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Executive summary

Rockbursts are a major hazard in South African deep-level gold mines. The severity of

damage due to a seismic event often varies greatly over small distances. The goal of this

project is to discover the reasons for this variation in the severity of damage. It is believed

that a detailed understanding of the damage mechanisms, and the application of this

knowledge to the design and support of excavations, will lead to a reduction in the hazard

posed by rockbursts.

Ground motion monitors were installed in tunnels and stopes in several deep gold mines.

Peak velocity measurements made on the skin of an excavation were found to be four to

ten times greater than those within the solid rock at similar distances from the source.

Techniques to analyse the measurements were developed. It was found that the

amplitude and phase of ground motion at points about 1 m apart may vary considerably

for small amplitude events, indicating strain across intervening fractures. This

phenomenon could have a pronounced influence on the stability of the hangingwall during

larger, potentially damaging events. The damped harmonic oscillator model, widely used

in earthquake engineering, was found to be useful for analysing the ground motion. Four

hypotheses to explain the amplification of ground motion were investigated: resonance,

energy trapping in a channel, energy release due to slab buckling, and energy release

due to softening.

Detailed investigations of twenty-eight rockbursts were conducted. A team of specialists

inspected damage to the excavations and support elements, mapped mining-induced

fractures and other geological features, and interviewed witnesses. Seismograms were

analysed to determine the source parameters, and the seismic history was reviewed in

each case. Numerical modelling was used to evaluate the mining layouts. Finally,

recommendations were formulated and presented to the mines concerned. It was found

that the severity of damage is strongly influenced by local rock conditions and support

systems. certain shortcomings in the application of current technology, such as numerical

modelling for mine design, were also identified. It was also found that published

guidelines, e.g. for pillar design, have limitations which are not explicitly stated. The

performance of new technologies such as preconditioning and pre-stressed yielding

elongates was assessed under rockburst conditions and it was found that effective
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implementation depends to a large extend on training and discipline, and there were

certain deficiencies in some of these support types.

In the short term, the most important means of reducing the severity of rockburst damage

is to ensure that: support is always up to standard, stope support is as close to the face

as possible, frequent inspections are conducted by personnel able to identify changes in

the rock mass condition and with the authority to recommend and implement appropriate

changes to layout and support systems, and sound layouts are adhered to regardless of

the demands of production. Further gains may be achieved, in the medium term, through

the improvement of areal coverage in gullies and stopes. In the long term, the

effectiveness of support systems may be improved by applying earthquake engineering

principles which take factors such as the duration of shaking, repeated seismic loading

and the structural response into account.
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Increased effective unconfined height of remnant or pillar

owing to a change in reef elevation

The possibility of shear slip between footwall strata with

low cohesion may be increased by an unfavourable stress

trajectory
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Figure 3.4.3.

Figure Al.

Figure A.2.

Figure A.3.

Figure A.4 (a).

Figure A.4 (b).

Figure A.4 (c).

Figure A.4 (d).

Figure A.4 (e).

Diagram showing conceptual mechanisms of excavation

deformation as a function of support interaction with the

rock mass. Within the South African gold mining

environment the vertical virgin stress level is approximately

twice that of the horizontal, and induced stresses are

generally sub-vertical, consequently the depth of failure

within the sidewalls of the excavations is substantially

greater than in the hangingwall or footwall. The tendons

on the left hand side of the tunnel are anchored within the

zone of instability, hence the entire sidewall is displaced

inwards due to bulking of the unstable rock mass. A similar

effect will be observed if the tendons snap or debond. In

contrast, the tendons on the right hand side of the tunnel

remain anchored in solid rock, hence the sidewall bulks

between the tendons

An example of real seismograms (event A791 5), recorded

in solid rock - solid line, and in a footwall drive - dashed

line

Velocity spectrum of the seismograms from Figure A. 1.7

The coefficients of the polynomials A (q) and B (q) versus

time

The system response dominated by mode one

The system response dominated by mode three

The system response dominated by mode four

The system response dominated by mode five

The system response dominated by mode six
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Figure A.4 (f).

Figure A.4 (g).

Figure A.4 (h).

Figure A.5.

Figure A.6.

Figure A.7.

Figure A.8.

Figure A.9.

Figure A 10.

Figure A.l 1.

Figure A.12.

Figure A.13.

Figure A.14.

The system response dominated by mode seven

The system response dominated by mode eight

The system response dominated by mode fifteen

Sum of fifteen modal responses calculated at time of

0,0980 s

The spectrum of the seismograms from Figure A.5 and

their transfer function

An example of real seismograms (event A7640), recorded

in solid rock - solid line, and in a footwall drive - dashed

line . .

Velocity spectrum of the seismograms from Figure A.7...

Sum of 15 modal responses calculated at time 0,098 s...

The spectrum of the seismograms from Figure A.9 and

their transfer function

Sum of thirteen modal responses calculated at time

0,098 s

The spectrum of the seismograms from Figure A.ll and

their transfer function

An example of real seismograms (event FGO2), recorded

in solid rock - solid line, and in a fractured rock - dashed

line

Velocity spectrum of the seismograms from Figure A.13...

A-12

A-13

A-13

A-14

A-15

A-16

A-16

A-17

A-17

A-18

A-18

A-20
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Figure A.15.

Figure A.16.

Figure A.17.

Figure A.18.

Figure A.19 (a).

Figure A.19 (b).

Figure A.19 (c).

Figure A. 19 (d).

Figure A.19 (e).

Figure A.20.

Figure A.21.

Figure A.22.

Figure A.23.

Figure A.24.

Sum of five modal responses calculated at time 0,153 s

The spectrum of the seismograms from Figure A.15 and

their transfer function

An example of real seismograms (event FGO4), recorded

in solid rock - solid line, and in a fractured rock - dashed

line

Velocity spectrum of the seismograms from Figure A.17...

The system response dominated by mode one

The system response dominated by mode two

The system response dominated by mode three

The system response dominated by mode four

The system response dominated by mode five

Sum of five modal responses calculated at time 0,153 s

The spectrum of the seismograms from Figure A.20 and

their transfer function

An example of real seismograms (event FGO7), recorded

in solid rock - solid line, and in a fractured rock - dashed

line

Velocity spectrum of the seismograms from Figure A.22

Sum of five modal responses calculated at time 0,153 s

A-21

A-22

A-22

A-23

A-23

A-24

A-24

A-25

A-25

A-26

A-26

A-27

A-27
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Figure A.25.

Figure A.26.

Figure A.27.

Figure A.28.

Figure A.29 (a).

Figure A.29 (b).

Figure A.30.

Figure A.31.

Figure A.32.

Figure A.33.

Figure A.34.

Figure A.35.

Figure A.36.

The spectrum of the seismograms from Figure A.24 and

their transfer function

An example of real seismograms (event FGIOO), recorded

in solid rock - solid line, and in a fractured rock - dashed

line

Velocity spectrum of the seismograms from Figure A.26

The coefficients of the polynomials A (q) and B (q) versus

time

The system response dominated by mode two

The system response dominated by mode four

Sum of five modal responses calculated at time 0,153 s...

The spectrum of the seismograms from Figure A.30 and

their transfer function

An example of real seismograms (event FGIOI), recorded

in solid rock - solid line, and in a fractured rock - dashed

line

Velocity spectrum of the seismograms from Figure A.32...

The coefficients of the polynomials A (q) and B (q) versus

time

The sum of four modal responses calculated at time

0,153 s

The spectrum of the seismograms from Figure A.35 and

their transfer function
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Figure A.37.

Figure A.38.

Figure A.39.

Figure A.40.

Figure A.41 (a).

Figure A.41 (b).

Figure A.41 (c).

Figure A.42.

Figure A.43.

Figure A.44.

Figure A.45.

Figure A.46.

The sum of four modal responses calculated at time

0,153s

The spectrum of the seismograms from Figure A.37 and

their transfer function

The sum of four modal responses calculated at time

0,153 s

The spectrum of the seismograms from Figure A.39 and

their transfer function

The system response dominated by mode one

The system response dominated by mode two

The system response dominated by mode three

The sum of three modal responses calculated at time

0,153s

The spectrum of the seismograms from Figure A.32 and

their transfer function

The sum of three modal responses calculated at time

0,153s

The spectrum of the seismograms from Figure A.44 and

their transfer function

The sum of four modal responses calculated at time

0,153s

A-35

A-35

A-36

A-36

A-37

A-37

A-38

A-38

A-39

A-39

A-40

A-43
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Figure A.47.

Figure A.48.

Figure A.49.

Figure A.50.

Figure A.51 (a).

Figure A.5l (b).

Figure A.51 (C).

Figure A.52.

Figure A.53.

Figure A.54.

Figure A.55.

Figure A.56.

Figure A.57 (a).

Figure A.57 (b).

The spectrum of the seismograms from Figure A.46 and

their transfer function

Sum of five modal responses calculated at time 0,153 s...

The spectrum of the seismograms from Figure A.48 and

their transfer function

The coefficients of the polynomials A (q) and B (q) versus

time

The system response dominated by mode one

The system response dominated by mode three

The system response dominated by mode four

Sum of five modal responses calculated at time 0,153 s.

The spectrum of the seismograms from Figure A.52 and

their transfer function

An example of real seismograms (event FGO5), recorded

in solid rock - solid line, and in a fractured rock - dashed

line

Velocity spectrum of the seismograms from Figure A.54.

The coefficients of the polynomials A (q) and 8 (q) versus

time

The system response dominated by mode one

The system response dominated by mode two

A-44

A-44

A-45

A-45

A-46

A-46

A-47

A-47
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A-48

A-49

A-49

A-SO
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Figure A.57 (c).

Figure A.57 (d).

Figure A.58.

Figure A.59.

Figure A.60.

Figure A.61.

Figure A.62.

Figure A.63.

Figure B.1 (a).

Figure 8.1 (b).

Figure 8.2.

The system response dominated by mode three

The system response dominated by mode four

Sum of four modal responses calculated at time 0,153 s.

The spectrum of the seismograms from Figure A.58 and

their transfer function

An example of real seismograms (event EGiQO), recorded

in solid rock - solid line, and in a fractured rock - dashed

line

Velocity spectrum of the seismograms from Figure A.60...

Sum of five modal responses calculated at time 0,153 s....

The spectrum of the seismograms from Figure A.62 and

their transfer function

Map of Leeudoorn Gold Mine showing the sub-outcrop of

the Booysens Shale Formations and the locations of the

cross-sections used to construct the composite cross-

section shown in Figure 8.1 (b)

composite geological cross-section of Leeudoorn Gold

Mine. The VCR stope in which the accident occurred is

situated about 80 m above the quartzite/shale

contact

Map showing the site of the rockburst on 10 January 1994

damaging the 24-74 stope, Leeudoorn Gold Mine. Mined

out areas are indicated by diagonal lines. Areas of active

mining are cross-hatched .. ..
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A-54
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Plan of the panels damaged by the rockburst, indicating

rockburst damage and estimates of co-seismic closure

Plan showing stope support. Solid circles indicate the

positions of the fatalities

Map of a portion of Deelkraal Gold Mine showing the site

of the rockburst of 4 May 1994 and major geological

features. Stoping in the 3 months preceding the accident is

indicated by diagonal hatching. The 1 W up-dip working

place where the fatalities occurred is 2294 m below the

surface

Plan showing the support installed in the 21-3E VCR 1W

up-dip working place at the time of the rockburst, and the

extent of the fall of ground

Cross-section through the 21-3 E VCR I W Up-dip working

place

Plan of the 21-3 E VCR stope showing the positions of

observations made during the inspection of the rockburst

site . .

Photo-mosaic showing the up-dip face where the fatalities

occurred, viewed from position H (Figure B.8) and looking

up-dip. The timber packs on the right are situated to the

east of the roll. The corresponding section is shown in

Figure B.7. The hangingwall fragmented during the

rockburst. Most of the fallen rock was subsequently

removed. Note the numerous fractures and joints in the

face, and the smooth surface marking the parting above

the collapsed brow

Figure 8.3.

Figure 8.4.

Figure 8.5.

Figure B.6.

Figure B.7.

Figure 8.8.

Figure 8.9.

8-6

B-7

B-I 3

8-16

8-17

B-i 8

8-19
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Figure 2.10.

Figure B.11.

Figure B.12 (a).

Figure 8.12 (b).

Figure 8.13.

Figure 8.14.

Figure 8.15.

Rock ejected from the footwall and face between F and G

(see Figure 2.8) into the space between the original face

position and the first dip line of packs. The photograph is

taken looking up-dip with the face to the left. Note the

intact hangingwall

Spatial distribution of all seismic events with ML=1

recorded at Deelkraal Gold Mine during the period 1984 to

1994. The size of the symbols is proportional to

magnitude, the largest event in the area displayed having

ML3 ,9

Location of events with ML=2 in relation to face positions in

the areas of 29-21 and 33-21 longwalls. The horizontal

error bars indicate location error. Negative distances

indicate the back area

Location of events with ML=2 in relation to face positions in

the areas of 25-15, 29-15 and 33-15 longwalls. Location

error is indicated by the horizontal error bars. Negative

distances indicate the back area

Plan showing the location of the rockburst at Western

Deep Levels (Ltd) West Mine on 3 November 1994

damaging the 113-36 West 3 Carbon Leader panel

Stratigraphy of the carbon Leader Reef (CLR) zone. The

CLR forms part of the Main Conglomerate Formation close

to the base of the Central Rand Group

Plan showing the support installed November in the 113 -

36 West 3 Carbon Leader panel and the extent of the fall

of ground during the rockburst of 3 November 1994
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Figure 8.16.

Figure 8.17 (a).

Figure 8.17 (b).

Figure 8.18.

Figure 8.19.

Figure 8.20.

Figure B.21.

Figure 2.22.

Plan showing major fractures and joints in the 113-36

West 3 Carbon Leader panel (mapped by S. Reddy,

Senior Geologist, Western Deep Levels (Ltd) West Mine)

Plan and section showing seismicity for the period 1/1/94

to 3/11/94 in the vicinity of the 113-36 carbon Leader

longwall. Face positions as at June 1994. Data provided by

A. G. Butler (Senior Seismologist, Western Deep Levels,

West mine). Note the ML=2,3 and ML=2,6 events close to

the position of the W3 panel, and the ML=3,2 event close

to the Tarentaal dyke

Section from Figure 8.17 (a) showing seismicity in the

vicinity of the 113-36 Crbon Leader longwall

Schematic plan of 24 level tunnels, Orangia Shaft,

Buffelsfontein Gold Mine, damaged by the ML=3,4

rockburst on 4 July 1995

View north along 24-26 haulages east showing severe

damage and deformation of the eastern sidewall of the

tunnel. Note displacement of tracks (bottom right) and

material rail car

Shear deformation of smooth bar rock bolt in upper east

sidewall of 24-26 haulages east

Tensile failure of a smooth bar rock bolt in the immediate

hangingwall of the 24-26 haulage east

View south along 24-26 haulages east showing collapse of

hangingwall over an estimated height of 1,5 m to 2,0 m
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Figure 8.23. View south along 24-26 haulage east at end of area of

hangingwall collapse showing the highly fractured nature

of the immediate hangingwall rock mass, and remaining

rock bolt reinforcement

Figure 8.24.

Figure 8.25.

Figure B.26.

Figure B.27.

View north-west along 24-27 cross-cut showing large

deformation of the south-west sidewall of the tunnel

Diagram showing conceptual mechanisms of excavation

deformation as a function of support interaction with the

rock mass. Within the South African gold mining

environment the vertical virgin stress level is approximately

twice that of the horizontal, and induced stresses are

generally sub-vertical, the depth of failure within the

sidewalls of the excavations is substantially greater than in

the hangingwall or footwall. The tendons on the left hand

side of the tunnel are anchored within the zone of

instability, hence the entire sidewall is displaced inwards

due to bulking of the unstable rock mass. A similar effect

will be observed if the tendons snap or debond. In

contrast, the tendons on the right hand side of the tunnel

remain anchored in solid rock, hence the sidewall bulks

between the tendons

Plan showing the location of the rockfalls at ERPM on 24

July and 15 August 1995 damaging the Hercules

secondary incline shaft between 32- and 33-level

Diagram showing the interpreted mechanism of the

rockbursts on 24 July and 15 August 1995 damaging the

Hercules secondary incline shaft between 32- and 33-

level
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Figure 8.28.

Figure 8.29.

Figure 8.30.

Figure 8.31.

Figure 8.32.

Figure 8.33.

Plan showing damage to tunnels serving No. 4 Shaft, East

Driefontein Gold Mine, by a ML3,6 seismic event on 14

September 1995. The locations of all seismic events with

ML>2 which occurred in the preceding two year period are

shown. Falls of ground (FOG) and damaged sections of

tunnels are indicated by shading

Damage to 34K footwall drive at Site A showing falls of

ground between grouted shepherd~s crook rebars. Mesh

and lacing had not yet been installed in this section of the

tunnel. In this area the south-western (right hand) side of

the drive was most severely damaged. The view is taken

looking to the south-east, away from the shaft

Damage to 34 K footwall drive at Site B showing complete

closure of the tunnel

A haulage on 34 level showing the effect of the support

system on damage. The section of the tunnel in the

foreground was supported only by grouted rebars, and

significant damage was sustained. The support system in

the section of the tunnel beyond the miner consisted of

grouted rebars, mesh, lacing and shotcrete. Damage was

negligible

Kinked shepherd’s crook rebar observed in the

hangingwall of the 34K footwall drive between Sites B and

C. Some bars had been sheared by the movement along

bedding planes

Plan showing the location of the rockburst at Western

Deep Levels South Mine on 18 September 1995 damaging

the 84-61 West 4 VOR panel
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Figure B.34.

Figure 8.35.

Figure B.36.

Figure 8.37.

Figure 8.38 (a, b).

Plan showing the extent of the damage to the 84-61 West

4 VOR panel caused by the rockburst of 18 September

1995. Open squares show the approximate position of

packs. AB is the section line along which Figure B.36 is

drawn. Scale 1:500

Plan showing the seismicity (events with M>1) in the

vicinity of the 84-61 West longwall for the period 1 August -

18 September 1995. The approximate face position on 18

September is indicated with a dashed line. Data provided

by F. Naude (Senior Seismologist, Western Deep Levels,

South Mine)

Diagram showing the interpreted mechanism of the

rockburst at Western Deep Levels South Mine on 18

September 1995 damaging the 84-61 West longwall. The

position of the section line AB is shown on Figure 8.34...

