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Abstract

Some of the key problems facing rock engineers on mines in the Bushveld Complex are the dexign of siable

panel spans, optimum pillar dimensions and assexsing hangingwall stability. A particularly difficult problem

is encovntered in some mines where multi-reaf tobwlar layouts are exploited with a small middling between
the reefs. As exploltation of the lower G2 resf was never envisioned in the early years aof platiman mining,

the layewt of the upper Merensky reef was never optimised for multi-reef extraction. Thiz makes the design of
VG2 layouts very probiematic. To assist with these designy, the newly developed TEXAN compmter code ho
been found to be very useful. The paper gives a brief averview of the code and then describes o core study of
the stress analysis of @ muhti-reef rabular mining layout,

1  Iniroduction

Platinum mining in the Bushveld Complex in South Africs has gained much prominence in recent years,
This production is set 16 increase further as the eastern limb of the Bushveld Complex is currently
undergoing a significant gxpansion programe. Two reefs are comently of economic importance namely the
upper Merensky reef (a pegmatiodsl pyroxenits) and the Jower UGZ recf (a chromitite lnyer). Both reefs are
tabular in nuture with a small dip (9 o 18%), The stoping width on both reefs typicatly varies from
1.1 to 1.5 m, Based on the economic importance of thesc mining Activities te South Africa, it is vitsl that
engincers are provided with the most appropriate tools to ensure the optimum désign of mine Inyouts and
cost-effective support systems. Two of the key problems facing rock enginesrs on mines in the Bushveld
Complex are the design of stable panel spans (Watson and Noble, 1997, Watson and Roberts, 1999),
optiomum pillar dimensiouns (Ryder et 8., 1997) and assessing hangingwal! stability (Akermann et al,, 2003).
Historically, panel spans and pillar dimensions were designed largely through trial and error and knowledge
of designs that were successful in the past, Greater atiention has recently been given to the use of numerical
modedling (Day and Godden, 2300; Joughin et al., 2000; Roberts ct cl., 2002), varioye rock tnasy, rating .
systems (Hartman, 2000) and pitlac design methodologies (Wesseloo and Swart, 2000; Ryder and Jeger, -
2002) to assist in this proccss. A particularly difficult problem is encountered in zome ‘mines where the
middling between the Merensky and UG2 reefs is very small. In some areas this can be as small a5 18 m. As
exploitation of the lower UG2 reef was only made possible by advances in metalkurgical processes in the
19705, the layout of the upper Merensky reef was never optimised for multi-reef extraction, This makes the
design of UG2 layouts very difficult, A pew displacement discontinuity boondary element prograt,
TEXAN, bas beem developed (Napier and Malan, 2007) to facilitate the analysis of shallow layout problems
which inclode a large number of smaji pillars. Thie paper gives a brief overview of the code and then Ny
degcribes a multi-reef abular minjng layont case study. '

2 Overview of the TEXAN code

Historicaily, the decade from 1960 10 1970 was particularty important in the development of the field of rock
engineering in South Africs, Of particular significance were studics (Ortlepp and Nicoll, 1965) showing that
the far field rock mass behaviour in deep hard rock mines can be determined accurately by assuming an
elastic rock mass and by assuming that tabular excavations can be approximated to be open cracks having the
stme plan-shape as the exeavation (Salamon, 1964). The approach bas subsequently been dubbed the
displacement discontinuity boundary element method (DDM). Initial applications of the DHM were directed
mainly 1o the design of gold mine stabilising pillars and to the assessment of backfill layout placement

—
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“infinite” depth displacement discontinuity influence functions, This Bssumption becomnes inadequate in the
analysis of shallow-depth platinum tnining problems. In addition, it is often important in thesc cases 1o Aspess
tengile stress distributions near excavation surfaces. The TEXAN program addresses these shoricomings by

A fortber faature of the progrem is to aflow special two-dimensional (2D} plane gtrain sub-analyyes
{including anti-plane strains) within the three-dimensignal (3D) problem background, The techmical details
of the TEXAN program are described in Napier and Malan (2007).

