1073 m.
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Temperature corresponding to different depths were given as initial condition except
that excavated part of the model is assigned a temperature of 27°C, which represents
the part that have been cooled by ventilation as shown in Figure 5.26 and in this
particular case, the depth is 1073 m below surface. As observed from the figure, there
is temperature variation between the immediate excavation walls and a few meters

into the host rock.

In-situ stresses were then assigned to the model. For the three depths modelled, the
major horizontal stress (sxx), vertical stress (syy) and the minor horizontal stress
(szz) are the major, intermediate and minor principal stresses respectively. The detail
of the assigned in-situ stresses and the k-ratio is given in Table 5.9. 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 is reached, and in the
meantime, the mechanical calculation is turned off to allow for only thermal cycling.
Thereafter, the mechanical is turned on and thermal option is turned off, to allow for
mechanical calculation to be effective. Figure 5.27 shows the xx, yy and zz —
components of in-situ stresses initialized in the model before excavation. The stress
gradient option in FLAC was used to reproduce the effect of increasing stress with

depth along 7 m long vertical section of the model.
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JOB TITLE : TEMPERATURE PLOT AFTER EXCAVATION AT 1073 m BELOW SURFACE (10°1)
FLAC (Version 7.00) L 7.000
LEGEND | 6.000
15-Sep-15 21:51
step 2176
Thermal Time  1.6572E+08 - 5000
5.462E+01 <x< 1.447E+02
-1.598E+01 <y< 7.411E+01
| 4.000
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2.50E+01
2.75E+01
3.00E+01 - 3:000
3.25E+01
3.50E+01
3.75E+01 | 2.000
4.00E+01
4.25E+01
4.50E+01
4.75E+01 - 1.000
Contour interval= 2.50E+00
L 0.000
L -1.000
T T T T T T T T T T T T
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(1072)

Figure 5.26: Temperature plot for the stope at 1073 m below surface.
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Figure 5.27: Plot of the pre-mining in-situ stresses at 1073 m below surface
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It should be noted that negative stress in FLAC means compression. “ZONK” Fish
function was used for the excavation. The function creates void within a model, and
slowly relaxes the forces around the void region. It allows gradual extraction of the
region of zones to simulate excavation by minimizing the influence of transients on

material (Itasca Consulting Group, 2012).

The extent of deformations or damage on the footwall, hangingwall and sidewall in

the model was determined by:

1. State plots
2. Horizontal and vertical displacements, that is, relative movement of the

footwall, hangingwall and sidewalls.

5.3.5 State Plot

The plot displays the zones in which the stresses satisfy the Mohr-Coulomb vyield
criterion that is indicative of areas where plastic flow is occurring. It should be noted
that initial plastic flow often occurs at the beginning of a simulation; however,
subsequent stress redistribution 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 surface
are given in Figures 5.28 to 5.30, while Figure 5.31 shows the temperature plot. The
state plot for 1073 m (Figure 5.28) shows the presence of shear and tensile failures.
However, the extent of these failures are smaller as compared to those of 2835 and
5038 m. Figure 5.30 reveals that there is more shear failure at 2835 m than at 1073 m
and even at 5038 m, however, tensile failure at 5038 m is much greater. This could
be attributed to higher in-situ stresses and virgin rock temperatures. As expected,

186



horizontal and vertical displacements are also increasing, as will be shown later with
displacement plots, although they are not noticeable in Figure 5.29.

One of the reasons for the increase in the tensile failure at this depth could be the
rapid cooling of the excavation wall from 140°C to approximately 40°C (Figure 5.31).
The combined effect of high temperature variation and mining induced stresses result
in the development of micro-cracks, which coalesce to form tensile failure. Castro et
al (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. Castro et al (2012) also explained that within the near-
surface zones of the rock mass surrounding an opening, the failure process weakens
the rock mass. This explains the nature of horizontal and vertical displacement at
5038 m.