Plan of the 17-24W stope, Blyvooruitzicht Gold Mine,

showing the layout of the panels being mined at the time of

the ML=2,2 rockburst on 30 January 1996. The position of

the research seismic network monitoring the

preconditioning experiment at the site is also shown (black

squares indicate the geophone positions: triaxial sites are

labelled e.g. P2ijk; uniaxial sites are labelled e.g. P1+).

Face position as at 31 December 1995

Orientations of the six major fracture sets (Groups I to VI)

identified at the 17-24 W site. (a) Plan showing the

orientations with respect to the pillar geometry. (b)

Contoured Schmidt Net (lower hemisphere projection) of

poles to all mapped fractures
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Figure 8.39.

Figure B.40.

Figure 8.41.

Figure 8.42.

Figure B.43.

Figure 8.44 (a).

Schematic vertical section through a deep-level stope

illustrating the fractured nature of the rock mass

surrounding the opening

Preconditioning layout in an overhand mining sequence.

Panel 2 has been mined to limit and the next hole is drilled

up to 5,5 m from the current face

conceptual diagram showing the effects of positioning an

89 mm diameter preconditioning hole within the fractured

rock mass ahead of the stope face

Sketch plan of the lower portion of the pillar showing the

orientation and position of the two major fracture sets that

controlled size of the fall of ground. Note that the lower

gulley is positioned within the zone of intense pillar parallel

fractures

Plan and sections showing the damage caused by the

rockburst on 30 January 1996 to the Panel 2 strike gully in

the 17-24 W stabilizing pillar, Blyvooruitzicht Gold Mine:

Prepared by L. Schultz and H. Redelinghuys,

Blyvooruitzicht Gold Mine

Photograph showing a rockburst damage in a carbon

Leader Reef gully

8-103

8-105

8-106

B-108

B-Ill

8-112

35



Figure 8.44 (b). Sketch diagram showing the possible mechanism of

rockburst damage to a Carbon Leader Reef gully: 1)

Situation prior to damage, note the region of intense pillar

parallel fractures (dark shading); 2) Slip on the Green Bar

(direction is shown by arrows) causes buckling and

underthrusting of the Green Bar. The underthrusting

causes fallout of the hangingwall quartzite below the

Green Bar; 3) Continued thrusting and buckling causes

extensive falls of both hangingwall quartzite and Green

Bar

Figure 8.45.

Figure 8.46.

Figure 8.47 (a).

Figure 8.47 (b).

Figure 8.48 (a).

Figure 8.48 (b).

Plan showing the locations, as determined from the

research seismic network records, of the ML=2,2 and

ML=2,3 seismic events which occurred on 30 January 1996

damaging the 17-24 W stope, Blyvooruitzicht Gold

Mine

Schematic plan of West 2 (Diagonal) Panel (Not to scale).

convergence-ride measurements at West 2 (Diagonal)

Panel at station 2WEOOK

Convergence-ride measurements at West 2 (Diagonal)

Panel at station 3WWOOJ

Convergence-ride measurements at West 3 (Diagonal)

Panel at station 2WEOOK

Convergence-ride measurements at West 3 (Diagonal)

Panel at station 3WWOOJ
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Figure 8.49.

Figure B.50.

Figure 8.51.

Figure B.52.

Figure 8.53.

Plan of WDLS 87-49 stope, showing the location of the

rockburst seismic event (star) as determined from the PSS

recording. The ellipse around the star indicates the

possible source region as given by the Brune model of the

seismic source, assuming slip on a steeply dipping plane

oriented parallel to the large seismically induced shear

zones observed underground. The positions of the PSS

recording sites are shown by the labelled squares

Plan showing the 34-19 Carbon Leader stope, No. I Shaft,

East Driefontein Gold Mine, damaged by a ML=2,7

rockburst on 5 June 1996

A Rocprop observed in the 2 W panel of the 34-19 Carbon

Leader stope showing a barrel that had split as a result of

closure

A Rocprop showing a headboard that had failed so that the

prop was exerting a point load on the hangingwall

Plan showing the stoping layout and epicentre of the

ML=3,O seismic event which occurred on 18 November

1996 damaging the 115 Wi lower strike gully, Western

Deep Levels East Mine. Areas which sustained rockburst

damage are shaded

Figure 8.54.

Figure 8.55.

Tilting of the headboard and cap of a Madoda prop

Plan showing the epicentre of the ML4,O seismic event

which occurred on 10 February 1996, damaging the

haulages on 50-50 and 62 levels, No. 5 Shaft, Vaal Reefs

Gold Mine. Major geological structures and the location of

19 other events with ML> 3,9 occurring since 1972 are

also shown
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Figure B.56.

Figure 8.57.

Figure 8.58.

Figure 8.59.

Figure B.60.

Figure 8.61.

Figure 8.62.

Figure 8.63.

Plan showing tunnels damaged by the ML=4,O seismic

event which occurred on 10 February 1996, No. 5 Shaft,

Vaal Reefs Gold Mine

Cross-section of seismic event area where mining is

approaching the fault from both sides

Slip profile on the fault

Regional mining plan showing the stoping layout in the

vicinity of the 35 Level 78 Line, Leeudoorn Division of

Kloof Gold Mine, which experienced damage due to a

ML=1,7 seismic event on 10 April 1997 and a ML=2,3

seismic event on 16 April 1997

Local mining plan showing the locations of the ML=l,7

seismic event on 10 April 1997 and a ML=2,3 seismic

event on 16 April 1997 and the distribution of damage in

the 35/78 VCR stope, Leeudoorn Division of Kloof Gold

Mine. The stoped out area of the VCR and the sub-

cropping Kloof reef are shown by vertical and horizontal

hatching, respectively

Possible source mechanism of face burst due to lava in

face, and high face dimension

Possible seismic mechanism due to relative position of

Kloof reef under-mining

Proposed mechanism of footwall shear due to

unconformable footwall stratigraphy (north-south section

up dip view)

8-160

8-168

8-169

B-178

8-179

8-182

8-183

B-184

38



Figure 8.64.

Figure 8.65.

Figure 8.66.

Figure 8.67.

Figure 8.68.

Figure 8.69.

Figure 8.70.

Figure 8.71.

Plan showing the location of the ML=2,7 seismic event

which occurred at 22h32 on 17 April 1997, Section 336

Western Deep Levels East Mine

Plan showing the location of the ML=2,7 seismic event

which caused damage to the 106/El gully along a

stabilising pillar, Section 336 Western Deep Levels East

Mine

Section of a stope and stabilising pillar that has failed.

Horizontal dilation of the rock in the vicinity of the shear

plane causes buckling and collapse of hangingwall above

the gully

Plan showing the stoping layout and epicentre of the

ML=2,7 seismic events which occurred on 23 May 1997

damaging the 36-35 C/L West mini-longwall, West

Driefontein Gold Mine. .

Stope and gully support standard for West Driefontein No.

6 Shaft

View towards the west of the fall of ground in the 3 W

strike gully, 36-35 C/L west mini-longwall, West Driefontein

No. 6 shaft

Schematic plan of tunnel and stoping layout, East

Driefontein No. 4 Sub-vertical Shaft, and the distribution of

damage caused by the ML=4,4 event on 25 September

1997 and inspected during the investigation

Schematic section of shaft layout and major fault planes

with distribution of damage
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Figure 8.72.

Figure 8.73.

Figure B.74.

Figure 8.75.

Figure 8.76.

Figure 8.77.

View of south sidewall of 38 level pump chamber showing

distribution of fracturing within the sidewall rock mass at

the junction of the pump chamber and dam access

excavations

View west along 38 level deep footwall drive showing large

scale bulking of the rock mass, particularly of the lower

north sidewall

View east along 38 level deep footwall drive of south

sidewall showing more uniform containment and

deformation of the sidewall rock mass with isolated areas

of mesh failure

View south-west along 42 level haulage showing highly

fractured nature of the rock mass, footwall heave of

approximately 1,5 m, bulk sidewall deformation (bottom

right) and failure of mesh and lacing in upper portions of

excavation

View north east along 42 level haulage showing failure of

rock bolt reinforcement (left) and thus loss of fabric

anchorage (right) and collapse of approximately 1,5 m of

fractured sidewall rock mass

Bulking of fractured sidewall rock mass between rock bolt

reinforcement and lacing within 42 level haulage
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1. Introduction

1.1 The rockburst problem

Rockbursts are a major hazard in South African deep-level gold mines. For example, an

average of 64 workers per annum were fatally injured by rockbursts between 1994 and

1996, and many more sustained serious injuries.

The severity of damage owing to a seismic event often varies greatly over small

distances. One panel in a Iongwall may be severely damaged, while an adjacent panel

(perhaps even closer to the focus of the seismic event) is unscathed. The vast majority of

casualties are owing to the ejection or fall of slabs less than 1,6 m in thickness (Roberts,

1995). While it is the failure of this skin, usually a few tens of centimetres to two metres in

thickness, that damages the excavation and causes injury to workers, the dynamic

behaviour of the fractured skin of an excavation (such as a stope or tunnel) when

subjected to a seismic wave is poorly understood. Support systems are intended to

prevent the disintegration and collapse of the fractured rock mass surrounding

excavations following a seismic event, but sometimes fail to do so with tragic

consequences.

The chief objective of this SIMRAC project (GAP2OI: Improvement of worker safety

through the investigation of the site response to rockbursts) is to discover the reasons for

this variation in the severity of damage. It is believed that a detailed understanding of both

the source and damage mechanisms, and the application of this knowledge to the design

and support of excavations, will lead to a reduction in the hazard posed by rockbursts.

1.2 The site response

It is important to distinguish between the terms rockburst source mechanism, rockburst

damage mechanism, and site response. The source mechanism refers to phenomena

associated with the failure of the rocks, often at a pre-existing weakness such as a fault or
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dyke, which releases seismic energy. When the seismic waves radiated by the source

interact with an excavation, the motion of the skin may vary greatly due to numerous

factors such as the geometry of the cavity, effect of support systems, and the degree of

fracturing. This variability is termed the site response. In situations where the hanging or

sidewall collapses or the face bursts, the term rockburst damage mechanism is used to

refer to these phenomena. It is believed that an understanding of site response will enable

areas, which have a high potential for sustaining rockburst damage to be identified, and

provide design criteria for support systems. In some cases part of the excavations lies

within the near filed of seismic source and so the source and the damage mechanism can

not be really separated.

The current level of understanding of seismic site effects was summarized by several

speakers at the Third International Symposium on Rockbursts and Seismicity in Mines,

held in Kingston, Canada. McGarr (1993) reiterated a statement made a decade earlier by

Ortlepp (1984): “The design and selection of materials for various support components,

such as rockbolts and grouted steel tendons, and for hydraulic props in stopes, would be

improved if quantitative measurements were made of the velocity and acceleration of the

damaged rock surfaces, particularly in the vicinity of large seismic sources. Unfortunately,

even today, almost no strong ground motion data exists from the immediate vicinity of a

large source”. Jesenak et al. (1993) commented: “Many investigators have developed

direct relationships between damage levels and ground motion parameters. However,

difficulties resulting from highly subjective assessment criteria and incomplete or

questionable peak ground motion data severely limit the applicability of these

relationships. This limitation will only be overcome when high quality strong ground motion

data has been collected and properly analysed”.
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1.3 Project outputs

The primary output of the project is a set of observations and measurements of the site

response to rockbursts which will ultimately be used to reduce the rockburst hazard

through the improved design of support systems and excavations.

Other outputs include:

• Measurements of the dynamic behaviour (acceleration, velocity, displacement,

duration of shaking, dominant frequency) of the fractured rock surrounding an

excavation. These measurements will provide design criteria for support elements such

as props and tendons. They may also be used to validate and calibrate computer

programs developed to model the dynamic response of the rock mass.

• Observations and analysis of rockfalls and rockbursts to determine the influence of

geotechnical characteristics (e.g. composition of hanging- and footwall, faults, dykes,

joints, fractures etc.), mining method (layout, sequencing etc.), and support systems

(pillars, packs, props, bolts, backfill, etc.) on the damage that is sustained.

• A methodology for assessing the damage caused by rockbursts.

• The findings of this project will contribute to a revision of An Industry Guide to Methods

of Amelioration of the Hazards of Rockfalls and Rockbursts (COMRO, 1988), to be

published in 1998.

1.4 Methodology

The project had two main components:

1. The first, involved quantitative measurements and analysis of the site response at a

variety of sites including both tunnels and stopes, and different reefs, rock mass

conditions, and support systems. The fractured skin is that part of the rock which

props, packs and bolts seek to support. Prior to this project, few reliable

measurements of the motions and forces that should be resisted by support elements

existed, and models of the mechanisms of rockburst damage were largely conjectural.

This lack of information is primarily owing to the difficulties of operating seismographs

in an environment where drilling, blasting and cleaning of the face is taking place. In all

existing mine seismic networks the transducers are installed in boreholes drilled deeply
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into the rocks in order to eliminate the influence of the excavation and the fractured

skin on the measurements. To overcome this problem a robust, inexpensive and

compact seismograph was designed and built by engineers at CSIR: Mining

Technology. This device is known informally as the black box, it is designed to survive

a catastrophic failure of an excavation and provide a record of events.

2. The second component involved detailed and comprehensive investigations of

rockbursts when and wherever opportunities arose. The investigation by a team of

specialists typically encompassed an assessment of the source and damage

mechanisms, layout, and support performance. The service was advertised to mine

management. It was envisaged that three investigations would be conducted in 1995,

and five each in succeeding years. It transpired that 23 investigations (including a few

carried out under contract to mines) were conducted during the period 1996-1997.

Several investigations carried out in 1994 prior to the SIMRAC project, and sponsored

by the CSIR, have been included in the body of work.

1.5 Structure of report

The quantitative measurement and analysis of the site response is described in Section 2

and Appendix A of this report. The rockburst investigations are described in Section 3

and Appendix 8. General conclusions and recommendations are contained in Section 4.

2. Quantitative measurements of the site response

2.1. Review of related work

Rockbursts are a serious hazard in the deep gold mines of South Africa. The vast majority

of rockburst casualties are owing to the ejection or fall of slabs less than 1,6 metres in

thickness (Roberts, 1995). Support systems are intended to prevent the disintegration and

collapse of the fractured rock mass surrounding excavations when shaken by a seismic

event, but sometimes fail to do so with tragic consequences. Quantitative measurements
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of the velocity and acceleration of the rock surfaces and the frequency and duration of the

shaking, particularly in the proximity of large seismic sources, are required for the design

of support systems. In this report measurements of the motion of the hangingwall of

stopes caused by nearby seismic events are discussed. In particular variations in ground

motion at points about 1 m apart are considered in order to study local site effects, and

the phase velocity is estimated. It is proposed that the phase velocity could be used as an

indicator of hangingwall quality.

A simple model of support requirements under rockburst conditions was developed by

Wagner (1984) using the following relationship from McGarr et al. (1981), which describes

the peak ground velocity caused by mine tremors

log RVmax = 0,57 ML - 0,05 (2.1)

where ML is the local magnitude of the event; R is the hypocentral distance and the scaled

peak velocity; RVmax, is in m2/s.

Wagner (1984) compared the distribution of damage caused by several rockbursts with

the peak ground velocity predicted by the formula. Very little damage was reported where

the peak ground velocity was predicted to be less than 1 m/s, while damage was severe

where velocities greater than 2 in/s were predicted. Wagner (1984) concluded that

support systems should have the following characteristics to provide adequate protection

under rockburst conditions:

1. The support elements must be capable of yielding at closure rates in excess of 2 m/s.

2. The support system must be capable of accommodating rock wall displacements of not

less than 400 mm in stopes and 60 mm in tunnels.

3. The support system must have a minimum support resistance of 200 kN/m2 in stopes

and 100 kN/m2in tunnels.

4. The ability of the support system to do work against the dynamic rock movement during

a rockburst is as important as its load-bearing capacity.

5. The support system must be able to maintain the integrity of the surrounding rock mass

during the entire yield process.

47



Following this study, two new support elements for rockburst conditions were developed

by the Research Organisation of the Chamber of Mines of South Africa (COMRO): a light-

weight hydraulic prop with load spreader capable of yielding at 3 m/s, and a yielding

tendon called a cone bolt (Jager, 1992).

Table 2.1.1

Suggested relationship between peak ground velocity and seismic moment.

confiden~

limit

Stress

drop

Recommended

log RVmpx =relationship

50% ~5MPa O.5logM0-1.O
90-95 % < 2.5 MPa 0.5 log M0 -0.6

Table 2.1 .1. Represents suggested relationships between peak ground velocity and

seismic moment, from Kaiser and Maloney (1996), where M0 has the units of GN-m and

the peak velocity parameter RVmax has the units of m
2/s.

Kaiser and Maloney (1996) pointed out that a magnitude-ground velocity relationship

providing only an average fit to the data is not suitable for the design of support, as there

will be many cases where the ground velocity predicted by the relationship is exceeded.

Following a world-wide review of data from rockburst prone mines, Kaiser and Maloney

(1996) recommended that the relationships in Table 2.1.1 should be used to estimate the

maximum ground velocity. These relationships were chosen at the 90-95-percentile level:

5-10 percent of all their events exceeded this relationship.

This is a more conservative, or higher, value than the conventional least squares or

median (50 percentile) fit. It is important to note that the relationships derived by McGarr

et al. (1981) and Kaiser and Maloney (1996) are based on measurements made by

transducers embedded in solid rock. The effects of the excavation and the fractured rock

around it are not taken into account, as well as the relative motion of the hangingwall and

footwall.
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Measurements of the ground velocity produced by four seismic events on the sidewall of

a tunnel in a South African gold mine were compared with the velocities predicted by the

empirical relationships (Gibbon et al., 1987). The local magnitudes of the events ranged

from 1,9 to 2,5, and the hypocentral distances ranged from 70 to 204 metres. The ratios

of the measured velocity to the predicted velocity were 6,9, 1,8, 4,7 and 1,9.

As part of a study of the effect of backfill on the transmission of seismic energy,

Spottiswoode and Churcher (1988) placed geophones 10 m from the face on the

hangingwall and footwall of a Iongwall stope in which packs were used as support. The

peak velocity of 350 well-located events recorded in the stope exceeded the predicted

peak velocity (for a sensor in solid rock) by a factor of about 2,5. Adams et al. (1990)

report similar amplifications. In another study of the effect of backfill on ground motion in a

stope, Hemp and Goldbach (1993) found that the ground motion recorded in the stope is

considerably higher than that recorded off-reef (in the solid rock). The median value of

amplification of in-stope to off-reef ground velocities (corrected for distance) for the filled

areas was 5,3, while the value for the unfilled areas was 9,9.