3 Underground observations and measurements in a UG2 stope

In this paper closure refirs to the relative maovement of the hangingwall and footwail normal to the plane of
the excavation and includes buth elastic and inelastic deformations. The elastic component of closure is
referred to as convergence. Ride refers to the relative movement of the hangingwall and footwall pagallel to
the plane of the excavation.

Figure 1 Mining layent In the sres of laterest. The positions fndicated on tim figure hldlcaﬁ whre
the photographs (Figures 2, 3 and 4) were taken

the significant strike ride component observed in Panel 4N (Figures 2 and 3), as this was not previously seon
in other arens where Mereneky remnants were being undermined, A fall of ground was slso observed next to
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Figure2  Stromg ride component vhserved in the back arex of Panel 4N close to the cenire gnlly o

v (Position A, Figure Y). The sense of the ride component Is such that the hangingwall moved 5
1 towards the centve gully |
. ‘
B
o
Figure3 Fal ol’i:hjund in the ledge of Paned 45 (l‘ulum B, Figure B), Observations Indicate that
this fall appenrs to huve It cawsed by shear faibure in the hangingwall next to the

: sbutment on this ledge

!
re
was
een
wtto o L

Figare4 CondMtions in Panct 6N, Slmlﬂlumly less cluﬁre and ride was observed in this panet as it
was being mined io overstoped ground
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3.1 Closure and ride measurements

A oumber of closure-ride stations were installed in Pavels 4N, 5N and 6N. The stations consist of thrce
anchors in the hangingwall and an anchor in the footwall, From successive measurements between the thyce
pegs in the hangingwall and the peg in the footwall, the closure as well 82 the strike and dip ride components
can be computed. The closure and ride graphs for Panel 4N (below the remnant in high stress conditiong) and
Panel 6N (in overstoped ground and therefore destressed) are given in Figures 5 to 8. Note the high rates of
closure below the remnant (5.6 mm/day) compared to the low rates {041 mm/day) in the overstoped ground.
A strike ride component of 30 mm was recorded below the remnant over  two weck monitoring, period,
while it was very smaf] in the panel below the overstoped ground,

o —

i} 2 4 ] 8 10 12 14 16

Tirme (days)

Figure 5  Closure as 8 function of time messured in panel 4N. The AVErage rate of choditre was
5.6 mm/dsy
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Figare 6  Ride as 2 function of time measarcd in Panel 4N. The following slgn conventiom is wsad for
the ride graphe: A negative strike ride Implies that the footwall peg meved in e direction
of the advancing face relative to the hangingwall pegs. A negative dip ride mphes thist the
footwall peg is moving up-dip relative to the hangingwall pegs. Note the high sirike Fide
compunent of more than 30 mm i » two week period. The sense of ride agrees with the
uaderground obssrvations where the top of the packs leaned over towards the centre gully
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Figure 7 Closnre as a funciion of time measured in Panel 6N, The average rate of closure was
0.4] mnv/duy
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Figure 8  Ride as 2 function of time measured in Panel 6N, The saiie sign convention as deseribed in
Figore & i msed. Notz that the strike ride §s significantly lecs than that remrded in

Panel 4N

4 Nnmerlcni_ ﬁmdelling '

4.1 Mining geometry and modelling parameters

The modelling parameters used are given in. Table 1. In this table, the k-ratio denutes Ihl: rauo uf the

horizental to vertical field stress components,

Table1l  Parmmelers osed in the pumerical models

R R RARN A kot

idae ‘"