JOB TITLE : STATE PLOT AT 1073 m BELOW SURFACE

(+10°1)

5.250

FLAC (Version 7.00)
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Figure 5.28: State plot at 1073 m below surface
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Figure 5.29: State plot at 2835 m below surface
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Figure 5.30: State plot at 5038 m below surface
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JOB TITLE : TEMPERATURE PLOT AT 5038 m BELOW SURFACE (+101)

FLAC (Version 7.00) L 7.000

LEGEND | 6000
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Figure 5.31: Post-excavation temperature at 5038 m below surface

5.3.6 Horizontal and vertical displacements

The aim of including the horizontal and vertical displacement plots is to examine the
indications that in-situ stresses and temperature would cause at ultra-deep levels in
the platinum mines. Malan and Basson (1998) noticed 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

essentially associated with creep caused by exceeding of limiting shear stress.

Malan and Basson (1998) presented a graph which shows a squeezing line, above
which there is no squeezing (Figure 5.32). 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, norite and
pyroxenite will experience squeezing conditions at depths of about 1400 m, 2950 m
and 3100 m respectively.
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Figure 5.32: Hypothetical squeezing conditions of ultra-deep mining excavations in

hard rocks (Malan and Basson, 1998)

The horizontal and vertical displacement plots were used to monitor the relative

displacement of hangingwall and sidewalls in the model. Vertical displacement (or

convergence), AV, is determined by considering the relative movement of the

hangingwall and footwall, while the horizontal displacement, AV, is determined by

taking the relative movement of the sidewalls into account (Figure 5.33). V, H and

Vs, H¢ are the vertical and horizontal distance before and after stope is excavated

respectively. Figures 5.34 to 5.36 show the horizontal and vertical displacement plots

for all depths under consideration.
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Figure 5.33: Illustration of horizontal and vertical displacements

As observed in Figures 5.34 to 5.36 and Table 5.13, both the horizontal and vertical
displacements increase with increasing depth. In summary, the results show that
mining at ultra-deep levels will pose challenge of increase in horizontal and vertical
displacements. Sensitivity analysis was done to check the influence of temperature

only on the displacements. The detail of the analysis is presented in section 5.5.

Table 5.13: Summary of horizontal and vertical displacements

Depth (m) Horiz. Displ (mm) Vert. Displ (mm)

1073 2.0 1.5
2835 13.6 19.6
5038 35.8 62.9
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JOB TITLE : VERTICAL AND HORIZONTAL COMYERGEMNCE AT 1073 m BELOW SURFACE
FLAC (Version 7.00)
(107% )
LEGEMD
18-8ep15 2217
step 2176 &.000
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Figure 5.34: Plot of vertical and horizontal displacements at 1073 m below surface

JOBTTLE : VERTICAL AND HORIFEDMNT AL COMYERGENCE AT 2825 m BELOW BURFACE

FLAG {Version 7.00)

4

Figure 5.35: Plot of vertical and horizontal displacements at 2835 m below surface
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JOE TITLE - VERTICAL AND HORZONTAL CONVERGENCE AT 503 m BELOW SURFACE

FLAC (Version 7.00)

Figure 5.36: Plot of vertical and horizontal displacements at 5038 m below surface

5.3.7 Prediction of depth of failure

As stated in chapter two, equation 5.6 is the constant deviatoric stress equation
proposed by Martin et al (1999) for depth of failure prediction in brittle rock mass.

2% - 0.33 (5.6)

Oc

The equation 5.6 is written as a FISH function (Appendix A9) and included 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 s1, s2, and s3 while that of
hangingwall are represented as hl, h2, and h3. The failures were examined at
intervals of 1, 2 and 3 m from the skin of the stope in both hanginwall and sidewall,

as shown in Figure 5.37.
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Figures 5.38 to 5.43 present the plot of the failure of the hangingwall and the sidewall
against time step.

DX M RPCT RS IR DTN B R T RN TR
‘/‘K’S‘ "‘7"".(‘\":( ‘v A ‘1 nh X . s
v

J'D

. bt }J\~'

Figure 5.37: Illustration of failure measurement intervals
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Figure 5.38: Sidewall failure indicator at 1073 m below surface
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Figure 5.39: Sidewall failure indicator at 2835 m below surface
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Figure 5.40: Sidewall failure indicator at 5038 m below surface
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Figure 5.41: Hangingwall failure indicator at 1073 m below surface
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Figure 5.42: Hangingwall failure indicator at 2835 m below surface
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Figure 5.43: Hangingwall failure indicator at 5038 m below surface

5.4 Discussion

Underground workings are constructed in stressed rock and any excavation causes
changes in the state of virgin stresses. In order to determine the stability in competent
rocks, the knowledge of stress concentration around the opening is important.
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
and Basson, 1998; Pérez and Nordlund, 2012).