The main reason for the lack of data describing the dynamic response of the skin of an

excavation to a seismic event is probably the difficulty of operating seismographs in

environments where drilling, blasting and removal of the ore is taking place and conditions

of high humidity and temperature prevail. Experience has shown that external cables (for

power or data transmission) are prone to damage. Consequently, an ideal monitor should

be self-contained and battery powered with low power consumption in order to minimize

the frequency of visits to change batteries. It is also desirable that the instrument be

relatively cheap, as it is likely that some instruments will be damaged or destroyed during

rockbursts.

As no suitable seismograph was commercially available, the CSIR developed a robust

ground motion monitor for use in stopes. The first results obtained using the CSIR Ground

Motion Monitor (black box) were described by Durrheim et al. (1996). Recordings of 146

seismic events by monitors installed in a stope, tunnel and cross-cut at a pillar extraction

site at Blyvooruitzicht Gold Mine indicate a 4 - 10 fold magnification of the maximum

ground velocities.
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2.2 Research methodology

2.2.1 Instrumentation

At the beginning of 1995 a new design of black box using externally mounted transducers

was introduced. A set of three mutually perpendicular piezoelectric transducers is

mounted inside a cylindrical aluminium boat, whose dimensions are 70 mm long and

65mm in diameter. Atypical installation is shown in Figure 2.2.1.

Figure 2.2.1 CSIR Ground Motion Monitor with accelerometers (indicated by

arrows) attached to the stope face, and the hanging- and

Footwall.

The specifications of the OSIR Ground Motion Monitor are summarised in Table 2.2.1.
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Table 2.2.1

Specifications of the CSIR Ground Motion Monitor

Dimensions: 140mm x 185mm x 155mm

Transducers: Atochem® piezo film accelerometers

Range: 0,2 g - 100 g

Sampling rate: 3 kHz - 5 kHz

Filter: Anti-alias filter, 3dB down at 1 kHz.

Record length: User definable, typically 512 samples giving

a 170 ms record at 3kHz.

Trigger: STA/LTA method.

Memory: 256 kb of waveform memory, typically

holding 84 3-component accelerograms,

each 512 samples in length.

Power. 4 D size alkaline cells provide power for

about 21 days. The memory has its own

battery backup.

Comms: The Ground Motion Monitor is configured

and data down-loaded using ProComm

Plus® via a R5232 serial interface.

Typical acceleration seismograms recorded in the stopes are shown in Figure 2.2.2.

Figure 2.2.3 is velocity seismogram obtained by integrating Figure 2.2.2. It was found that

integrating black box acceleration seismograms introduced an artificially low frequency

signal. Therefore high-pass filtering was used to remove this artefact.
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Figure 2.2.2 Acceleration seismogram recorded by the CSIR Ground Motion

Monitor. Peak acceleration is equal to 5,07 mIs2.

Figure 2.2.3 Velocity seismogram resulting from integration of the

accelero grams in Figure 2.2.2. Data were high-pass filtered to

remove low frequency effect caused by integration.

Typical velocity spectra for vertical and two horizontal components are shown in

Figure 2.2.4. These are not spectra of seismograms shown in Figures 2.2.2 and 2.2.3, but

they show general characteristics of many black box spectra studied here. An increase in

energy at frequencies below 100 Hz can be seen. This is thought to be due to recording

artefact instead of the true site response. A peak, believed to be resonance, is observed
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around 500 Hz and this is followed by a sharp decay between 800 Hz and 1000 Hz. This

decay is to a large extent owing to an anti-aliasing filter at 1000 Hz. The filter tapers off

before 1000 Hz.
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Figure 2.2.4 Typical velocity spectra of three seismograms recorded on the

hanging wall. Seismograms I and 2 are horizontal components

while 3 is the vertical component.

Around mid 1996 three uniaxial transducers recording vertical motion at three different

points replaced triaxial transducers. This configuration was initially used with

accelerometers, which were later replaced by geophones to give a direct measure of

ground velocity. The use of three uniaxial transducers allowed for comparison of motion at

any three points in the stope during the seismic impact. The length of the cables

connecting the sensors limits distance between sensors and a box from several

centimetres to several metres.

In 1997 a new generation of back box, with eight channels, the “Octobox”, was

developed. This box combines all the useful features of the existing models e.g.

portability, independent power supply, external transducers, easy installation and

operation, and the following improvements:

100

Frequency (J-~z)

53



(i) eight recording channels, instead of three in the previous model

(ii) expanded memory; standard 2Mb (255 events x 8 ch.), upgraded 4Mb

(510 events x 8 ch.) instead of 256 Kb (84 events x 3 ch.) in the previous

model

(iii) a graceful decline, entitled a quality control in the overwriting mode

(iv) improved sensitivity

(v) over damped channel working in a low gain, reserved for very strong

events only

At this stage the box has been developed and tested on surface. Underground testing and

further exploration are ongoing process.

2.2.2. List of Analysis techniques used

The site response to rockburst is a complicated process taking place on the skin of the

excavation. To study this phenomenon various techniques have to be considered. In this

work the problem is approached in two ways. Firstly, by investigating the seismic waves

recorded in solid and fractured rock in frequency and time domains. Secondly by

investigating the dynamic behaviour of the hangingwall and the different support systems

during the seismic event. During these investigations new theories were developed to

explain the amplification of the seismic signal on the skin of the excavations, and to

characterised the dynamic behaviour of the hangingwall and support interaction.

In this section each of these techniques is listed. The full description is provided in

Section 2.3 followed by experimental analysis of real seismic data recorded at

Blyvooruitzicht Gold Mine, Western Deep Levels East and South Mines, East Rand

Proprietary Mine and Vaal Reefs.

1. Peak velocity and acceleration parameters, frequency spectra in tunnels, cross-cut

and stopes.

2. Time domain analysis of tunnel sidewall motion.

3. Spectral analysis to quantify the influence of fracturing and support on the dynamic

behaviour of the hangingwall.

54



4. Transfer function for seismic signals recorded in solid rock and on the skin of

excavations.

5. Velocity amplification considered as a phenomenon of elastic energy release owing to

softening.

2.3 Site response measurements and analysis

2.3.1 Peak velocity and acceleration parameters, frequency
spectra in tunnels, cross-cut and stopes

Measurement of the strong ground motion produced by a rockburst is subject to two main

difficulties. Firstly, it is necessary to predict when and where a seismic event is likely to

happen in order to record the near-source ground motion within a reasonable time period.

Secondly, special instruments are required to make measurements within a stope where

mining is taking place. A robust ground motion monitor was developed by the OSIR to

perform this function.

Research site

Measurements were made at a preconditioning research site on Blyvooruitzicht Gold Mine

(Kullmann et al, 1996) where a stabilizing pillar is currently being mined 1900 metres

below surface. The Carbon Leader Reef was largely mined out during the 1970’s, except

for 40 metre broad strike-parallel stabilizing pillars. Total closure of the old stope has

since occurred, relieving the stress sufficiently for the stabilizing pillar to be extracted.

Nevertheless, the rockburst hazard is considered to be high, and preconditioning is being

implemented in order to reduce the hazard of face bursts. Accelerographs were installed

in a footwall drive, cross-cut and stope (see Figure 2.3.1).

A Portable Seismic System or P55 (Pattrick et al, 1990) is used to monitor the seismicity

associated with the preconditioning and mining of the pillar, and to determine the source

parameters of the seismic events. A sampling rate of 10 kHz and record length of 2046
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samples are used at this site. The geophones are grouted in boreholes drilled 10 metres

or more into the solid rock. All seismic events which occur within the network and have

local magnitudes greater than —1,8 are detected. An accuracy of ±5 metres has been

verified through the location of blasts.

Figure 2.3.1 Deployment of P55 geophones (P1-P6) and CSIR Ground Motion

Monitors (A, B and C) at the 17-24W Preconditioning Site,

Blyvooruitzicht Gold Mine.

Results

The ground motions produced by preconditioning blasts and any subsequent seismic

events were recorded by the PSS. The OSIR Ground Motion Monitors were configured to

trigger at accelerations greater than 1 g. During a two month period (mid-November 1994

to mid-January 1995), 147 seismic events were recorded by both the PSS and at least

one Ground Motion Monitor. The local magnitudes of these events ranged from —1,9 to

1,8.
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Analysis

The accelerogram recorded by a Ground Motion Monitor attached to the wall of an

excavation is the convolution of the source function, the effect of the ray path, the site

effect and the instrument response. In order to determine the site effect from the recorded

accelerogram, the other three factors must be estimated.

1. The source parameters (seismic moment, corner frequency) were obtained from the

PSS recordings. A theoretical source spectrum was calculated using the Brune model

(Spottiswoode, 1993).

2. The ray paths were less than 50 metres for all the events used in this analysis, and it

was found that attenuation along the ray path was negligible for frequencies below I kHz.

3. The instrument response was determined by calibration on a shake table. Tests were

carried out at frequencies ranging from 12 Hz to 1024 Hz. The amplitude response was

found to be essentially flat.

Peak velocity and Deak acceleration Darameters

An initial estimate of the site effect was made by comparing measurements of the peak

velocity parameter (Rvmax where R is the hypocentral distance) and peak acceleration

parameter (pRamax where p is the density) made in the solid rock with measurements

made on the wall of the excavation. The distance between the hypocentres and Ground

Motion Monitors ranged from 20 to 50 metres.

The peak velocity parameter results for the footwall drive, stope and cross-cut are shown

in Figures 2.3.3 (a), 2.3.3 (b) and 2.3.3 (c) respectively. When compared to the PSS

recordings within the solid rock, an amplification of vmax on the wall of the excavation by 4

to 10-fold is indicated. Furthermore, each site appears to have a different site response.
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Figure 2.3.2 Measurement of the peak velocity parameter Rvmax at the 17-24W

Preconditioning Site, Blyvooruitzicht Gold Mine. PSS

measurements made in the solid rock are indicated by open

circles. CSIR Ground Motion Monitor measurements made on

the wall of the excavation are indicated by solid diamonds. R is

the hypocentral distance. (a) Footwall Drive (b) Stope (c) Cross-

cut.
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Frequency spectra

The next step was the characterization of the site effect using the full seismogram.

Comparison of the ground motions recorded in the solid rock and on the wall of the

excavation showed that the latter has higher peak velocities, longer durations and higher

dominant frequencies. Analysis was carried out in the frequency domain. Typical

acceleration spectra are shown in Figure 2.3.3. The general form of the spectra can be

described in terms of low-, mid- and high frequency trends.

1. Low-frequency trend: According to seismic source theory, at low frequencies the

acceleration spectrum should increase as f2. However, the observed spectra from 10-

150 Hz do not follow this trend. This is owing to electronic distortion caused by switching

on of the dormant processor when an acceleration exceeding the trigger level is detected.

This effect is imperceptible on the accelerograms, but is sometimes prominent when

integrating to velocity. Low-pass filtering removed this effect in the time domain. As some

of the larger, potentially damaging events (M>1) are likely to have significant energy

below 100 Hz, the electronic distortion of the spectrum will complicate the interpretation of

these events. However, none of the events discussed in this report had significant energy

in this range.

2. Mid-frequency trend: Seismic source theory predicts that this part of the acceleration

spectrum should be flat (in the far field in a homogeneous medium). However, one or

more strong peaks are observed in the range 400-1000 Hz. A PSS geophone was fixed to

the sidewall of the footwall drive near the collar of a 10 metre long borehole containing an

identical geophone grouted in the solid rock (A and P1 respectively, Figure 2.3.1).

Comparison of the velocity spectra clearly shows the enhancement of the higher

frequencies and the presence of resonant peaks (Figure 2.3.4).

3. High-frequency trend: All observed spectra show a sharp decay of amplitudes above

1000 Hz owing to the electronic anti-alias filter.
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Energy of the seismic signal

The energy of the seismic signal was obtained by integration in the time domain of the P-

and S-waves. Six events were considered. The amplification of the energy measured on

the sidewall compared to the energy measured in the solid rock varied quite widely (2- to

39-fold, with an average of 18-fold).

1 O~

Figure 2.3.3 Typical spectra of accelero grams recorded by the CSIR Ground

Motion Monitor on the wall of the excavation at the 17-24W

Preconditioning Site, Blyvooruitzicht Gold Mine. The seismic

event had a local magnitude of—1,8. The spectra of the face-

parallel and face-perpendicular components are numbered I

and 2, respectively. Theoretical spectra for the Brune model are

shown (seismic moment M010
8Nm, corner frequency f

0 = 200

Hz and 900 Hz).
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Figure 2.3.4 Velocity spectra of the ground motion recorded in the solid rock

by a geophone grouted in a 10 metre long borehole (solid line),

and by a geo phone attached to the sidewall of the footwall drive

near the collar of the borehole (dashed line). The seismograms

were recorded by the P55 at a sampling rate of 10 kHz. The

seismic event had a local magnitude of -0,7. Note the

enhancement of the higher frequencies and the presence of

resonant peaks.

Discussion

McGarr (1993) compiled measurements of Rvmax for seismic moments M0 in the range

109~1 017 Nm. Our measurements in the solid rock for M0 in the range 107~1 QiI Nm are in

reasonable accord with those data.

Reflection of the incident seismic wave from the surface of the excavation can account for

a 2-fold amplification of the ground motion. However, an amplification of vmax of 4 to 10

fold is observed. This may be due to the trapping of energy in the fractured rock around

the excavation by multiple reflection, and the generation of surface waves.

In a study investigating the effect of backfill on ground motion in a stope, Hemp and

Goldbach (1993) found that the ground motion recorded on-reef is considerably higher

102

Frequency (Hz)
1O

61



than that recorded off-reef. The median value of amplification of in-stope to off-reef

ground velocities (corrected for distance) for the filled areas of mine A and mine B was

5,3, while the value for the unfilled area of mine B was 9,9. Spottiswoode and Churcher

(1988) and Adams et al (1990) found that the peak ground velocity measured by stope

geophones was 2 to 2,5 times greater than that measured in the solid rock.

The rock mass around deep-level stopes is highly fractured, facilitating a high rate of

convergence in the stopes (Kullmann et al., 1996). Typically, under these conditions, the

quasi-static convergence from day to day exceeds the convergence predicted by elastic

theory by about a factor of 3, through a variety of mechanisms. We suggest that some of

these mechanisms are active during seismic events, resulting in a site amplification effect

in any stope with a high rate of inelastic convergence.

The observed spectra are quite different from the prediction of seismic source theory:

considerable energy is present at frequencies above the corner frequency of the source

determined by PSS measurements within the solid rock. It was first thought that this was

due to resonance of the transducer mounting in the CSIR Ground Motion Monitor.

However, several other observations have led us to believe that this is a genuine non-

linear site effect. (i) A PSS geophone mounted on the sidewall close to a Ground Motion

Monitor, and sampling at 10 kHz, recorded similar data. (ii) Measurements made within a

borehole showed a similar enhancement of high frequencies within the fractured zone

around the excavation (Goldbach, 1990). (iii) Recordings of the rock resonance made in

stopes on several other deep gold mines (as part of a project investigating a laser rock-

breaking technique) showed resonances in the frequency range 500-800 Hz (Stevenson,

1995). Similar results were obtained in the footwall drive at Blyvooruitzicht Gold Mine.

However, it should be noted that these resonances at frequencies above the corner

frequency are absent at some sites in other mines.
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Conclusions

Measurements of the motion of the skin of tunnels and stopes excited by seismic events

at Blyvooruitzicht Gold Mine reveal that energy is trapped in the fractured rock

surrounding highly stressed excavations. When compared to the ground motion in solid

rock, an increase in the duration of shaking and an amplification of vmax and amax are

observed. It is anticipated that this study will provide criteria for the design of support

systems for excavations under rockburst conditions.

2.3.2 Time domain analysis of tunnel sidewall motion

The analysis of the site response of the sidewall of a tunnel at Blyvooruitzicht Gold Mine

is described using time domain methods, complementing the frequency domain analysis

of Durrheim et al. (1996). Time domain methods have the advantage that the time history

of the vibrating structure may be analysed.

System identification

In general, seismograms are controlled by the parameters of the seismic source, the ray

path, the site effect, and the instrument response. The site effect may be expressed using

the convolution equation:

s2(t)=s1(t) *h(t) (2.2)

where s2(t) is the seismogram with the site effect, s4t) is the seismogram recorded in the

solid rock nearby, and h(t) is the model of the site effect. System identification involves

the calculation of h(t) from measurements of s1(t) and s2(t).
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Figure 2.3.5 Seismic shaking caused by a ML -0,7 event located in the 817

stabilizing pillar at Blyvooruitzicht Gold Mine. Seismogram s1(t)

was recorded by a vertical component geophone in solid rock

and s2(t) by a horizontal component geophone attached to the

the sidewall of a footwall drive. The sampling rate was 10 kHz.

In this example the peak velocity (vmax) on the tunnel sidewall is

more than twice that recorded in the solid rock, even though it

is further from the source. The duration of shaking also

increased substantially on the tunnel sidewall.

Adaptive filters are used extensively for system identification where the system is

considered to have a time varying structure (Widrow and Glover, 1975). The adaptive

filter changes with time to accommodate itself to changes in the time series being filtered.

The application uses the signal s4t) recorded in solid rock and the desired output signal

s2(t), to determine the transfer function which minimizes the difference between the s2(t)

and the output z(t) of the adaptive system. The difference is known as the error signal

e(t).

e(t) = s2(t) - z(t) (2.3)
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where:

Seeking to minimize the error signal, an adaptive algorithm adjusts weights of the

adaptive filter w(t) and tries to emulate or identify the transfer characteristic h(t) of the

system. The least mean square (LMS) algorithm is the most widely used of the gradient

based adaptation algorithms, and was used here. The algorithm iteratively calculates the

set of filter coefficients that minimizes e(t). The coefficient vector obtained at iteration t+1

is:

w~+4i) = a Wt(I)+fl s1(i) e(i) (2.5)

The filter has three adjustable parameters:

length M of the filter w(i);

step length U~ k/Es~(t) 0,1 <k ~ 2,0; and leakage coefficient a, which is slightly less

than unity e.g. 0,98.