Parameter Value
Young's Modulus 68 GPa
Poisson’s mtio 028
k-ratio 1
Average overburden density 3200 kg/m*

e
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The layout chosen for detajled investigation is shown ip Figure 9 and covers an area of 803 x 807 m, Thig
area of interest was discretiped using trigngular elements a3 shown in Figurez 1Qand 11.
{0,807) '
Point C :
‘ Degth = 12681
. “‘ .
Point A o Foint &
Depth = 1328 Depth = 1324
(ﬂ.ﬂ) (mago

Figare®  Approximaiion of the linpu and remnants by palygons to assist with the digitising process

480 4

a0 : —

o » Ay Ash
Figure 10 Diseretisation wsed for the UG2 reef
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Figmre 11 Purt of the Merenuky reer showlng the discretiaation nged

42 Modelling results

Figure 12 illuirates the superimposed Merensky and UG2 mining outlines. In the fimt simulated mining
step, the UG was left unmined to txamine the stregs acting oa this reef plane as a result of the overlying
Merensky renmant configuration. The fesulting stress component values normal to the UG2 reef plane are
shown in Figure 13, Tt is apparent that the stress below the Mercusky ramnant (line A-B, Figure 12) s very
high compered to the over-mined areas (line E-F, Figure 12). The virgin vertical siress is approximately
40 MPa st this depth,

Fiyure 12 Superimpoasd Mersmsky and UG2 mining oatlines
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Figure 13 Stmvlated stress normal to the UG2 reef plane prior to any mining acenrring on this reef
horizon, The lines in the annotations refer to the lines in Flgare 12. The peak stress in
Pancl 4N (94 MPa) & more than twice the virgin vertical stress at this depth

The simulated conveegence and strike ride components when mining the UGi2 panels are given in Figures 14
and 15. Note the significitn sirike ride components in Panels 4N and 5N. The sense of ride is alao similar to
that cbeerved underground. A direct comparison with the aciua) megsutements in Figures 5 1o & was not
attempied as an isetropic elastic constititive model was assumed for the numerical models, whereas the
underground behaviour is dominated by large mnelastic movements, Significant time-gependent clogure
components are alzo observed underground (Malan et al, 2007). The objective of the madeiling was to gain
somme ingights into the mechamism of failure cbserved underground and not to teplicate the magninade of the
underground displacements. The mechanism of failore is furthey explored in Section 4.3. The curves in
Figures 14 and 15 iflustrates the total convergence when simulating the entire mining ares whereas the actual
measurements only show the increase in closure for a few mining inctements. Note that in Panel 4N
(Figure 5), the increase in clogure for a few mining increments is more than the total simulated elastic
convergence (Figure 14), highlighting the significance of the inelastic displacements.

70
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E m .
8 3
e
Pl N
(Ut B-F)
10 4
o x T v v r r
340 350 30 m 380 0 400 10
Distancs {(m)
Fignre 14 Simulnted elastic convergence In the G2 panels. The specific annotations refer to the lines
In Figure 12
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Figure 15 Simulated strike ride in the UG2 panely. The snnotations in esch curve refer to the Hnes in
Figore 12, The convention wsed in the code implics that for a pouitive strike ride, the UG2
hangingwall in Figure 12 moves tuwards the left relative to the footwail. The simuisted
setse of ride b therefore similar to that measared underground where the support leans
back towards the centre gully (Figuie 2)

4.3 Deformation mechanism

A comparison between the sinulated elastic movements and underground closure measurements illnstrated
that significant inelastic movements occurred in the underground pancls. This was confirmed by the
recording of the closure in a continuous fashion, which indicated a significant time-dependent closre
component (Malan et al., 2007). Further simulations were therefore conducted to investigaie a possible
mechanism that contributed to the large closure and ride components for the layout in Figure 9.