Nyungu and 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 comparison to the UCS of the rocks.

Nyungu and Stacey (2014), however, stated that fractures have been observed in the
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walls of excavations where the stress levels are well below the UCS. They further
asserted that stress-induced failure can occur when the post-excavation stresses are as

low as one quarter to one half of the rock strength.

Figure 5.45 shows the induced stresses at 1073 m, 2835 m and 5038 m below surface.
As can be seen from the state plots (Figures 5.28 to 5.30) and failure indicator plots
(Figures 5.38 to 5.43), increases in the in-situ stress and temperature with increasing
depth lead to higher magnitude of failure except that there are more tensile failure
than shear failure at 5038 m below surface. At 1073 m below surface, using equation
5.12, the criterion proposed by Martin et al (1999), the hangingwall failure indicator
values at h1, h2 and h3 are less than 0.33, which implies that there is no failure on the
hangingwalls. However, for the sidewall points at s1, s2 and s3, the failure indicators

from equation 5.6 are greater than 0.33.

At the depth of 2835 m, there is more failure as shown in the state plot (Figure 5.29)
and failure indicator plots (Figures 5.39, 5.42 and 5.44). As observed in Figure 5.44,
hangingwall and sidewall failure indicators are higher at depth of 2835 m than 1037
m. The state plot shows that, in addition to shear failure, tensile failure will also be
experienced at 2835 m below surface. It is possible that the tensile failure is not only
the result of increased in-situ stresses but also temperature. Volumetric expansion of
the rocks takes place when the rock temperature 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 microscopic analyses of the heated rocks
that are cooled and viewed under the microscope. The generation of thermal cracks
are also possible before the immediate walls of excavation are cooled through
ventilation. The values of the failure indicators are well above 0.33 for both the
hangingwall and the sidewall as shown in Figures 5.40 and 5.43. Unlike the case with
the excavation at 1073 m, the ones at 2835 m would require more conservative

support.

198



The observations from the previous two cases, at 1073 m and 2835 m render the
analysis at depth of 5038 m to be more critical. Although, there is reduction in the
observed shear failure from the state plot (Figure 5.30) as compared to that of 2835,
however, the extent of the horizontal, vertical displacement and tensile failures are
higher due to the increase in temperature and in-situ stresses. Kaiser and Kim (2008)
affirmed that brittle, tensile rather than shear, failure modes play a role at
intermediate to high stress levels and in massive to moderately jointed rock mass.
Apart from the contribution of high in-situ stresses to tensile failure at 5038 m,
increased temperature also plays an important role as will be shown in the sensitivity

analyses.

The horizontal and vertical convergences are 35.8 mm and 62.9 mm respectively at
5038 m below surface. In comparison with the previous depths, stoping at 5038 m
below surface has highest vertical convergence has higher values, which implies that
roof sagging and floor heave will be more experienced than the relative movement of
the sidewall. Based on the magnitude of convergence that will be experienced at
ultra-deep mining levels (3500 m to 5000 m), it is recommended that access
development be 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
load in the lining that would lead to failure. Malan and Basson (1998) also suggested
the use of flexible membrane support such as Everbond. They explained that a
flexible membrane provides broken rocks with an increased residual strength, even

when subjected to large deformations.

199



S1, S2 and S3 are sidewall failure
2.5 | --~indicators, “h1,-h2-and-h3-are-~— -

™ . . .

" hangingwall failure indicators

S

8 ——H1
o

w el H2
% e=fe=H3
E == S1
Q

5 —¥=S52
£ —9—53

0-0 T T T T T 1
0 1000 2000 3000 4000 5000 6000

Depth below surface (m)
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Figure 5.45: Plots of induced stresses at all depths
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5.5  Sensitivity analysis

Sensitivity analyses were done to evaluate the influence of temperature increase
on the failure. This was achieved by assigning the temperature and thermal
properties (coefficient of expansion, thermal conductivity and heat capacity) at
depth of 1073 m to that of 5038 m and vice versa. The modelling geometry and
the remaining parameters were kept the same. The temperature is increased from
50°C to 140°C at 1073 m and reduced from 140°C to 50°C at 5038 m. Depth of
1073 m and 5038 m were chosen for comparison since they are at the far ends on
the depth scale. Figures 5.46 to 5.49 show the state plots, while Table 5.14

presents the horizontal and vertical displacements for comparison.