First attempts to apply the adaptive filter were unsuccessful as the filter was found to be

oversensitive when raw data were used. A high cut filter was applied to both the input and

desired signal and satisfactory results were obtained (Figure 2.3.6). The changes of w~(,)

with time are significant. Therefore it is impossible to use one transfer function h(t) to

describe the site effect occurring during ground motion vibration. It was found that the

adaptive filter was not affected by the step length p, and satisfactory results were

obtained for k = 0,5; 1,0 and 1,5. The filter length M can range between 30 and 100

coefficients. A short filter (say 30 coefficients) gives an error signal with a white spectrum

but the filter can sometimes be unstable. Long filters (say 100 coefficients) always give a

small error signal e(t), but the spectrum of e(t) is not white. Power spectra of the error

signal often display peaks at about 440 Hz, suggesting that a parametric model of the

transfer function could be more appropriate.
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Figure 2.3.6 System identification. The solid rock seismogram s1(t) is

represented by a fine solid line and the seismogram recorded

on the sidewall of the tunnel, which has a strong site effect, s2(t)

is represented by a dashed line. The bold solid line denotes the

error signal e(t) obtained by subtracting the output of the

adaptive system from s2(t). Note the relatively small amplitude

of the error signal, indicating that the data adaptive filter has

succeeded in identifying the transfer characteristic of the

system.

Adaptive noise cancelation filter

The presence of a dominant frequency in the power spectrum of the error signal

motivated a study of sinusoidal noise rejection. It is generally inadvisable to simply

subtract an estimate of the noise from a signal as such an operation could produce an

increase in the average power of the output noise. However, when the subtraction is

controlled by an adaptive process it is possible to achieve good results (Widrow and

Glover, 1975).

The contribution of the site is considered to be a sinusoidal noise signal superimposed on

the solid rock signal s1(t). The problem is defined by Equations (2.3) and (2.4) where z(t)

is given by:
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z(t) = ~ wt(i)sin(2~f At.) (2.6)

where At. is a descretization step, and

j7 is the estimation of J
0

The filter output z(t) is subtracted from the signal with the site effect s2(t). In this case e(t)

is an estimate of the signal in the solid rock. The effect of the sinusoidal interference is

diminished while the signal power s1(t) is unaffected.

The geophone installed in the footwall drive showed clear resonance frequencies. The

spectra of the seismograms were used to define the frequency of the sinusoidal noise.

The sinusoidal disturbance is thus cancelled from the s2(t) seismogram.

The error signal e(t) was found to have a similar envelope to the seismogram s1(t)

recorded in solid rock. When power spectra were compared in detail it was found that the

power spectrum of the error signal e(t) had more in common with the spectrum of the

seismogram with the site effect s2(t) than with the spectrum of the seismogram s4t)

recorded in solid rock. In some cases, however, the low frequency pulse s1(t) was

remarkably restored from s2(t) after cancelling the f=440 Hz sinusoidal disturbance.

It was concluded that the site effect cannot be modelled simply as a sinusoidal

interference. Sinusoidal interference does, however, describe a major part of the site

effect. It was considered necessary to describe the site effect using a meaningful physical

model.

Damped oscilator

The results achieved by using data adaptive filters suggest that a damped oscillator be

considered as a candidate for modelling the rock mass surrounding an excavation. This

approach is used by earthquake engineers to estimate the response of a structure to a

given found motion (e.g. Clough and Penzien, 1975, p. 535; Dowrick, 1987, p. 15).
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The equation of motion for an elastic, single degree of freedom, damped oscillator excited

by seismically induced ground motion may be expressed as:

my(t)±cy(t)±ky(t) = —mx(t) (2.7)

where x(t) is the acceleration of the base of the system, y(t) is the displacement

response of the oscillator, m is the mass of the oscillator (structure of rock mass

surrounding an excavation), c is the viscous damping of the oscillator and k is the

stiffness. This equation is normally written as:

2
y(t) ±2D(Thf0)y(t)±(24~) y(t) = —x(t) (2.8)

where

k/rn
= is the natural frequency, and D = c / 2 km is the critical damping.2ff

It is assumed that the parameters m, k and c remain constant during the entire period of

excitation. The displacement response for linear systems is given by:

(2.9)y(t) = —x(t)*h(t)

where

h(t)= e—Do~tsin[a0t 1—D
2

for t>0
&)~ 1-D2

(2.10)

and (g
0 = 2~~f0 (Solnes, 1974)

The impulse response function h(t) of the structure is a filter corresponding to the

vibratory characteristic of the structure provided that the system is initially at rest.
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Figure 2.3.7 Damped oscillator model. Three seismograms are

superimposed. The solid rock seismogram (s1(t), fine solid line),

the seismogram recorded on the sidewall of the tunnel which

has a strong site effect (s2(t), dashed line), and the theoretical

output obtained by convolving s1(t) with the damped oscillator

with natural frequency 440 Hz and damping coefficient D=0,03

(bold solid line). Note the good match with s2(t).

Figure 2.3.7 shows a seismogram s1(t) recorded in solid rock convolved with the impulse

response of a damped oscillator whose natural frequency f0 was obtained from

inspection of the frequency spectrum of the seismogram s2(t) with the site effect. The ratio

of critical damping D was obtained by trial and error. The convolution of the seismogram

fits the seismogram recorded on the tunnel sidewall very well, although the result is very

sensitive to the oscillation parameters. At this site the parameters of the oscillator were as

follows: natural frequency varies from 440 Hz to 480 Hz, and the ratio of critical damping

varies from 0,03 to 0,06. It was found that the natural frequency shifts slightly during the

period of ground motion.
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conclusions

Several time domain approaches for analysing the site response to seismic shaking of the

walls of tunnels and stopes have been investigated. It proved possible to perform system

identification using a data adaptive filter. The physical interpretation of the system

identification function is uncertain. The single degree of freedom damped oscillator

approach is particularly promising as it has a clear physical basis. This approach is also

used in earthquake engineering, and can be extended to analyse the dissipation of

energy by structures through damping and damage (e.g. Zarah and Hall, 1984; Lin et al.,

1991; Zhang and Soong, 1992). This formalism has the potential to be used in the design

of rockburst-resistant support systems. The strategy is to minimize the energy dissipated

by damage, and maximize the energy that is dissipated by damping.

It has been found that structural damage in civil engineering systems is manifested by

changes in modal parameters (natural frequencies, mode shapes and modal damping

values). This effect offers the possibility of using data from dynamic testing to detect,

locate and quantify damage (Salawu, 1997).

2.3.3. Spectral analysis to quantify the influence of fracturing and

support on the dynamic behaviour of the hangingwall

Quantification of the ground motion in the stope

The most direct measure of strong ground motion for damage control is the peak ground

velocity. Wagner (1984) considered the energy absorption requirements for support to

arrest an intact beam of hangingwall ejected at a high velocity. One of the objectives of

installing Ground Motion Monitors in the stope is therefore to record extreme values of

strong ground motion. In principal, measured values larger than 3 m/s could lead to

increasing the support design criteria. In practice, it is questionable whether the

hangingwall would be able to maintain its integrity at values in excess of 3 m/s. Most

deep-level stope hangingwall rocks are already intensely fractured and could fall out in

between individual support elements under ground velocities well below 3 m/s. The major
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purpose of this study is to present an analysis of differential movement between nearby

points in the hangingwall of deep-level stopes to provide some insights into the problem of

hangingwall instability.

Cichowicz and Green (1989) showed that scattering from the zone of fractured rock

around the stope dominate the coda waves recorded at sites remote from the stopes.

Coda waves are more strongly developed in stopes than out in the solid rock

(Spottiswoode and Churcher, 1988). It is suggested that the strong motions and

persistent coda waves could be caused by trapping of seismic energy within the 2-D

region, about 10 m into the hangingwall and footwall, and 100’s of metres along the reef

when it has been extensively mined out.

As stope support elements are placed about 1 m to 2 m apart, sets of two or three

accelerometers were attached to the hangingwall about 1 m apart. In some cases, the

third accelerometer was attached to the footwall.

To compare the ground motion at different sites (A and B), the full waveforms were

Fourier transformed:

vA(t)~?vA(f) and VB(t)~vB(f) (2.11)

and then the ratio of the complex spectrum at each frequency was expressed as

amplitude ratio R(f) and phase difference 6(f~.

VB(f)/ J?A(f) = A(f)exp(2ffi6(f)) (2.12)

Seismic spectra are typically noisy in that values at adjacent frequencies can vary

strongly. Spectral ratios, such as A(f) in Equation (2.12), are more prone to noise. To

obtain stable values, many events were recorded and the median values were obtained,

R’(f) and 6’ (f), of all spectral components for R(f) and 6(f) at each frequency. The benefit

of this approach is evident in Figure 2.3.8 where no spectral smoothing was done to

reduce noise.

Figure 2.3.8 shows, in addition, that these spectral ratios are stable even with time from

the start of the seismogram the end.
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Figure 2.3.8 A plot of spectral amplitude ratios of one event and the median

value at each frequency for a group of events. The median

values, in bold, are clearly more stable.
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Figure 2.3.9 Median value of amplitude ratio, channels 2 to 3, site 84/49/WI.

Three overlapping windows of 128 samples were taken, starting

just before the P wave arrival.
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Values of A (f) either bigger or smaller than 1,0 have direct engineering implications as

they suggest that some parts of the hangingwall are less stable than others. Locally

higher values of velocity not only require more support resistance, but large differential

vertical movements could indicate inelastic deformations and cause damage to the

hangingwa II.

The absolute phase difference in radians ( 6 (f) U in Equation (2.12) at any frequency can

be interpreted in terms of wavelength (X), phase velocity (V), frequency (f), distance

between accelerometers (D), and angle (4) between the direction of propagation of the

wave and vectorAB (see Figure 2.3.10).

6(f) = 2ff Dcos(q~)/2 = 2ff Df cos(~3)/ V

or

V = 2ff Df cos(q5)/6(f)

= v/f

coda wave

0~

Di,e tioc of p~o ~ogation

±

I

(2.13)

Figure 2.3.10 A diagram illustrating the relationship between phase

difference, 3(f), and phase velocity.

If we assume that waves (P and SV) propagate in all horizontal directions at random, then

50 percent of all waves travel within the quadrants described by f~I <450 and I~I> 1350.

Equation (2.13) can then be rewritten as:
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V 2~DV~ /(I3(f)~/f) (2.14)

6(f) / f can be derived from the slope of a plot of 6(f) as a function of f, as shown in

Figure 2.3.11.

It can be seen in Figure 2.3.11 that the median absolute phase difference increases

approximately in a linear fashion to 900. Some pairs of transducers 6 (f) increases to

more than 9Q0 before decreasing to 9Q0 This is in agreement with a simple numerical

model with random values of 4. Note that 6 (f) = 900 for random phase differences,

such as should occur at very high frequencies.

Figure 2.3.11 Median value of the absolute phase difference, the same

windows as for Figure 2.3.9. The line is used by Equation (1.2.4)

to estimate the phase velocity between the two transducers.
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Field measurements and analysis

At the end of 1996 it was realised that the black boxes using accelerometers were

unreliable. The inexpensive accelerometers were physically faulted and the integration to

velocity was poor at low frequency. Thus, at the beginning of 1997, the transducers used

in the black boxes were changed to geophones. These were found to be more stable.

Data have been recorded by black boxes installed in stopes in the following mines: Vaal

Reefs, Western Deep Levels-East Mine, Western Deep Levels-South Mine.

The transducers were placed at the hangingwall, footwall, in the backfill or on the support

unit with configurations especially designed for each individual case. More details are

given in Table 2.3.1.
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Table 2.3.1

Spatial configurations of the recorded geophones and number of events.

SITE
NUMBER
OF
EVENTS

DISTANCE
TO THE
SUPPORT
D(s)

COMPONENT
PAIRS

DISTANCE
BETWEEN
PAIRS
0(m)

VLR
Site 1

105 1.35 & 0.6 G3 & G2 0.75

VLR
Site 2

290 0.6 & 1.0
9.0 & 1.0
0.9&0.6

Gi & G2
G3 & G2
G3&G1

1.14
1.34
0.30

VLR
Site3

236 0.8 & 0.1
1.1& 0.1
1.1& 0.8

G1&G2
G3&G2
G3&G1

N/A
1.03
N/A

VLR
Site4

240 0.7&0.1
1.3&0.1
1.3&0.7

GL&G2
G3&G2
G3&G1

N/A
1.10
N/A

WDL_E
Site 1

53
60

0.0&0.1
0.0 & 0.1

Gi &G2
Gi & G2*

1.21
0.74

WOL_E
Site 2

273 0.0 & 0.4
0.1 & 0.4
0.1 &0.0

01 & 02
G3 & 02
G3&G1

0.74
0.27
0.66

WDL_E
Site3

243 0.1&0.0
0.1&0.0
0.1&0.1

G1&G2
G3&G2
G3&G1

N/A
N/A
N/A

WDL_E
Site4

129 0.2&0.0
0.1&0.0
0.I&0.2

G1&G2
G3&G2
G3&G1

N/A
N/A
N/A

WDL_S
Site 1

22 0.99 & 0.22 02& G3 0.77

WDL_S
Site 2

7 0.25 & 0.25 02& G3 0.87

WOL_5
Site 3

56 0.93&0.11 03&G2 0.82

WDL_S
Site 4

25 0.31 & 0.32 G2 & 03 0.66

WDL_S
Site 5

56 0.30 & 0.15
1.00 & 0.30
1.00 & 0.15

01 & 02
03 & G2
G3 & Gi

1.00
0.50
0.60

WDL_5
Site6

64 1.0& 1.0
1.0&1.0
1.0& 1.0

01 &02
G3&G2
03&G1

1.00
0.50
0.50
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Vaal Reefs

Geology

Black boxes were located in VLR I Panels 11 and 14/in 68 L-57 stope. The actual sites

were inaccessible for later mapping and the area close to the sites was examined.

The hangingwall is a very coarse grained and immature quartzite with argillaceous

partings. The hangingwall was defined by a smooth, undulating surface developed on a

persistent argillaceous parting plane. The next persistent parting planes were 33 cm and

58 cm above the roof of the stope. The footwall is a coarse grained, immature quartzite

with, argillaceous parting planes.

Fracture density varied considerably from 20-45 fractures/in, with fracture strike along the

dip direction. Persistent fractures dip at 75 0 towards the back area while the second set

of fractures dips at 600 towards the face. The persistent fractures may be followed along

the whole of the panel and are more recent as they bisect the face dipping fractures.

Spectral ratios and phase difference at the VaaI Reefs, Panel 14 (Sites VLR/P14/SI

and VLRIPI4IS2

)

Figure 2.3.12 shows the layout of geophones at two sites at Vaal Reefs mine. Geophones

labelled GI, G2, and G3 were glued to the hangingwall and are separated by distances of

less than 2 metres. For this experiment geophones were placed away from the packs.

About 400 events were recorded by the two black boxes. One event with M=2,8 and

whose damage coincided with the site, was recorded by the box site VLRIP14/SI.

However, the records were saturated. A method for estimating Vmax is presented below.
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Figure 2.3.12 A sketch showing two black boxes (sites I and 2) at Panel P14,

Vaal Reefs Mine.

The Vaal Reefs experiment investigates relative motion between two geophone stations.

For VLR/P14/S1 median spectral ratios of geophone G2/G3 are plotted against frequency

in Figure 2.3.13 (a) and (b). Except in the frequency between 100 Hz and 300 Hz, where

a significant deviation from zero occurs, log10 median spectral ratio values are, at 0,2, very

close to zero. The deviation from zero can be interpreted as resonance occurring in that

frequency band. This is further confirmed in the plot of spectra for the two geophones in

Figure 2.3.13 (b) where, a resonance between 90 and 160 Hz. is obtained.

4
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Figure 2.3.13 (a) Log,
0 median spectral ratio as a function of frequency.

Ratios are taken between G2 and G3 for site VLRIPI4/SI.

The “P’ symbol denotes that the spectral window was taken from the P-wave onset of the

seismogram, and “1” and “2” are two consecutive windows. The first window is 128

counts or4O ms long and 1 and 2 are 64 and 128 counts onwards.
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Figure 2.3.13 (b) P spectra for geo phones G2 and G3.
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At site VLR/P14/52 median spectral ratios of Gi to G2 show resonance at high

frequencies (above 600 Hz). The same situation exists for ratios between G2 and G3.

Below 600 Hz the ratio is almost one. Figures 2.3.15 (a) and 2.3.15 (b) show the

respective plots. At these frequencies, the area monitored by the geophones acts as a

single block. Median spectral ratios between Gi and G3 are shown in Figure 2.3.14 (C).

The median spectral ratio is close to zero at all frequencies. This means that the motion is

exactly the same at the positions of the two geophones, and therefore, the hangingwall

behaves as a unit. The plot of the median absolute phase difference in Figure 2.3.14 (d)

agrees with this assertion.

a

1
a 0 - -~.., -

‘0 ‘0 ‘0~ ‘0, ‘0 CO C~ ~ ‘— 2
CO CO O~ Cu CN 0 ~.. ~ -~

N N N ~ CO ‘CC’ ~ ‘0 ‘0 CC

05

-1.5 ______

Frequency (Hz)

Figure 2.3.14 (a) Log10 median spectral ratio between GI and G2, plotted as a

function of frequency. This is site VLR/P14/S2.
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Figure 2.3.14 (b) Log10 median spectral ratio G2/G3 plotted as a function of

frequency. This is site VLR/P14/S2.
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Figure 2.3.14(c) Log10 median spectral ratio as a function of frequency

between GI and G3 at site VLR/P14/S2.
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Figure 2.3.14(d). Absolute median phase diagram of relative motion between

Gland G3.

The Vaal Reefs mine experiment indicates that the hangingwall between the support, at

least over the area occupied by the geophones, is competent. It is not yet clear what the

contribution of the support is to this behaviour. Previous experiments done at WDL South

mine showed large differential movements between any two sensors (accelerometers)

even when they were very close to each other.

Seismic evidence for stress redistribution before and after a strong (M = 2.8

)

seismic event

.

Site One (VLRIPI4ISI

)

The maximum velocities recorded at site one (see Figure 2.3.12) are presented in

Figure 2.3.15. It can be seen that the maximum velocities recorded by G2 are grouped

into two clusters. These clusters correspond to the time period before and after the strong

seismic event respectively. The maximum velocities recorded by G2 at about seven hours

before the event differed substantially from those recorded by G3. However, immediately

after the event and over the next two days the maximum velocities at both geophones
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were similar. This effect is also illustrated on Figure 2.3.16 where the ratio of G2 and G3

was plotted as a function of time.