The TEXAN code can be used to compute the displacement vectors at off-reef locations and couvert these
into a distorted mesh plot to assist with an interpretation of the near reef deformation modes. These distorted
mesh plots were computed on benchmark sheets normal to the roef planes to illustrate the defotmation of the
middlingbatwunﬂlcUszdeskymefs.Adim:ﬁnnfncmrofzmw“mdinﬂmupmm
highight the relative displacement magnitudes. These secti: as were taken along the lines A-R (Panel 4N),

and E-F (Pancl 6N). Refer to Figure 12 for tic position of thesc lincs. The remuky are piotted in Figores 16
and 17 for Panels 4N and 6N respectively. The swong shear deformation (Section A-BY mﬁmdb}_the_"' o

Merensky pillar punching itto Panel 4N can be observed,

g rae— W
[
w "'-7
’z;uah:;n:;umﬁua;nmmhu a;nm&auﬁa
r—

Figere 16 Plot showing the deformation of the middling between the Meremsky and UGZ reef along
Section A-B In Figure 12 (The vaiues along the x-axfx correspond to the valwnes aloug the x-

axils of Figure 12) .
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Figure 17 Flot showing the deformation of the middling between the Mcrensky and UG?2 reef along
Section E-F (Figure 12)

A key mechaniam contributing to the observed inelastic closure is the prominent shear failure observed along
the abutment ncxt to the centre gully, This failure mode was investigated by simulating a plaiic-stram section
normel to the reef plane (taken along Section 1-2 in Figure 12). A failure plane way introdoced along the
abutment between the edge of the Merensky and the UG2 stope: horizons.

f‘
I

Figure 13 Plot showing the defermation of the middling hetween the Mereasky and UG2 reefs for the
2D rimulntion. Note in this case the good agreement to the deformution determined for the
3D simulstion (Figure 16)

Figure19 Plot showing the deformation of the middling between the Merensky aud UG2 reef after © U
the introduction of a vertical slip plane. This slip mechaniym substantiaBy increnpes the ‘
closure and ride deformations thet arise In the stope

zrzinﬁommms;n:ioma;n

Figure 20 Plof showisg the deformation of the middling between the Merensky and UG2 reef for an
inelimed slip plane
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The simuiated closure and ride for these simuistions are given in Figures 21 and 22, Note that the
imroduction of the slip plane increases the closure significantly compared to that for the 31 simulation
without the slip plane (Figure 14).

120

100 ; ‘Vertio wip plarw
Inclingd ]

40 4 o mlip plane

4] v T T T
Distpnce ()

Figure 21 Closare In the pagel for vertical and inclined alip planes. Note how the amonnt of closure
increnses when the slip plane is Introdwead

Figure 22 Ride in the panel with and withaut a slip plane

5 Conclusions

The paper describes the practical application of & new mine layout anatysis computer code (TEXAN). This
program was designed 1o solve typical multi-reef platinum mine layout problems encountered in the
Bushveld Complex in South Africa at shallow depthe. The program has a flexible computational structure to
allow the efficient solution of problems that may include a large number of small, imegular pillars.
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A particnlar investigation of the deformation mechanisms leading to large closure and strike ride comnponents
observed in a panel situsted below a remnant is reported, Similar to the underground measarements, the
elagtic modelling indicated s noticeable rige component. The simulated values are much smaller than the
observed values as the inclastic movements are not simulated explicitly. The sense of the ride is in agrecment
with that measured wnderground, namely the hangingwall moving relative to the footwall in the direction of
the centre gully.

The mechsnism of deformetion was iliustrated by computing off-reef displacement deformations 10 generate
a digtorted mesh plot of the region between the £G2 and Merensky recf planes. This plot iflustrates how the
edge of the overlying Merensky remnant punches into the UG? stope below and cawses strong hear
deformation between the edge of the remiant and the shutment of the UG2 raise below, This mechanism
appears to be the cause of the observed onderground closure nnd ride movements, :

The work described in thix paper has shown that oumerical modolling can play an important role in assessing
appropriste mining strategics in a mukiple recf environment. The analysis may be used to highlight areas
where the ztmess levels are guch that mitting on the UG2 reef horizon will he impossible and superimposed
pillarz of unmined ground will have to be lefi, :
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