Figure 5.47 shows reduction in both the extent of shear and tensile failure in
comparison with Figure 5.46 for 5038 m below surface. In reality, this reduction
is due to decreasing temperature. However, as observed in Table 5.14, reduction
of temperature increased the horizontal and vertical convergence from 36 mm and
63 mm to 43 mm and 90.4 mm respectively. In the case of 1073 m below surface,
increasing the temperature from 50°C to 140°C increased the extent of shear and
tensile failure and convergence as shown in Figures 5.48 and 5.49, and Table
5.14.
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Figure 5.46: State plot for temperature 140°C at 5038 m below surface

JOB TITLE : STATE PLOT AT 5038 m BELOW SURFACE-SENSITIVTY ANALYSIS

FLAC (Version 7.00)

LEGEND

15-Sep-15 22:05

step 2708
Thermal Time 1.6572E+08
7.606E+01 <x< 1.239E+02
6.561E+00 <y< 5.444E+01

state

- Elastic
At Yield in Shear or Vol.
Elastic, Yield in Past

At Yield in Tension

0.850

0.900

0.950

1.000
(10%2)

1.050

1.100

1.150

(10°1)

5.250

4.750

4.250

3.750

3.250

2.750

2.250

1.750

1.250

0.750

Figure 5.47: State plot for temperature 50°C at 5038 m below surface
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5.6
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Figure 5.48: State plot for temperature 140°C at 1073 m below surface

Table 5.14: horizontal and vertical displacements-sensitivity analyses

50°C 140°C 50°C 140°C
Horizontal convergence (mm) Vertical convergence (mm)
1073m 2.0 25 15 2.3
5038 m 43.0 36.0 90.4 63.0

Modelling of Circular Excavation

The essence of modelling circular opening is to observe the effect of stress and

temperature distribution around it. This will be useful in situations where circular

excavation are made for thermal or waste repository or other underground storage

facilities and transportation routes. Figure 5.49 shows the model set up. A block

of 100 m by 100 m was generated, with a mark of a circular tunnel of diameter 10

m to be excavated at its centre (Figure 5.49).
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Figure 5.49: Model set up for circular opening

It should be noted that all the modelling parameters used are the same with that of

the stope, earlier presented in Tables 5.9, 5.11 and 5.12.

As observed in the temperature plot (Figure 5.50), immediately after excavation,
the cool air from ventilation is well distributed around the wall of the opening at
1073 m below surface, even up to 5038 m below surface (Figure 5.57), which
caused evenness of the cooling effect. The effective stresses after excavation at
depths 1073 m, 2835 m and 5038 m below surface are given in Figures 5.51, 5.52
and 5.53 respectively. In comparison with Figure 5.45, which shows plots of
induced stresses for rectangular (stope) excavation, the induced stresses for the
circular (tunnel) excavation are evenly distributed. The circular excavation has no

edges that allow for stress concentration.
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Figure 5.50: Temperature plot for the stope at 1073 m below surface.
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Figure 5.51: Plot of induced stresses at 1073 m below surface
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Figure 5.52: Plot of induced stresses at 2835 m below surface
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Figure 5.53: Plot of induced stresses at 5038 m below surface

207




The state plots of the model for excavations at 1073, 2835 and 5038 m below
surface are given in Figures 5.54 to 5.56. In comparison with the rectangular
excavation, stress relaxation around the circular opening is evenly distributed, that
is why tensile failure is not witnessed from shallow-depth to ultra-depth levels,
although there is shear failure. In addition, squeezing is also not observed with

circular excavation.
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Figure 5.54: State plot at 1073 m below surface

208



JOB TITLE : STATE PLOT AT 2835 m BELOW SURFACE

FLAC (Version 7.00)

LEGEND

2-Sep-15 17:50

step 2109
Thermal Time 1.3203E+07
3.393E+01 <x< 6.607E+01
3.393E+01 <y< 6.607E+01

state

[ Elastic
At Yield in Shear or Vol.
Elastic, Yield in Past

(10°1)

(+1071)

6.500

6.000

5.500

5.000

4.500

4.000

3.500

Figure 5.55: State plot at 2835 m below surface
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Figure 5.56: State plot at 5038 m below surface
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Figure 5.57: Post-excavation temperature at 5038 m below surface