Be ore M=Z.8 Eveni .— /
- ~- -

U -- ---

AfttrM=:.8E’en

•
•

•4~
17 1~~~~~ 7

•G2
.03

10

Figure 2.3.15 Maximum velocities recorded at G2 and G3 at VLR/P14/SI.
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Figure 2.3.16 The ratios of G3/G2 as a function of time at site VLR/P14/SI.
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Site Two (VLRIPI4IS2

)

A similar effect is recorded at site two (see Figure 2.3.12) located in the same panel 6-

7 m down dip from the site. The data recorded at this site starts about five days before the

event and ends at the moment of the event. The rockburst caused by this event destroyed

the sensors. The effect of increasing the scattering in maximum velocities among

geophones one, two and three before the same event is clearly obtained. Figure 2.3.18

shows the ratios between G2/GI and G3/GI as a function of time. It can be seen that at

about hour before the event the maximum velocities at G2 and G3 increased significantly.

However, the data analysed for both sites were limited in time and it was not possible to

trace the beginning and the end of this effect in real time.
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Figure 2.3.17 Maximum velocities recorded at GI, G2, G3 in VLR/P14/S2.

84



Time variations of maximum velocity before and after strong seismic event
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Figure 2.3.18 The ratio G2/GI and G3/GI as a function of time at VLR/P14/S2.

Mechanism

Two possible mechanisms are discussed here:

(i) The redistribution of the skin stresses before and after the event.

During the pre-event period or loading phase the stresses in the origin zone are

increased, which often leads to relaxation of the pressure on the fractures in the back

area. This effect is accompanied by more freedom of movement on each block, and, very

often causes a rockburst deep in the back area. After the event there is a relaxation of the

vertical stresses and the shear stresses are transferred further into the back area. This

improves the stiffness of the hangingwall and decreases the scattering in the maximum

velocities recorded by the different geophones.

(ii) Increasing the resistance of the support system after the event.

This effect normally takes place in the post event period, where the pressure of the

support system increases. However, it is difficult to apply this mechanism for the pre-

event period.
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Spectral ratios and phase difference at the VaaI Reefs, Panel P11 (Sites VLRIPI 11S3

and VLRIPIIIS4

)

Figure 2.3.19 shows the layout and the geophones positions at two sites (site 3 & 4) at

panel P11 VaaI Reefs Mine. Geophones labelled as Gi at both sites were placed on the

footwall, G2, and G3 are glued to the hangingwall. The geophones G2 were installed very

close to the support and G3 were installed midway between two support units.

U U
1Site3 G3e

•! G
2j GI,

Gfb

G2,

GJ

I Site 4

• U

Figure 2.3.19 A sketch showing the position of two black boxes at sites

VLR/PII/S3 and VLR/PII/S4.

Figure 2.3.20 (a) shows a plot of amplitude ratio as a function of frequency. At this site

hangingwall sensors at G2 and G3 show a significant variation in their amplitude spectra

above 600 Hz. At these frequencies motion at G2 is greater than at G3. Hangingwall

motion at G2 is greater than footwall motion at Gi for frequencies, above 140 Hz.

4 N

Gully
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Footwall motion at GI is generally lower than hangingwall motion at G3, with log10

(G1/G3) remaining constant throughout the frequency range.

The phase differences plot in Figure 2.3.20 (b) shows that motions between all

geophones (Gi, G2, and G3) are not coherent throughout the frequency range.

Figure 2.3.20 (a) Log10 amplitude ratio as a function of frequency at

VL RIPI 11S3.
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Figure 2.3.20 (b) Median phase difference as a function of frequency at

VLRIPI 1/S3.
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Data for Figure 2.3.21 (a and b) plots were recorded for sites Gi on the footwall, and G2

and G3 on the hangingwall. Amplitude ratio plot in Figure 2.3.21 (a) shows that the log

(G2/G3) is nearly equal to zero throughout the frequency range. This means that site

response to amplitude in the area encompassing G2 and G3 is the same. Footwall motion

seems to have lower amplitudes than hangingwall motion between 50 Hz and 800Hz. This

is more evident for amplitude ratios between sites GI and G2. Sites GI and G3 show a

similar trend but deviations from the log (G1/G3) = 0 are smaller. This is believed to be

due to noise in the data and possible recording errors.

Figure 2.3.23 (b) shows a plot of phase differences as a function of frequency. It can be

seen that motion in the footwall (site Gi) and the hangingwall (sites G2 and G3) is not

coherent even at very low frequencies. Hangingwall motion at sites G2 and G3 becomes

totally none coherent around 300 Hz.
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Figure 2.3.21 (a) Log10 amplitude ratio as a function of frequency at

VLRIPI 1/S4.
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Figure 2.3.21 (b) Median phase difference as function of frequency at
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Maximum yelocities at sites VLRIPIII3 and VLRIPIIIS4

The maximum velocities for site 3 are shown in Figure 2.3.22 and for site 4 are shown on

Figure 2.3.23. In both figures the two hangingwall and the footwall components are

plotted against the footwall component.
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Figure 2.3.22 Maximum velocities recorded at VLR/PII/S3 on the FW, HWI

and HW2.
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Figure 2.3.23 Maximum velocities recorded at VLRIPI 1/S4 on the FW, HWI

and HW2.
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The maximum velocities at both sites range between 0,003 and 10 mm/s and are

relatively consistent. In many cases the velocities recorded at the hangingwall are higher

than the velocities recorded at the footwall. The exceptions in Figure 2.3.22 (VLR/P1 1/S3)

are caused by the large number of footwall events recorded there (from the visual

inspection of the seismograms).

The values of the maximum velocities recorded at the hangingwall, Figures 2.3.22 and

2.3.26, indicate that the maximum velocities recorded at the point (G3) midway between

two support units are higher then the maximum velocities recorded next to the support

unit. However, the difference is not great.

Western Deep Levels, East Mine

Geology

Black boxes were installed at the bottom of WDL-E/91/EI panel near backfill and in WDL-

E/93/E4 panel, about 10 m below the gully.

The first site was located down-dip and on the downthrow side of a NE-trending fault with

0,5 m throw. The base of the Green Bar is exposed and a well-laminated pyritic siltstone

with a smooth, tectonized base. Fracturing dips steeply to the east and is oriented in the

dip direction. Fracturing is rare in the Green Bar and fracture density is 5/in.

The second site is characterised by the typical siliceous hangingwall and argillaceous

footwall quartzites. The Green Bar - hangingwall distance is about 1,5 m. The majority of

fractures are steeply dipping to the east with strikes in the dip direction. Fracture density

is 40/in. The hangingwall had been falling out, with blocks being defined by the steeply

dipping fractures and parting planes. Parting planes were 20-30 cm above the stope. The

footwall was smooth, being defined by a well-developed argillaceous parting plane.

Separation along parting planes deeper in the footwall was evident where footwall blocks

had been loosened but not removed.
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Site description

A sketch showing the geophone layout for the WDL East Mine experiment is shown in

Figure 2.3.24. At both sites geophones Gi were installed in 60 cm long pipes which were

in-turn embedded in the backfill. The other two geophones (G2 and G3) were glued to the

hangingwall. The experiment is aimed at comparing the backfill response to that of the

hangingwall during the passage of the seismic wave. The same analysis as that done on

non-damaging events for the Vaal Reefs experiment was done on this data set.

/ ~i-v—i - -

2~

P.,

0 /

Figure 2.3.24 Diagram showing a layout of geophones (GI, G2, G2*, G3) at

two sites in a back filled stope, WDL-E/94E1/SI and WDL-

E/94E1/S2 geophones GI are embedded in backfill and G2, G2*

and G3 are attached to the hangingwall.

Spectral ratios and phase difference

A ratio between velocity spectra of an event recorded at two geophone stations was

calculated for each event in the data set. From this a median spectral ratio was computed

at each frequency value. Figure 2.3.25 (a) shows a log10 median spectral ratio plotted

against frequency. This is data from WDL-E/94E1/S1 of Figure 2.3.24 and ratios were

taken between geophones GI and G2. The plot shows a downward deviation from zero

(equal amplitude value) between 24 Hz and 212 Hz. This indicates that the backfill does

not respond well in that frequency band, which is a low frequency band. A more
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pronounced upward deviation from zero is experienced at high frequencies (more than

680 Hz). At intermediate frequencies the pattern is not well defined.
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Figure 2.3.25 (a) A plot of Log10 median spectral ratio against frequency.

Spectral ratios were calculated for geo phones GI and G2

of WDL-E/94E11S1 shown in Figure 2.3.24.

Figure 2.3.25 (b) shows a similar plot for events recorded by geophones GI and G2* at

WDL-E/94E1/S1. In this configuration the geophone G2* is located near to the edge of the

backfill and as a result is less influenced. The energy contributed into the low frequencies

is more than the energy contributed into the high frequencies.
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Figure 2.3.25 (b) A plot of Log,0 median spectral ratio against frequency.

Spectral ratios were calculated for geophones GI and G2* of

WDL-E/94E1/SI shown in Figure 2. 3.24.

Figure 2.3.26 (a) is a plot of log10 median spectral ratio against frequency. All the events

in the data set have been included. For frequencies between 165 Hz and 500 Hz the

backfill has more energy than the hangingwall. Plotted in Figure 2.3.26 (b) is the absolute

median phase difference between Gi and G2 against frequency. From this plot it is

immediately clear that the phase difference is around g~0 at all frequencies in the

frequency range. This means that the motion of the backfill is not in phase with that of the

hangingwall.
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function of frequency. At WDL-E/94E1/S2.
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Variations in maximum velocities in respect of the backfill hardening (WDL-ET
1 w
87 761 m
521 761 l
S
BT


E194E1 1S2

)

Figure 2.3.27 (a and b) Illustrates the behaviour of the backfill with time as a function of

frequency. It is clear from the Figure 2.3.27 (a) that in the earliest stage (30 April and 1

May ‘97), when the backfill was still soft, less energy was transmitted in the frequency

range above 600 Hz. In the next stage, 20 days later (19 May ‘97), when the backfill

became compressed, the deviations in the spectral ratio became smaller and equal along

the entire frequency range. It indicates that the interaction between the hangingwall and

the backfill improves with time and the support provided by the backfill is more effective.
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Figure 2.3.27 (a) A plot of Log10 median spectral ratio against frequency.

Spectral ratios were calculated for 20 events taken in the

earliest stage, 30 April and I May ‘97, after the backfill was

placed for geophones GI and G2 of WDL-E/94E1/S2 shown

in Figure 2.3.24.
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Figure 2.3.27 (b) A plot of Log10 median spectral ratio against frequency.

Spectral ratios were calculated for 20 events taken 20 days

later, 19 May ‘97 when the backfill was more consolidated.

The same set of geo phones, WDL-E194E1/S2, was used as

in the Figure 2.3.27 (a).

The WDL, East Mine experiment shows that the backfill responds independently of the

hangingwall, hence the value of the median absolute phase difference of around 9Q0 at all

frequencies. This behaviour is expected to change with time. However, time dependent

analysis does not show any obvious change with respect to phase difference. This may

be due to the fact that the duration of the experiment was insufficient, or may point to the

need for a careful selection of time windows.

Maximum velocities at sites WDL-E194E1/S1 and WDL-E/94E1152

The maximum velocities recorded at WDL-E/94E1/S1 at GI& G2 and Cl & G2* are

presented on Figures 2.3.31 and 2.3.32. The maximum velocities recorded at WDL-

E/94E1/52 at GI, G2 and G3 are presented in Figure 2.3.30. The hangingwall geophones

were plotted against those geophones embedded in the backfill for all sites. The range of

maximum velocities for site one (Figure 2.3.28) is between 0,08 and 35 mm/s, where the

scattering of their values is comparatively low.
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The maximum velocity shown in Figure 2.3.30 indicates a similar behaviour of the

hangingwall components and the backfill component, with a tendency for velocity in the

backfill to be slightly higher.

Site WDL-E/94E1/S1 G2 and G2* have the same backfill component but the position of

the hangingwall component has been moved. The hangingwall component of the site G2*

is closer to the face. The maximum velocities shown on Figure 2.3.28 indicate higher

scattering for the hangingwall component than the maximum velocities shown in

Figure 2.3.29.
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Figure 2.3.28 Maximum velocities at WDL-E/94E1/SI, geophones GI and G2.
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Figure 2.3.29 Maximum velocities at WDL-E194E1/SI, geophones GI and G2*.
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Figure 2.3.30 Maximum velocities at WDL-E194E11S2 geophones GI, G2 and

G3.

Dynamic behaviour of the ‘0 hanginciwall - Eben Haeser prop - footwall system

under seismic impact

The 93/E4 and its up dip neighbour 91/El stopes at WDL East Mine were chosen for the

investigation into stope support. The support system consist of Eben Haeser (EH)

elongates with rectangular gully packs and square timber pack. Both panels were blasted

at the same time with face advance rate of 15 to 20 m per month.

Two black boxes, with three geophones each, were installed in WDL-E/93/E4. The

geophones were in the hangingwall, footwall and on the middle of an EH prop (see

Figure 2.3.31).
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Maximum velocities Backfill (mm/a)
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Figure 2.3.31 The geophones and black boxes location at Western Deep

Levels - East Mine (WDL-E/93/E4).

Amplitude ratios and phase differences

The data recorded at these sites have been analysed in respect to the behaviour of EH

props under dynamic conditions and their interactions with the hanging- and footwall.

PACK BREAKER LINE TO BE
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The spectral ratio between the EH prop & footwall and EH prop & hangingwall for Black

Box 1 is presented on Figure 2.3.32. It can be seen that the vibrations of “EH prop -

footwall — hangingwall system” have a minimum in the lower frequency (below 250 Hz), a

maximum between 300 and 650 Hz (possible resonance), and very similar behaviour for

frequencies above 700 Hz.
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Figure 2.3.32 The spectral ratios between Eben Haeser prop, the footwall

and hangingwall for box I at WDL-E/93/E4.

Similar behaviour in the spectral ratio is obtained for Black Box 2, Figure 2.3.33. However,

the peak below 250 Hz is not so well developed, most probably because of the shorter

interval of observations.
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Figure 2.3.33 The spectral ratios between Eben Haeser prop, the footwall

and hangingwall for box 2 at WDL-E/931E4.

The absolute phase difference between EH and hanging- and footwall is presented in

Figure 2.3.34. The straight line at 9Q0 is the boundary of randomness or the other words

the region where, the movement in the “hangingwall — EH prop — footwall” is not

correlated. The phase difference reaches this line very quickly and stays there for the

entire frequency band.
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Figure 2.3.34 Absolute phase differences between Eben Haeser prop, the

footwall and hangingwall at WDL-E193/E4.
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The maximum velocities recorded in the “Hangingwall — EH prop — Footwall system” are

shown on Figure 2.3.35. It can be seen that the maximum velocities have changed in

time. During the earliest period after the installation the upper part of the prop is less

stiffer, than the lower part because of the yielding element located in the upper part. The

maximum velocities recorded on the EH prop are higher in range at this time and are

more similar to those recorded on the footwall. During the later stage, when the closure

starts to affect the element, the stiffness of the upper and the lower part become more

similar and the scattering amongst the maximum velocities declines.
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Figure 2.3.35 The maximum velocities in fmm/sJ at GI, G2 and G3 as a

function of time at WDL-E/93/E4 box no.1.
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Western Deep Levels, South Mine

Geology

The VCR in this area has an average thickness of 1 m and dips at 21~ in a southerly

direction. The reef is polymictic and comprises two conglomeritic bands intercalated by an

immature to sub-mature channel bar with no complex geomorphology. The reef lies

unconformably on the coarse, gritty, light grey Elsburg Quartzites. The competent,

andesitic type lava of the Alberton Porphry Formation forms the hangingwall.

Site description

A site at WDL South Mine at 91 level W5 panel was identified for this study.

Accelerometers were attached to the hangingwall as shown in Figure 2.3.36. The

distance between the adjacent accelerometers is nearly equal to 0,5 m. Twenty seismic

events were recorded. For each event, phase differences and amplitude ratios between

ground motions (x,y), (y,z), and (z,x), were calculated to study relative motion between

the sites.

Figure 2.3.37 shows the plot of median phase difference as a function of frequency. The

median is calculated for the 20 events. As can be seen from this plot that the (x,z)

combination has a lower rate of increase of phase difference with frequency than the (y,z)

and (z,x) combinations. Taking the (x,y) and (y,z) combinations, the phase difference

rapidly goes to maximum (900) around 300 Hz , meaning that, even at low frequencies,

relative ground motion at these sites is independent.
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Figure 2.3.36 Layouts of the vertical accelerometers on the hangingwall at

WDL-S1911W5.
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Figure 2.3.37 A plot of median phase difference as a function of frequency

for a layout shown in Figure 2.3.36 (site WDL-S/91/ W5).
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Amplitude ratios between sites are plotted in Figure 2.3.40. Ratios between sites x and z

are in agreement with phase difference analysis, with log amplitude ratios close to zero

(an amplitude ratio of one is for similar amplitudes) throughout the frequency range.

Except for relative motion between x and y, which shows a decrease in the ratio above

330 Hz, amplitude ratios do not show a clear-cut difference between the sites for this data

set.
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Figure 2.3.38 Log amplitude ratio as a function of frequency for a layout

shown in Figure 2.3.36 (site WDL-S!91/ W5).

Analysis of elastic and inelastic components during the seismic motion

For two sensors (A and B) in a perfectly elastic medium, the maximum phase difference,

6(f) at any frequency (f) is limited by the distance between them (D) and the phase

velocity (V) as follows:

16(f)I = 2TrfDN (2.15)
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The maximum phase difference will occur for the smallest phase velocity for waves

travelling between A and B. In the stope footwall or hangingwall, the slowest phase is the

Rayleigh wave, which is approximately equal to 0,9 times the S-wave velocity for a perfect

half-space. In the earth, Rayleigh-wave phase velocities are a function of frequency due

to lower P- and S-wave velocities near surface. In this study, we are assuming that the

rock mass has a constant velocity and are attempting to analyse any variations. Similarly,

the difference in amplitude at A and B will be very small for distant events, where the

hypocentral distance, R » D. The amplitude and a phase can then be illustrated as in

Figure 2.3.39.

00

In this figure, the amplitude and phase at each frequency can be represented by points A

and B. The arc A’AA” is then the allowable range of amplitude and phase at point B for

elastic solid rock, where the phase difference is described by Equation (2.15).

In practice, we have found that point B does not fall on this arc: departing from the ideal

both in amplitude and phase. Whereas ground motion at A and B can be properly
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Figure 2.3.39 Phase diagram showing limits to elastic behaviour.
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-4 -4

described by the vectors OA and OB ,the difference in ground motion between points A

-4
and B is AB . As elastic behaviour in solid rock dictates that point B should plot along

-~ -4

the arc A’AA” AB is then a minimum estimate of the departure from ideal behaviour.

This departure from ideal behaviour, expressed as a ratio of behaviour at one of the

-4

A’B
geophones, say at A, is then —>

OA

Data recorded in the Vaal Reefs Mine was used to calculate this factor (Figure 2.3.40) as

a function of frequency. Ground quality decreases as we move from low to high

frequencies. These are preliminary results and further application and interpretation of the

method still needs to be done.

.2
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~ 0.5 I
0
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V
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Figure 2.3.40 Log of ratio of motion due to deviation from elasticity to motion

in perfectly elastic medium plotted against frequency.
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Peak velocity freciuencv magnitude Diot

This analysis evaluates the expected number of events with a particular peak velocity.

Figure 3.2.44 shows a plot of a cumulative number of events as a function of peak

velocity. A decrease in the cumulative number with the increase in velocity can be seen

and the dotted line is an extrapolation that suggests that about one event with vmax =

0,4 mIs would occur per day. Also extrapolation to longer time periods is possible,

although prone to errors.

1000

100

N
10

1 10 100 1000
Vmax (minis)

Figure 2.3.41 Cumulative number of events as a function of peak velocity for

71 panel-days.

Conclusions

VaaI Reefs Mine

:

The surface of the rock to which the geophones G2 and G3, site VLR/P14151, Im apart

vibrate in phase over the entire frequency range 24 Hz - 965 Hz.

At a frequency greater than 600 Hz, the energy at the geophone G2 at site VLR/P14152 is

nearly 400 times greater than at the nearby geophones Gi and G3.
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Variations in the maximum velocities recorded before and after a strong seismic event

have been obtained. This phenomenon has been recorded at two sites at Vaal Reefs

(VLR/P14/S1 and VLR/P14/S1).

The mechanism of these variations is multi-purposed. Two possible interpretations have

been proposed: (i) redistribution of the shear stresses before and after the event, and (ii)

increasing effect of the support system after the event.

Western Deep Level East Mine

:

Backfill site

Phase difference plots show no coherence between hangingwall and backfill motions at

all frequencies.

In the frequency range 200 Hz - 520 Hz, backfill energy is nearly 2,5 times greater than

that of the hangingwall.

Elongatesite

The coherent vibrations of “Eben Haeser prop - footwall — hangingwall system” indicate: a

minimum in the lower frequency (below 250 Hz), a maximum between 300 and 650 Hz

(possible resonance), and very similar behaviour for frequency above 700 Hz.

The variations in the maximum velocities show dependence on time. While the stiffness of

the “Eben Haeser prop - footwall — hangingwall system” increased, the maximum

velocities decreased.
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2.3.4. Measurements of site response during actual rockbursts

Initially the Ground motion monitor was designed to record very strong seismic events in

extreme conditions of rockburst. A few cases are described in this section.

East Rand Proprietary Mines

On 24 July 1995 a rockfall occurred at East Rand Proprietary Mine (ERPM), damaging

the secondary incline of the Hercules shaft between 32- and 33-level, about 1500 m

below surface. The rockfall, which caused the death of four workers, took place at 01 h45.

The seismic network recorded no seismic event at this time. A few weeks later a ground

motion monitor (black box) was installed near the site of the rockfall, to investigate any

further seismic activities.

A second (rockfall) rockburst occurred on 15 August 1995 at 22h10, causing injuries to

workers installing support in the incline shaft. A large seismic event of magnitude M=0,9

was detected by the mine seismic network at this time. The ground motion monitor also

recorded the event. The seismogram is shown on Figure 2.3.42. A total number of 19

seismic events located in the vicinity of the black box were recorded during the period of

observation in the range of maximum velocities from 2,8 to 184,8 mm/s.

The data recorded by this black box were visually inspected and compared with the data

recorded by the conventional seismic network operating at the mine. It was found that the

quality of the seismograms recorded by the CSIR Ground Motion Monitor is sufficient

enough to study microseismicity on a local scale around active mining structure.
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Figure 2.3.42 Accelerogram recorded at the time of the (rockfall) rockburst

on 15 August 1995 at ERPM. Peak velocity is equal to 184,8

mm/s. The ground motion monitor was installed in the 32-level

cross-cut.

VaaI Reefs

Estimation of peak yelocity for saturated seismograms

.

Both the PSS and the Black Box have limited dynamic range and the signals saturate, or

clip, when the amplifier output stage reaches 10 V. In many cases, the geophone itself

has not reached its limit and the signal resumes its “normal’ behaviour when its level falls

below the full-scale level, either negative or positive. It can therefore be assumed that the

seismogram is simply clipped without any instrumental problems occurring during

recovery from the clipped portion of the trace.

The purpose of this short code is to present and test a simple algorithm for estimating the

peak value of any swing of a seismogram, using the half-period as measured on either

side of this swing and the averaged first difference at the adjacent zero cross-over points.
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Consider a sinusoidal velocity seismogram, with peak velocity V0:

(2.16)V = Vo*sin(oA)

The corresponding acceleration seismogram would be:

A = Ao*cos(OA) (2.17)

where the peak acceleration A0 = oV0

The angular frequency, o, is related to the period, T, by o = 2ir/T. The values of A0 and

the half-period, T/2, can be measured even when the velocity signal is clipped and we can

calculate the peak using:

V0 = (T/2)*Ao/lt

(0

0’
~0

U
0
0’

(2.18)

Figure 2.3.43 Plot illustrating measurements of acceleration before and after

a peak in the velocity seismogram.

Of course, a seismogram is not a pure sinusoidal signal and has a rich spread of

frequencies across the entire seismogram. Therefore the applicability of Equation (2.18)

Time, counts
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was tested on some black box data, by adding an option in program BBOX, the program

that is used to analyse the black box seismograms.

As A0 can be measured at the zero cross-over positions either before or after the peak

value of V, V0 was firstly estimated using the smaller and larger of these values of A0.

Inspection of the plot of the inferred values of peak velocity, Vomax and Vomin, as a function

of V0, led to the following best estimate of A0:

= 2 I (1/Vo’max + iNo’mm) (2.19)

Application of this Equation for data recorded at Vaal Reefs in plotted in Figure 2.3.44.

100
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Figure 2.3.44 A plot of V0’ as a function of V0 for data from the Vaal Reefs.

The identity line Y=X is shown for comparison.

It can be seen in Figure 2.3.44 that the inferred peak velocity as obtained from Equations

(2.18) and (2.19) above is approximately equal to the observed peak velocity.

This method can be used to estimates values of peak velocity for saturated traces, 269 of

the 303 peak values for Vmax > 1 minIs (89%) were estimated within a factor of two

(0,5 mm/s to 2,0 minIs) by this method. Given the variations in ground motion for nearby

sites, this estimate is considered to be fairly good.

1 10

Observed peak velocity (minis)
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2.3.5. Transfer function for a seismic signal recorded in solid rock

and on the skin of an excavation

Introduction

The objective of this work is to quantify the effect of the rock mass surrounding a stope or

tunnel on the seismic signal. Work done as part of this project in 1996 shows that the

transfer function of rock mass surrounding an excavation can be modelled using a

damped oscillator (Cichowicz, 1996).

In this report the method of estimation of transfer function is extended further. Parameters

of a damped oscillator are estimates using inversion techniques. The transfer function is

modelled as a time varying system. Application of the technique of time varying systems

is essential to track the time variation of the natural frequency during ground motion

caused by a seismic event.

Method

Ljung and Soderstrom (1983) and Ljung (1987) studied methods for the time-domain

identification of linear structural dynamic systems wit multiple degree of freedom. The

term identification refers to the determination of analytical models for structure, based on

the observations of the system. Recordings of a single input and single output are

sufficient to determine all the modal frequencies and damping ratios in a structure (Safak,

1989).

The equivalent discrete-time equation for a single input, single output dynamic system

can be written in the following form:

y(t) + a1y(t—1) +...+ a1y(t—1)= b1u(t —1) + ...± b~,u(t— m) (2.20)

where u(t) and y(t) are the input and output sequences, respectively; ai and b1 are

constants for time invariant systems and functions of time for time varying systems.

Although the equation represents a linear system, it was suggested that any non-linear
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system can also be represented by a similar equation with time varying parameters

(a~,b~), by introducing the following polynomials in the back-ward-shift operator q’ , where

q’ is defined as q’ y(t)= y(t-i),

A(q)=1+a1q’ +...+a1q’ (2.21)

Equation (2.20) can be written in a more compact form as:

B(q

)

y(t) = u(t) (2.23)
A(q)

The polynomial ratio B(q)IA(q) is called the system transfer operator, H(q). Discrete-time

equations can also be expressed in the frequency domain by taking the Z-transform of

time domain equations. By taking the Z-transform of both sides in Equation (2.23) we can

write:

B(z

)

Z[y(t)] A(z) Z[uQ’)] (2.24)

where Z[y(t)] = the Z-transform and z is any complex number. The polynomials A(z) and

B(z) are the same as defined by Equations (2.21) and (2.22) except all the qs are

replaced by the zs. The transfer function can be represented in terms of harmonic

functions by selecting z exp(i2~rfAt), where f denotes the frequency and At is the

sampling interval.

The stability conditions require that the roots of the denominator polynomial A(z) should

all have a magnitude less than one. This means that the roots of A(z) are all in complex-

conjugate pairs located inside the unit circle in the complex plane. The transfer function

can be put into the following form:
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where:

H~ (z) =
2R(q~)—2R(q

1p~ (2.26)

1—2R(p~)§
1-i-Ip~ 2 2

where Hj(z) is the second order filter, R(q) is the real part of q, p is the complex

conjugate, Pj is the complex root of the polynomial A(z) and qj is the corresponding

residue of H(z). The filter output y(t) is modelled as the linear combination of the outputs

of second-order filter each subjected to input u(t). The form given by Equation (2.25) is

known as the parallel form of realisation. Each second-order filter Hj(z) corresponds to a

simple, damped oscillator. The damping d~ and the frequency fj of each oscillator are

defined by the equations (Safak, 1989):

1
ln(—)

d. = (2.27)
J 1

[F2 + 1n2 ( )]1/2
J 1~.

J

1
ln(—)

r.

= 2,zdAt (2.28)I

where: rj=1P
11 , F1 are the modulus and the arguments of the Ith pole (or of its complex-

conjugate).

The recordings from dynamic systems are always contaminated by noise existing in the

recording environment, as well as by the imperfections in the recording instrument. Hence

the following equations for the signal:

A(q)y(t)= B(q)u(t)+ C(q)e(t) (2.29)

where:
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C(q)=1±c1q’~ (2.30)

and e(t) is a white noise sequence. Equation (2.30) represents a family of model

structures for noise systems. The A(q) corresponds to poles that are common between

the dynamic model and the noise model. The motivation for introducing C(q) polynomial is

to provide for flexibility in the noise descriptions.

Recursiye prediction error methods

System identification constitutes determining the coefficients of the polynomials in A(z),

B(z) and 0(z) for a given pair of input and output sequences:

(2.31)

The one step ahead prediction ypred(t, u(t),ai,bi,ci) of y(t) at time t is based on the past

values of input u(t), output y(t) and parameters a1 bi c~. The difference:

E(t,~)) = y(t) ~~Ypred(t~Q) (2.32)

gives the error in the estimation at time t. System identification aims to determine the

vector 4?, such that the total error ~E2(t,Q) is minimum. The measure of the total

estimation of error must be decided. The most convenient way is the least square

method. The least-square method uses quadratic criteria for measuring errors. A

weighting factor (forgetting factor) is also included in the criteria.

F = ~>LIkE2@,Q) (2.33)

L is the forgetting factor. Measurements that are older carry less weight in (14) than the

current values. For time invariant systems, weighting factors can all be taken as equal to

one. For time varying systems, weighting factors are essential to track the time variation

of system parameters. The forgetting factors localise the identification by giving more

weight to the current values, and by gradually discounting the past values.
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A recursive identification algorithm is:

Q(t) — Q(t — 1) + K(t)[y(t) — Ypred(0] (2.34)

where Q(t) is the parameter estimate at time t, and y(t) is the observed output at time t.

Ypred (t) is a prediction of the value y(t) based on observation up to time t-1. The gain K(t)

determiners in what way the current prediction error y(t) — ypred(t) affects the update of

the parameter estimation. In this report the Matlab implementation of Equation (2.35) is

used.

Data and results

Three tests have been conducted at:

1. Blyvooruitzicht Gold Mine, where two geophones were used to study the

transfer function. The geophones were installed in close proximity to each

other; the first in solid rock and the second in the footwall drive.

2. Vaal Reefs No.5 Shaft, two geophones were used installed in hangingwall of

stope; one close to support and another 1,1 m away.

3. Vaal Reefs No.5 Shaft, where two geophones were used., one was installed

on the footwall and the second one on hangingwall.

Examples of ground motion, sum of five modal response, velocity spectra and the transfer

function is shown on Figures 2.3.45, 2.3.46 and 2.3.47.
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Figure 2.3.45 An example of real seismograms (event FGO7), recorded in

solid rock - solid line, and in a fractured rock - dashed line.

Figure 2.3.46 Sum of five modal responses calculated at time 0.153 s.

0.02 0.04 0.06 0.08 0.1 0.12 0.14

Time [si

responses calculated at time: 0.153s

0.02 0.04 0.06 0.08 0.1 0.12 0.14
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Figure 2.3.47 The spectrum of the seismograms from Figure A .2.3.46 and

their transfer function.

The results obtained from all data and their detailed discussion are presented in

Appendix 1.

Conclusions

Experiment 1

:

The models of transfer function are reliable, as all models are similar.

The first pulse of the seismogram has a different transfer function from the rest of record.

This could be an indication that the initial behaviour of the site is non-linear.

0 1 2
10 10 10 10~

Frequency [Hz]
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Experiment 2

The Influence of support on vibration in the hangingwall is measurable. The algorithm

presented in this report estimated different vibrations at different sites in the hangingwall.

The obtained model of transfer function is reasonable.

There is strong indication that properties of the site change with time (weeks).

Experiment 3

The difference between ground motion in the footwall and ground motion in the

hangingwall cannot be properly modelled with modal transfer function.

2.3.6 Velocity amplification considered as a phenomenon of

elastic energy release due to softening

Introduction

The amplification of wave motion on the walls of excavations in the deep, hard rock gold

mines of South Africa has been observed and reported: peak velocity and acceleration

parameters at the surface of an excavation indicate a 4 to 10 fold increase when

compared to measurements within the solid rock (Durrheim et al. 1996). The observed

amplification is considerably greater than the two-fold amplification expected at a free

surface. The effect is, additionally, although indirectly, confirmed by observations of wall-

rock velocities which sometimes reach 10 m/s (Ortlepp 1993). The author of the cited

paper distinguishes between source mechanism and damage mechanism; he writes (p.

104): “This dichotomy will highlight paradoxes such as, importantly, how the relatively low

PPV generated in the rock mass does not reconcile with the high velocity displacements

of the wall rock.” From this we may see a clear recognition of the differences between

parameters of an incident wave and those appearing near the surface of an excavation.

McGarr (1996) also states that the velocity of the wall rock is “substantially greater than

ground velocities associated with the primary seismic events”. Discussing a quantitative
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relation between these velocities, he writes: “Whereas several types of evidence suggest

that slip across a fault at the source of an event generates nearby particle velocities of at

most, several m/s, numerous observations, in nearby damaged tunnels, for instance,

imply wall-rock velocities of the order of 10 m/s and greater”.

Three different mechanisms have been suggested to explain the source of energy for this

phenomenon: (i) resonance, which is discussed, with reservations, by Durrheim et al.

(1996); (ii) trapping of energy within a channel (Spottiswoode, pers. comm. 1997); and (iii)

energy release due to slab buckling (McGarr, 1996). All three hypotheses invoke changes

in the structure of rock near an excavation due to growth of cracks induced by rock

pressure. The first and the second hypotheses consider purely geometrical changes;

which implies that amplification may occur even in unloaded rock, given that the crack

geometry exists. The third hypothesis, in contrast, requires the supply of elastic energy

from highly stressed rock. Hence, it implies that the amplification will not appear in

unloaded rock. Resonance is not considered to be a likely mechanism as there is no

periodic excitation sufficiently long. (Spottiswoode, pers. comm. 1997). The “channel”

hypothesis seems more plausible. While this hypothesis cannot explain the fact that the

amplification occurs both at surfaces with nearby cracks parallel to them and at surfaces

with nearby cracks perpendicular to them, channelling may provide its input into

amplification. In the extreme case, where a small seismic event triggers a greater event (a

rockburst in particular), the main source of energy supply for velocity amplification is the

elastic energy stored in rock. Consequently, the third hypothesis appears the most

attractive.

McGarr (1996) has explicitly expressed the energy hypothesis, attributing high wall-rock

velocities to the buckling of rock slabs stressed near to their compressive strength. Note,

however, that buckling is but one of a variety of possible mechanisms for instability with

energy excess. The buckling mechanism places emphasis on the aspect of a geometrical

non-linearity appearing in slab flexure. However, there exists another type of non-linearity

viz, a physical non-linearity. The latter is of major importance for compressed rock (Linkov

1994 and 1995). Taking this as the point of departure, we suggest another mechanism of

energy release, which places emphasis on the physical, rather than geometrical, non-

linearity of highly compressed rock. This non-linearity is termed softening (or weakening)

and has been shown to be responsible for dynamic phenomena in mines (Cook 1965;

Salamon 1970; Linkov 1994 and 1995).
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In conclusion of this brief review, note that the pioneering papers by Ortlepp (1993) and

McGarr (1996), although concerned with wave amplification, do not address it in a direct

way. They do not trace amplification of the same seismic wave coming from a remote

source to an excavation. In this study, we attempt to treat the problem explicitly by directly

studying the amplification of the same wave. Our aim is to consider wave amplification as

a phenomenon of energy release due to softening.