5.7  Sensitivity analysis

Sensitivity analyses were done to evaluate the contributions of temperature and
in-situ stresses on failure around the circular excavation. As described in section
5.5, other parameters were kept constant, only temperature and stress were varied.
When the temperature (50°C) and thermal properties of 1073 m below surface was
assigned to 5038 m, there was remarkable reduction in the failure extent as shown
in Figures 5.58 and 5.59. This implies that temperature has significant
contribution to failure with increasing mining depth. However, when the
temperature (140°C) and thermal properties of 5038 m was assigned to 1073 m
below surface, the observation from the model is increased elastic, yield in past.
There is no increase in shear failure. The explanation that can be advanced for this
observation is that temperature range considered in this research cannot initiate
failure. However, once in-situ stress increases, the contribution of thermal stress
to failure also increases. Therefore, it can be concluded that temperature may not
have significant contribution to failure at shallow depth. The effect increases with

increasing depth of mining.
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Figure 5.58: State plot for temperature 140°C at 5038 m below surface
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Figure 5.59: State plot for temperature 50°C at 5038 m below surface
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Figure 5.60: State plot for temperature 140°C at 1073 m below surface

5.8  Chapter summary

This chapter presents the numerical modelling of laboratory rock testing under the
influence of confining pressure and temperature. It is observed that higher
temperature increased tensile failure in the modelled specimens due to generation
and coalescence of microcracks, while higher confining pressure retards crack
growth. In the case of underground excavation modelling, tensile failure was
observed to increase with increasing mining depth. The sensitivity analyses show
that failure of rocks, especially in the BIC, with increasing depth is a function of
both increasing in-situ stresses and higher temperatures. With modelling of
circular excavation, in comparison with the rectangular excavation, stress
relaxation around the circular opening is evenly distributed, that is why tensile
failure is not witnessed from shallow-depth to ultra-depth levels, although there is
shear failure.
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CHAPTER SIX

6.0 CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

The research reported in this thesis contributes to the future of mining, especially

in the South African platinum mines and other mines located in high geothermal

gradients. The major finding of the research is that it has identified the potential

rock engineering challenges that platinum mines in the BIC will face with

increasing depth of mining. The various laboratory tests carried out on the BIC

rocks provide additional database to the previously available data, particularly on

the post-peak behaviour of brittle hard rocks. Recommendations of the required

support systems for safe mining were also given.

R/
L X4

From the literature reviewed, there is no report of any research, which
looked into the effect of increasing temperature on the behavior of rocks

with respect to depth of mining in South African deep mines.

In laboratory testing, the general trend observed was the reduction in
strength and Young’s modulus of BIC rocks with increasing temperature.
This could be attributed to the breaking of the bonds within the rock

minerals, which results from increasing thermal energy.

Temperature does not have influence on the Poisson’s ratio of the BIC
rocks due to the increase of the dimensions of the rocks in all directions on
a similar ratio. Similar observations have been reported from literature in
Chapter 2.

Based on the regression analyses done on the strength-reduction and
Young’s modulus, with increasing temperature, two equations were
developed. These equations will be useful means in determining strength

and Young’s modulus reduction as a function of temperature, which
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contributes as input data for numerical modelling and better underground

rock engineering design.

Another important observation is the increase in the volumetric expansion
(dilatancy) of the rocks with increasing temperature under triaxial testing.
Rock dilatancy angle is an important parameter for numerical modelling in
that it provides the knowledge of mine collapse and mining-induced rock
bursts. As stated in the literature review, spalling and slabbing are the
prevalent failure mode around underground excavations in hard brittle
rocks where there are high in-situ stresses. Rock mass dilation will have its
highest value close to the boundary and relaxes away from the excavation
due to higher confining stress. This study provides the values of dilation
angles for the BIC rocks and its variation with temperature was also
indicated.

Increasing temperature gives rise to increase in dilatancy at pre-peak, post
peak and residual stage of rock deformation. As reported in the literature,
the values of the pre-peak dilation angles are relatively smaller when
compared with that of post-peak and residual ones. This is because at pre-
peak stage, there are fewer cracks and not all the cracks are interlinked,
while at peak and post-peak stage, there are more cracks as a result of the
applied load and heat energy. These load and heat energy resulted in the
weakening of the bonds within the grains of the rock samples which

caused higher volumetric expansion.