Wave amplification at softening contacts

Amplification of a reflected wave

The essence of wave amplification due to softening can be explained by considering the

simplest scheme of a plane shear incident wave. A displacement wave w=f(x - ct) arrives

at a moment t=O at the plane boundary x=O (Figure 2.3.48 (a)). The displacements

generate shear stresses z~. These displacements and stresses are added to the

displacement u0 and stresses o~ of the initial state; the latter is supposed to be given. The

total displacements u and shear stresses o-~ are the sums:

uu0 +w; ~ = + r. (2.35)

The contact interaction at the boundary x=O occurs via specific “springs” which exhibit

softening with the softening modulus M~ after reaching the limit shear strength ~m

corresponding to the shear displacement Urn in a reversible process with the contact

modulus E~ (Figure 2.3.49). The analytical expression for the interaction if given by the

formula:

F E~u(O,t) U<Um

~QW, I’) = ~ TrnMc [u(O,t) UrnJ Um<U<U, (2.36)

u~u

The “minus” sign at -o-40,t) accounts for the fact that the normal to the surface x=O is

taken in the direction of the x axis; the value of the shear strength Tm depends on the
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normal stress in the medium; assuming the normal stress is fixed, the shear strength Tm is

also fixed.

Inside the medium (x < 0), the total shear stress o-~ is related to the total displacement, U,

by Hooke’s law o-~= G~u/c~x where G is the shear modulus of the medium. Due to the

linear elasticity of the medium the same law relates the values in the wave:

T(X, t) = G aw/ax (2.37)

Figure 2.3.48 Shear wave impinging on a softening contact: (a) contact

between soft and very stiff media: (b) contact between two

similar half-planes.

The initial (static) displacement u0 at the boundary x=O may correspond to either the

ascending (point A) or the descending (point B) portion of the curve of contact interaction

shown in Figure 2.3.49. In the latter case the contact is in a limit state. Note that in this

state there is an alternative: further contact deformation may proceed as either softening

(path BC) or elastic unloading (path BD), depending on the direction of displacements in

the incident wave. We shall first discuss the case where displacements, u, in the wave

have the same direction as initial displacement u0, i. e. the case where unloading does not

occur. Then from (2.37) it follows for the displacement and shear stress in the wave at the

contact:
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40,t) = - k w(O,t) (2.38)

F E~ U<Um

where k= ~ (2.39)

Um<U<U

The mathematical formulation of the problem is as follows. We need to solve the 1-D

wave equation:

~=Yw/dY- c,~9w/dx2= 0 (2.40)

under

(i) the initial condition w=f(x,0) (x<O),

(ii) the boundary condition (3) at x=0 (t>0), and (iii) the dependence

T(O,t) = G IVv/dx (t>0) (2.41)

expressing Hooke’s law (2.38) for points on the boundary x=O. The general solution of

(2.41) is represented by the sum of the incident f(x,t) and reflected g(t) waves w(x,t) = f(x-

Ct) + g(x+ct). Then (2.22) and (2.24) yield the ordinary differential equation for the

reflected wave:

(1/c)dg(0+ct)/dt + (k/E)g(0+ct) = (1/c)df(0-ct)/dt - (k/E)f(O-ct) (2.42)

Its solution is

g(0+ct) = f(O-ct) - 2w
0 Jexp[-w0(t-T)] f(0-c-r)dr (2.43)

0

where cot, = ck/G (2.44)
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Figure 2.3.49 Curve showing the contact interaction with softening modulus.

The modulus of the inverse value of co~ is the characteristic time of the contact interaction:

= G/(ck)

The latter can also be written in terms of the attenuation Z = Gic as:

T0= Z/k~

(2.45)

(2.46)

The modulus is used for softening, because the coefficient k is negative (k = -M0). The

solution (6) accounts for both the continuous increase of f(O) from the zero value, and the

case where it is presented by a step function at t=O. In the latter case (2.44) yields:

g(0+ct) = -1 + 2exp(-w0t) (2.47)

From (10) we may see that for elastic interaction (k, co~ >0) the reflected wave is equal to

+1 at small times (t«T0), which corresponds to the reflection from a free surface.

Opposite to that, at large times (t»TJ, g(0+ct) tends to -1, which corresponds to the

reflection from a rigid boundary. Both these conclusions are obvious from the physical

point of view.

-ci,

Tm

T*

Urn U
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For softening interaction (k, w0<O) the picture changes dramatically because the exponent

in (2.48) increases with time. The velocity and acceleration also grow with the same

positive power. Their direction coincides with that of the incident wave. Thus we have

exponential amplification of displacements, velocities and acceleration due to softening.

Observing the solution (2.44) for an arbitrary incident wave f(x-ct), we conclude that this

effect is general if the contact reaction is softening (w0<O). In particular, for a harmonic

wave with frequency co, and incident wave function f(~) = exp(iw~) we have from (2.25):

g(O+ct) = [21(1+w/coj] exp(-co0t)- [(1-lw/co91(1 +ico/w0)] exp(icot) (2.48)

The first term in the r. h. s. grows infinitely and suppresses the second (harmonic) term in

a case of softening (co0<O). We see that stationary reflected harmonic waves are

impossible for contact interaction in a regime of softening. Note also that the last formula

is true only for active softening, i. e. for positive phase of velocity in the incident wave.

Thereafter, we have unloading and the result of integration in (2.44) changes.

Amplification of reflected and transmitted waves

The scheme of Figure 2.3.48 (a) has served to reveal the effect in the simplest form. It

corresponds to a wave coming from a compliant medium at the contact with a very stiff

medium. Meanwhile, the observed amplifying influence of softening is quite general. It can

also be easily revealed for the case where a contact generates both a reflected and

transmitted wave. In particular, it appears when a plane incident shear wave arrives at a

contact between two similar half-planes (Figure 2.3.48 (b)). This corresponds to the

interaction of a wave with a crack or fault in a limit state. Shear traction t stays continuous

through the contact:

T~(O,t) = z~(O,t) = T(O,t) (2.49)

and the contact condition (3) now takes the form:

T(O,t)= - k Aw(O,t) (2.50)
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Herein, Aw(O,t) = w~-w is the displacement discontinuity at the contact x=O; the

superscript “plus” marks the value from the side of the incoming incident wave; the

superscript “minus” refers to the opposite side of a crack or fault. The Equations (2.21),

(2.23) and (2.24) and initial conditions are the same as in the previous case when applied

to the left or to the right of the contact.

For the scheme Figure 2.3.48 (b) we have a transient wave h(x-ct) in addition to the

incident f(x-ct) and reflected g(x-ct) waves. Hence, the general solution of (2.41) is

presented as:

w~(x,t) = f(x-ct) + g(x+ct), vtf(x,t)= h(x-ct) (2.51)

Substitution of (2.51) into (2.37), (2.49) and (2.50) gives a system of ordinary differential

equations with respect to functions g(O+ct) and h(O-ct):

dg(O+ct)/dt + co0 g(O+ct) - co0 h(O-ct) = df(O-ct)/dt - co0 f(O-ct)

(2.52)

dh(O-ct)/dt + co0 h(O-ct) - co0 g(O+ct) co~ f(O-ct)

where co0 is given by (2.45). From (2.52) we find for the reflected wave:

g(O+ct)f(O-ct)-2co0f exp[-2w0(t-z)] f(O-cz-)d-c (2.53)
0

which differs from (2.44) only by the multiplier 2 in the exponent in the integrand. This

multiplier accounts for the fact that the scheme of Figure 2.3.48 (b) includes two similar

surfaces of contact interaction, whereas the scheme of Figure 2.3.48 (a) contains only

one surface. For the transmitted wave, it follows from (2.52), (2.53):

h(O-ct) = 2co0 J exp[-2co0(t-T)] f(O-cr)dT (2.54)
0

If the incident wave is given by the step function, (2.53) and (2.54) yield:

g(O+ct)=exp(-2co0t); h(O-ct)= 1-exp(-2co0t) (2.55)
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From these expressions we see that for elastic interaction (k, co0>O), the instant reaction

(t~<1/co0) of a contact is that of a free surface, while the long-term reaction (t»1/co0) is

that of an ideal contact. In other words, high frequency incident waves are mostly

reflected while low frequency waves do not feel the contact. The same is obvious from the

solution for the harmonic incident wave function f(~) = exp(ico~). In this case:

g(O+ct) = [11(1+ 1/21co/co0)]exp(-2co0t) + [1/21w/co01(1 + 1/2ico/co0) exp(icot) (2.56)

and

h(O-ct) = [1/(1+ 1/2ico/co0)][exp(icot) - exp(-2co0t)] (2.57)

In the case of elastic contact (k, w0>O) the terms containing exp(-2co0t) decay and we have

a well-studied stationary regime (e. g. Pyrak-Nolte 1996). In case of a softening contact

(k, co0<O) all the expressions (2.53)-(2.57) contain a positive exponent and grow infinitely

with time. We have amplification of the displacement, velocity and acceleration.

Obviously, a stationary regime is impossible.

Discussion

In the previous section we have seen that amplification due to softening has a

characteristic time T0 = -1/co0, or substituting (2.45) and (2.46):

= G/(cM0) = 71M0 (2.58)

where G is the elastic shear modulus; M0 is the contact softening modulus; c is the

velocity of shear wave propagation. For estimations of T0 in hard elastic rock, take 2G =

7,5x10
4 MPa, c = 5x103 m/s, and M

0 = Mid where M is the shear softening modulus of the

material interacting at the contact and d is the average contact thickness. Assume that M

is of the order of 2 C. Then T~= I 0~ d where d is taken in metres, T0 is in seconds. For d <

10~ m, the characteristic time T0 is less then i0~ s. This means that amplification may be

pronounced even for very short impulses with a duration of microseconds. In numerical

calculations it will appear as a new seismic event generated by the incident wave. Note
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also the interesting fact that, as it follows from (2.57) and (2.58), displacements in the

amplified transient wave have a direction opposite to that in the incident wave. This may

serve to check the proposed mechanism of amplification.

So far we have considered the simplest case of a plane incident wave. Hence, our study

was restricted to wavelengths less than the size of the surfaces in contact, and in

particular, the size of cracks. For cracks with sizes of 0,2 to 1 m, this corresponds to

rather high frequencies exceeding 5 kHz. Meanwhile, the effect of amplification, observed

in mines, occurs at frequencies of about 0,5 kHz, which is an order less than, the given

estimate.

The case of low frequencies is more difficult for analytical treatment. Nevertheless, from

physical considerations, it may be seen that amplification will occur at these frequencies

as well. Indeed, one may use a quasi-static approximation to reveal energy excess from

instability due to contact softening (Linkov 1994 and 1995). This instability appears as

exponential growth of the particle velocity (Linkov 1997). In other words, in a quasi-static

approximation we again have exponential amplification caused by elastic energy release

due to softening. Having a set of cracks with interacting surfaces at or near a limit state,

one can expect their input into amplification. This action certainly produces changes in

waveforms when compared with those in the incident wave far from the cracked, highly

stressed zone. It should also be mentioned that amplification resulting from crack

propagation, induced by the incident wave, is a particular case of the mechanism

suggested.

Conclusions

The conclusions of this study can be summarised as follows.

1. Wave amplification may be attributed to energy release from rock under stresses high

enough to generate cracks at a state close to instability; the amplification occurs due to

physical non-linearity at interacting softening surfaces.
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2. Wave amplification appears as an exponential growth of displacements, velocities and

accelerations with a characteristic time of the order Z/M~ where Z is the rock attenuation;

M0 is the contact modulus of softening.

3. Stationary waves do not exist for the regime of amplification.

4. The triggering of seismic events, rockbursts in particular, by an incident wave or in

apparent “static” conditions, may be an extreme case of amplification.

Further investigation of the proposed mechanism is necessary. It may be carried out by

means of numerical simulation of waves impinging on cracks close to an unstable state.

This will provide synthetic data on the magnitude of amplification and changes in

waveforms.

3. Rockburst investigations

3.1. Review of previous work

Efforts to solve the rockburst problem

Rockbursts have posed a major hazard to workers in the gold mines of South Africa for

almost a century. As early as 1908, the problem was sufficiently serious for the Ophirton

Earth Tremors Committee to be appointed, who concluded that tremors were due to the

shattering of pillars. In 1915 the Witwatersrand Earth Tremors Committee recommended

the elimination of pillars and the use of substantial artificial support. The Witwatersrand

Rockburst Committee made comprehensive recommendations in a report in 1924, most

of which were endorsed forty years later by a further state-appointed body, the 1964

Rockburst Committee.

Co-ordinated research into rockbursts commenced in 1952 when the Central Mining and

Investment Corporation contracted the S. A. Council for Scientific and Industrial Research

(CSIR) to undertake research into the problem. Later the Transvaal and Orange Free
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State Chamber of Mines took over the sponsorship and co-ordination of several research

agencies. Cook et al. (1966) synthesise the results of ten years of research effort up to

1965, and describe a four stage approach to the rockburst problem:

1. Observations.

2. Attach rational significance to the documented experience and thereby develop

hypotheses concerning certain aspects of the rockburst problem.

3. Combine the hypotheses to postulate a rockburst mechanism consistent with the

observations.

4. Design controlled experiments underground to test the proposed mechanism.

In terms of the rockburst mechanism, Cook et al. (1966) conclude that the “existence or

otherwise of the rockburst hazard depends on whether the geometrical rate at which

energy must be released, is greater or less than the rate at which energy can by

dissipated non-violently as the excavation is enlarged”.

Salamon (1983), in a summary of progress to date, suggested that the hazard of

rockbursts could be alleviated through improvements in support systems, better layout

design, and the reduction of convergence through backfilling or reduced stoping width.

Many of these suggestions are incorporated in the Industry Guide to the Amelioration of

Rockburst and Rockfalls (COMRO, 1988).

Systematic investigation of rockbursts

Several projects involving the systematic study of rockbursts have been conducted.

Seventeen large seismic events in the Klerksdorp mining district were investigated by

Hepworth (1983). The case studies involved a description of damage (supported by mine

plans and photographs) and an assessment of support performance. The principal

findings were:

• Stopes: To prevent excessive inelastic convergence in stopes, support should be as

stiff as possible, but should also have sufficient yield to allow elastic convergence.

• Gullies: A great deal more attention should be given to gully support, for example by

increasing tendon density and tendon yield, or event meshing and lacing the centre

gully roof.
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• Tunnels: A vast improvement in the performance of tendons during seismic events

can be achieved by improving the yield characteristic. In highly stressed areas, where

slabby and blocky conditions exist, mesh and lace should be used in conjunction with

tendons.

The Rockburst Research Project at Western Deep Levels Gold Mine was another

systematic effort to document the rockburst phenomenon. The project lasted from 1975 to

1987, inclusive. One component of the project was the detailed study of 30 rockbursts,

ranging in magnitude from 0,4 to 3,5 during a one year period (October 1982 to October

1983) (Hagan et al., 1984). Only two rockbursts affected the VCR, the remainder causing

damage to Carbon Leader stopes. Locations and magnitudes of the events were obtained

from a seismic network. Other data recorded or calculated included the distance of the

source from the face, length of the face or gully affected, stoping width, percent closure,

ERR, local geology, nature of damage to rock and support. Sketch plans of the affected

area; and photographs of damage were used to illustrate the studies. The principal

findings of this report were:

• The formula

y =59,6 + 63,6v (3.1)

(where V is derived from the relation IogRv = 3,95 + O,57ML)

relates facelgully damage to event size and distance from the damaged face. It was

suggested that this formula could be used by line management to decide how many

panels to evacuate before an impending event.

• The rockburst site observations indicated the existence of at least two rockburst

mechanisms associated with relatively homogeneous rock and geologically disturbed

rock, respectively. The first mechanism is associated with events of less than

magnitude 1,9 and do not generally result in serious damage to support. The second

mechanism, on the other hand, is associated with a much larger range of magnitudes

and can result in serious support damage and damage to the face.

Ortlepp (1984) presented seven particularly instructive case histories, out of more than

one hundred rockbursts examined by him in a 16 year period. Principal findings were:
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• Rockbursting is a complex phenomenon covering a wide range of magnitudes as well

as modes of origin. There is no single model that can account for the diversity of the

phenomenon.

• Events of intermediate magnitude, which occur within a few metres to tens of metres

from the stope face, are most hazardous. Here the shape of the excavation plays a

significant role in determining the magnitude and stress changes in the zone of

potential instability. The instability can involve movement along an existing geological

discontinuity or a fresh shear fracture through previously intact and massive rock.

Ortlepp’s meticulous observations of rock fracture and rockbursts, compiled during a

career spanning over forty years, were recently published (Ortlepp, 1997).

International efforts

While the rockburst problem is certainly most severe in South African mines, it exists in

deep mines everywhere. The Rockburst Handbook for Ontario Hardrock Mines (Hedley,

1992) is an excellent review of the rockburst problem in Canada. This volume includes

five case histories, which include discussions of the geology and mining methods,

rockburst history, rockburst mechanisms, and computer modelling. While the approaches

employed by the Canadians to alleviate rockbursts and control rockburst damage are

interesting, the ore bodies and mining methods differ considerably from the South African

case, and the findings are not directly applicable.

A series of international symposia has focused specifically on the problem of rockbursts

and seismicity in mines (Gay and Wainwright 1984; Fairhurst, 1993; Young, 1993;

Gibowicz and Lasocki, 1984). While many interesting and important papers have been

presented at these meetings, they have tended to focus on particular aspects of the

rockburst phenomenon, and there have been relatively few papers providing a

comprehensive case histories of rockbursts in South African mines.
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This study: new technologies and the human factor

Despite all these efforts to understand and combat rockbursts, the hazard has not been

substantially reduced. This lack of progress may be partly explained by the fact that the

depth and difficulty of mining has steadily increased as the ore bodies have been

exploited, but the main reason is that mining-induced seismic events, like hurricanes and

earthquakes, are not easily tamed. They are powerful, destructive and unpredictable

phenomena. For real gains to be made in reducing the rockburst hazard, it was clear that

the investigation of rockbursts should go beyond physical observations such as the local

geology, assessment of support performance, and seismic source parametres. The

human factor is probably as important as technology in solving the rockburst problem.

Rockburst investigations must also include an understanding of the history which led to

the layout existing at the time of the event, and “conventional wisdom” and mining

practice must be critically reviewed. Specifically:

• Published guidelines and methodologies (e.g. COMRO, 1988) concerning face shape,

face orientation, regional support strategies, pillar dimensions, support design etc.

• Mine design criteria such as ESS and ERR.

• The use of numerical modelling computer programs for mine design.

• Seismic forecasting and prediction methods.