All the samples tested show reduction in friction angles and cohesion with
increasing temperature. There is approximately 13 to 16 % increase in the
magnitude of the friction angle between pyroxenite and mottled

anorthosite, however, the increase seems to be rock type dependent.

The coefficient of thermal expansion of the rocks was measured under
unconfined and confined conditions. In both cases, the coefficient of

thermal expansion increased with temperature increase.
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Ultrasonic testing was carried out on the BIC samples, at different
temperatures and applied forces. Expansion caused by heating generates
microcracks which serve as obstacles for the travelling waves, thereby
increasing the wave travel time. The results of ultrasonic testing strengthen
the fact that heat energy contributes to tensile failure of rocks. The
ultrasonic velocities were measured while the rocks were loaded under a
compression-testing machine at ambient temperature. The results showed

increasing P and S wave velocities with increasing load.

The result of the optical microscope analyses showed that there are some
physical changes observed on the rocks subjected to heat treatment but the
observed changes are negligible. The scanning electron microscope
images revealed that the crack initiation starts at lower temperature and
extends with increasing temperature. The chemical analyses of the samples
subjected to different temperatures showed that the temperature range
considered for this research is not high enough to induce significant
chemical changes in the samples. Although there may not be substantial
changes in the physical and chemical properties of the rocks in the wall of
underground excavations, however, crack formation, which results from
combination of stress-temperature effects, will contribute to failure,

particularly at ultra-deep mining level.

The FLAC 2D modelling results showed that the extent of tensile failure
increases with increasing temperature. In addition to this general
observation, tensile failure is observed more with norite than chromitite.
The possible reason for this is that norite is more brittle and has higher
coefficient of thermal expansion than chromitite. Increases in the in-situ
stress and temperature cause higher magnitude of shear and tensile failures
around the excavation as depth increases. Few tensile and shear failures
were observed at depth of 1073m, while at 2835m, failure increases
tremendously. Depth of 5038m is characterised mainly with tensile failure

and not with few shear failure due to high temperature and in-situ stresses.
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Vertical and horizontal stope displacements increased as mining depth

increased.

7
A X4

The result of the sensitivity analyses showed reduction in shear, tensile
failures and convergence at the walls of the excavation with reduction in
temperature while keeping the in-situ stress constant. Although,
temperature variation has a role in micro-scale rock fracturing, in-situ

stresses is the major contributor to deformation as mining depth increases.

6.2 Recommendations for future research

The following recommendations are made for future research:

¢+ Since not all the rocks from the BIC were available for testing in this research,

R/

it is recommended that the remaining lithology, such as, Merensky reef,
harzburgite, granofel, magnetite are also included in the testing programme.
This will ensure having a complete database on the thermo-mechanical
behaviour of the BIC rocks. In addition, the diameter of most of the tested
rocks were 36 mm, it is suggested that further tests are done with larger

diameter specimens to assess any size influence.

The laboratory testing of the BIC rocks under varied temperatures did not
fully represent the actual conditions rocks are subjected to underground. In
reality, the skin of the excavation is cooled by ventilation, while the inner part
remains warmer causing temperature variation within a short distance. A full
laboratory simulation of the effect of this temperature variation on rock

behaviour could be attempted in future research.

The loading of rocks were done under static condition, the response of rocks
to dynamic loading and creep test, with respect to temperature variation is

another area for further research.

The numerical modelling aspect of the research covered two dimensions. It is

recommended that three-dimensional modelling is done in order to observe the
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extent of failure in three dimensions. The numerical modelling only
considered the UG2 reef, since there is no adequate information on the
material properties of the Merensky reef, with respect to temperature
variation. Modelling of the Merensky reef is necessary, to have a holistic view
of the behaviour of the underground working across the BIC. In addition,
modelling of the Class Il behaviour of rocks observed in the laboratory, was
not possible with FLAC 2D. The FLAC 2D programmers are advised to add

features that will enable modelling Class Il behaviour.

In order to understand the extent of rock surface cooling by ventilation, it is
suggested that direct temperature measurements are done from excavation

skin to the interior of the rock through drill holes.

Extension of this research to mines located in other high geothermal zones,

worldwide is recommended.
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