• The effectiveness of technologies such as backfill, shotcrete, yielding tendons,

prestressed elongates etc.

• Rock engineering practice on the mine, ranging from adherence to codes of practice,

the quality of blasting and support installation, to the implementation of new

technology.

3.2 Methodology

The execution of comprehensive rockburst investigations under the auspices of this

SIMRAC project was widely advertised. Rockburst investigations are usually initiated by

mine management, though in a few instances the Department of Mineral and Energy

Affairs has provided the impetus. Several of the rockburst investigations have been

carried out under contract to the mines. In these cases, the detailed findings are not
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published, although the general findings inform other investigations and are included in

the general conclusions.

The following procedure is generally adopted in the investigation of a rockburst:

• The team of specialists visits the site shortly after the event, in most cases prior to any

rehabilitation so that the only disturbance is due to the rescue operation. The damage

to the excavation and support elements is carefuljy studied, dynamic closure is

estimated, and mining-induced fractures, joints and other geological features are

recorded. Interviews are held with witnesses to the rockburst and rock engineering

staff at the mine. Each member of the team has a good general knowledge of rock

engineering and mining in addition to an area of specialist expertise (e.g. layouts,

support, geology, seismology).

• Seismograms are used to determine the source parameters of the rockburst.

• The seismic history of the area in the vicinity of the rockburst and nearby structures

(dykes and faults) is assessed.

• Numerical modelling is used to evaluate the mining layout and sequence at the time of

the rockburst by calculating parameters such as Energy Release Rate and Excess

Shear Stress.

• Support elements such as props and tendons may be recovered from the rockburst

site and tested in the laboratory.

• Rock samples may be collected so that the properties of the strata can be determined.

• Future mining strategies are investigated and recommendations formulated.

3.3. Scope of investigations

Twenty-eight rockburst investigations were conducted in the period from January 1994 to

December 1997 (Table 3.3.1). Fifteen investigations took place in the Far West Rand gold

field (East and West Driefontein, Western Deep Levels, Deelkraal, and Blyvooruitzicht

mines), five in the Klerksdorp gold field (Vaal Reefs, Hartebeestfontein and Buffelsfontein

mines), five in the West Rand gold field (Durban Deep, Leeudoorn and Western Areas

mines), two in the East Rand gold fields (ERPM), and one in Australia. No investigations

were conducted in the Free State or Kinross gold fields. Some investigations were of

rockbursts which did not cause injury to workers, either because the event occurred off-
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shift, or because no workers were in the area at the time. However, many of the

investigations were at sites of fatal accidents. In total, 79 workers were fatally injured in

the rockbursts investigated by the CSIR team. In order to assess how representative

these investigations are of the rockburst problem in South Africa, the rockburst statistics

for the three year period 1994-1996 were reviewed.

Most rockburst fatalities occurred in the mining of the VOR (83 fatalities), followed by the

Carbon Leader reef (51 fatalities), Vaal reef (25 fatalities), and the Basal reef

(15 fatalities). The number of rockbursts investigated by the team is roughly in the same

proportion: VOR (9 investigations), Carbon Leader reef (6 investigations), the Vaal reef

(6 investigations), and the Main reef (3 investigations). With the exception of the Basal

Reef, the rockburst investigations sampled areas of greatest rockburst hazard.

(Figure 3.3.1)

The rockburst statistics were also analysed in terms of the location of the fatal accident

(Figure 3.3.2). Most fatalities occurred in the stope (131 fatalities), followed by gullies

(57 fatalities) and cross-cuts, haulages and developments (22 fatalities). While the

damage due to a single rockburst may affect stopes, gullies and haulages, an attempt has

been made to classify the investigations in terms of the area of most serious damage:

stopes (11 investigations), gullies (7 investigations), cross-cuts and haulages

(7 investigations), and shafts and service excavations (3 investigations). Again the

investigations are fairly representative of the problem in the industry.
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Figure 3.3.1 Analysis of rockburst and rockfall fatalities in South African

gold mines for the three year period 1994 to 1996 according to

reef.
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Figure 3.3.2 Analysis of rockburst and rock fall fatalities in South African

gold mines for the three year period 1994 to 1996 according to

location.
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3.4 Factors affecting the severity of rockburst damage

The severity of rockburst damage often varies greatly. One panel in a Iongwall may be

severely damaged, while an adjacent panel (perhaps even closer to the focus of the

seismic event) is unscathed. The condition of a tunnel may change from being sound to

one of total collapse over a distance of a few metres. Why is this so? The rockburst

investigations were undertaken with the objective of determining the factors that control

the distribution and severity of rockburst damage. It is believed that a detailed

understanding of both the source and damage mechanisms, and the application of this

knowledge to the design and support of excavations, will lead to a reduction in the hazard

posed by rockbursts.

The findings of the twenty-eight rockburst investigations conducted from January 1994 to

December 1997 are synthesized in this section , with the aim of highlighting common

themes and key issues. Detailed descriptions of individual case histories are given in

Appendix B.

3.4.1. Layout and mining sequence

Guidelines and empirical design criteria found in publications such as An Industry Guide

to Methods of Ameliorating the Hazards of Rockfalls and Rockbursts (COMRO, 1988) are

generally used for the design of excavations. During the course of the rockburst

investigations it was found that some of these guidelines and criteria have limitations

which are not always appreciated by the rock mechanics practitioner. In some instances,

the limitations are not clearly expressed in the publications. The notes that follow for the

most part endorse existing guidelines, but in some instances reflect a slowly evolving

change in knowledge and approach.
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Remnants

(see Case Histories 1,2 and 7)

The mining of remnants poses particular challenges as these parts of the ore body have

usually been left because of geological complications such as faulting, or because of

damage caused by a previous rockburst.

The formation of remnants should be avoided in a longwall situation. If possible,

underhand mining from the raise should be carried out. The mining of the remnant

between approaching longwall faces is inherently hazardous and must be carefully

managed. If up-dip mining is being practised, the up-dip faces should be changed to a

breast configuration sufficiently far away to prevent the development of a heading in a

very high stress environment.

The formation of rectangular or L-shaped remnants should be avoided, as the whole

structure may fail in a single event. Rather, a triangular remnant should be formed and

mined in a direction such that the part to be mined last is closest to the nearest large solid

area, allowing the apex of the triangle to crush continuously.

Pillar width:heiciht ratios

(see Case Histories 2 and 13)

If trenching is carried out owing to a sudden change in reef elevation (e.g. faulting or

“roll”), the effective unconfined height of the remnant or pillar is increased (Figure 3.4.1).

Calculations of the pillar dimension using guidelines based on the width:height ratio

should be treated with caution.
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Figure 3.4.1 Increased effective uncon fined height of remnant or pillar

owing to a change in reef elevation.

Face orientation

(see case History 3)

The angle between the longwall and geological features such as dykes, faults, or

dominant joint sets must be carefully considered. Experience shows that an angle greater

than 300 between the feature and the orientation of the longwall (not the individual panel)

is desirable.

In situ stress

(see case History 6)

The in situ stress is an important factor in designing underground excavations, and

cannot simply be assumed to be the overburden load yielding a k-ratio of 0,5.

Measurements should be made to determine whether any anomalous stress state exists.
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In some areas significant residual stresses have been found to exist giving k-ratios as

high as 1,8.

Shape of stope face

(see case History 10)

Panel length and leadllags require trade-offs between practical production constraints and

the theoretical ideal. The use of shorter panels is recommended to limit the extent of

ruptures along face-parallel shears and the consequent damage, and to facilitate escape

from rockburst damaged panels. A long straight face should be avoided. Gully headings in

advance of long straight faces are particularly prone to damage.

Panels lagging by large amounts are subjected to high ERR’s and should be supported

particularly well, with a strictly enforced “no blast if support not up to standard” regulation.

The leading panels should be stopped or slowed down to remedy the situation.

Service excavations and facilities

(see Case History 10)

Facilities such as the stope entrance infrastructure (timber and material bay), refuge bay

and waiting place should be located away from seismically hazardous areas such as

faults.

Faults

(see Case History 12)

Mining in the vicinity of major faults may result in increased fault instability, and the use of

bracket pillars parallel to the major faults should be considered.
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Stope access

(see case History 10)

The number of accessways to the face should be adequate for the rescue and

rehabilitation work that may be required following a rockburst.

Multi-reef mining

(see case History 13)

Relative face positions and the resultant stress fields should be carefully considered. One

face should lag the other by an amount equal to the middling distance, until the reef

separation is such that face stresses do not interact significantly.

Angular unconformities

(see case History 13)

If strata are not parallel, the refraction of the stress field due to mining may increase the

shear stress on a bedding plane with low cohesion (Figure3.4.2). This may contribute to a

seismic event.
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trajectory.

Stabilizing pillars and abutments

(see case History 14)

Highly stressed stabilizing pillars and abutments may experience foundation failure. The

situation may be alleviated by higher volumes of backfill and improved placement

techniques, thereby reducing the likelihood of further foundation failures. For mines

without backfill systems, consideration may need to be given to changes in layout

including increasing pillar size and reducing the spacing between pillars.

Figure 3.4.2 The possibility of shear slip between footwall strata with low

cohesion may be increased by an unfavourable stress
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3.4.2. Numerical modelling

(see Case Histories 1, 2, 3, 7, and 12)

When mining layouts are designed, the guidelines and empirical criteria are often

supplemented by the calculation of Energy Release Rate (ERR) and Excess Shear Stress

(ESS) using standard numerical modelling computer programs. During the rockburst

investigations it was found that the fundamental assumptions of elastic modelling

techniques, and the need to apply engineering judgement in the interpretation of the

results, is not always appreciated by the rock engineers on the mines.

Mines should develop strategies to mine in the proximity of geological discontinuities such

as dykes and faults using back analyses of past rockbursts. ESS and ERR should provide

empirical design criteria.

Extreme care must be taken in the interpretation of calculated stresses, ERR and ESS.

The ratio of the average pillar stress (APS) to the uniaxial compressive strength (UCS) of

the rock comprising the pillar is commonly used as an emprical design criterion. Elastic

modelling programs do not take the fracturing of the face into account, and produce

unrealistically high values of stress at the edges of pillars and abutments. In reality these

areas fracture and crush, are shifting the load away from the face. The core of the pillar is

subjected to greater stress than is indicated by the numerical model, and the APS

produced by the elastic model is not appropriate for calculating the APSIUCS ratio. This

can become critical when the pillar dimensions are small.

The mining and seismic history should be considered when assigning strength to blocks

of ground. Narrow pillars, small remnants and areas that have hosted large seismic

events should not be modelled as solid, but rather as failed areas incapable of bearing

significant load. Footwall punching and complete stope closure may relieve stresses

within pillars and remnants.

Other important factors are the sizes of mesh and the window used for numerical

modelling. The mesh size should be small enough to represent the local mining geometry

in adequate detail, while the window size should be large enough to take into account all

significant contributions to the stress in the area of interest.

153



3.4.3 Tunnels and service excavations

(see case Histories 4, 5, 6,12, and 16)

The quality of the support system is of key importance. With regard to the performance of

tunnel support under rockburst conditions, there has been a great deal of synergy

between this project and SIMRAC project GAP335 Strata Control in tunnels and

evaulation of support units and systems currently used with a view to improving the

effectiveness of support, stability and safety of tunnels. A method for analysing the

deformation of tunnels caused by rockbursts, and diagnosing the modes of failure has

been developed.

Long term excavations that are likely to be subjected to seismicity during their lifetimes

should be supported with pre-stressed yielding units that can accommodate shear

deformations (e.g. grouted rope anchors or cone bolts), integrated with mesh and lacing.

In areas where severe shaking is expected, these supports should be supplemented with

shotcrete.

The collapse of large sections of tunnel may be precipitated by the failure of a single weak

link. Consequently it is important that the lacing be properly clamped so that the failure of

a single cable does not cause the whole system to unravel.
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Figure 3.4.3 Diagram showing conceptual mechanisms of excavation

deformation as a function ofsupport interaction with the rock

mass. Within the South African gold mining environment the

vertical virgin stress level is approximately twice that of the

horizontal, and induced stresses are generally sub-vertical.

Consequently the depth of failure within the sidewalls of the

excavations is substantially greater than in the hangingwall or

footwall. The tendons on the left hand side of the tunnel are

anchored within the zone of instability, hence the entire

sidewall is displaced inwards due to bulking of the unstable

rock mass. A similar effect will be observed if the tendons

snap or debond. In contrast, the tendons on the right hand

side of the tunnel remain anchored in solid rock, hence the

sidewall bulks between the tendons.
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Rehabilitation of tunnels and shafts by “bleeding-off” the fractured rock may have

unforseen results. For example, the barring of unstable rock from the hangingwall of an

incline shaft had the effect of increasing the height to width ratio of the pillar separating

the shaft from an old stope, causing the previously stable pillar to fail. Furthermore, it is

also crucial that adequate temporary support is in place while rehabilitation is being

performed. Other vulnerable situations arise when tunnels traverse faults, approach the

reef intersection, or the stress regime changes owing to over- or under-stoping.

3.4.4 Gullies

Gully support

(see Case Histories 8,11,13,14 and 15)

Rockburst resistant support must be installed in gullies, especially when traversing faults

and dykes. The use of softer support on gully edges (e.g. soft packs, or bringing backfill

down to the gully edge with gaps left for storage) is encouraged. The integration of

elongates with packs in gullies appears to show improved performance when compared

to current standards. The idea of using elongates with special headboards to allow

lagging across gullies also looks promising.

The gully heading should be supported with rockburst resistant support (such as rapid

yielding hydraulic props with headboards) installed in the face area.

Gullies adiacent to pillars and abutments

(see Case Histories 13 and 14)

Gullies along pillars and abutments are particularly prone to damage, as these areas can

host large seismic events and the gullies are exposed to high stresses over long

distances. The support systems in these gullies should be especially robust. Continual

recognition must be given to the fact that rockbursts are the destructive or damaging

manifestations of seismic energy release. Innovative thinking is necessary. Some

methods of reducing the rockburst hazard are suggested below.
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• Use foam cement in the south siding alongside and behind the packs to absorb the

impact of the dilating rock and to maintain the integrity of the hangingwall rocks.

• Use yield tendons together with some form of areal support to pin the gully

hangingwall. This type of support is more capable of accommodating shear along

weak planes parallel to the hangingwall. Angle this support to be at right angles to the

dominant fracturing.

• Get backfill closer to the gully edge. Prevent backfill from dilating into the gully by

using mesh between packs.

• Precondition the pillar edges by drilling and blasting from the heading. This will

create a buffer zone and ensure that the shear zone, resulting from foundation failure,

is that much more distant from the pillar edge.

• The gully siding should be deep enough so that the pillar edge and the packs on the

down dip side are separated by at least a metre. This will reduce the likelihood of

buckling due to violent dilation of rock from the pillar edge. Use foam cement to

maintain the integrity of the hangingwall in this area.

Gully sidewalls

(see Case History 3)

Gully packs sometimes collapse or are ejected during rockbursts due to poor foundations.

The sidewall may be damaged by scraping, poor blasting practice, or may have failed due

to the gully packs bearing excessively high loads.

Gullies in Carbon Leader Reef stopes

(see Case Histories 8,11,14 and 15)

Carbon Leader Reef gullies appear to be prone to damage due to the geotechnical

properties of the hangingwall strata. The Carbon Leader Reef is immediately overlain by a

competent siliceous quartzite, 1 ,4 m to 4 m in thickness in the Carletonville area; which is

in turn overlain by the Green Bar, a 1 m to 2,5 m thick argillaceous unit. Owing to the poor

cohesion between the hangingwall quartzite and the Green Bar, the quartzite beam is

susceptible to fracture and collapse. In some instances there has apparently been lateral

157



motion along the Green Bar. In one case the gully had been excavated along the lower

edge of the stabilizing pillar where a prominent set of mining induced fractures orientated

parallel to the edge of the pillar was present, giving rise to poor hangingwall conditions.

Strike gully sidings must be mined strictly on dip so that the Green Bar contact is kept a

maximum distance above the stope. The final cleaning of the siding can take place from

the following down-dip panel where applicable.

3.4.5 Stopes

With regard to the performance of stope support under rockburst conditions, there has

been a great deal of synergy between this project and SIMRAC project GAP33O Stope

face support systems.

Support

(see Case Histories 1, 2, 3, 7, 8, 9, 10, and 13)

Rockburst resistant support such as rapid yielding hydraulic props or yielding elongates

must be installed in the face area. This is especially critical at the top and bottom of the

panels where cross fracturing exists due to the adjacent leading or lagging panel. Non-

yielding support elements such as mechanical props and mine poles have very low

energy absorption capabilities under rockburst conditions. Headboards should be fitted to

props and elongates to limit falls of ground, especially in areas where the hangingwall is

friable and prone to fragmentation. Face area support should be in place 24 hours a day,

and not removed for blasting or cleaning. Back areas should be barricaded to prevent

casual access, as these areas are prone to shake out.
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Brows

(see Case History 2)

It is imperative that horizontal confinement be applied to brows formed by falls of ground,

negotiation of faults and rolls.

Rolls in the Ventersdorp Contact Reef

(see Case Histories 1, 2, and 13)

Special care should be taken to support the hangingwall when mining in the vicinity of

rolls, especially when associated with bedding-parallel faulting, as the frequency of weak

calcite-coated joints appears to increase in these areas. The rock hangingwall has a

greater propensity to disintegrate when subjected to seismically induced shaking. An

additional hazard is posed by the exposure of lava in the face. The lava has a higher

uniaxial compressive strength (UCS) and Young’s modulus than the VOR, and can

therefore store more strain energy and appears to be prone to face bursting (see

Figure 3.4.1).

Backfill

(see Case Histories 3,10,14 and 15)

It should be ensured that the backfill bags are large enough to tightly fill the stope. In

areas where fall out of the hangingwall has occurred, larger backfill bags should be used.

Backfill should be extended to the gully packs. This would increase the filling by about 5%

and reduce the potential for falls of ground between the gully packs.
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Stoping width

(see Case History 10)

Careful blasting should be practised and a conservative blast design implemented, as a

reduction in stoping width will improve the effectiveness of both the face area support and

the backfill.

Rapid yielding hydraulic props (RYHPs) and prestressed yielding elongates

(PSYEs

)

(see Case Histories 3,10 and 14)

RYHPs were introduced almost 30 years ago, and were received with great acclaim once

initial teething problems had been overcome. For more than two decades their

performance was deemed satisfactory. In recent years, however, the mining industry has

become reluctant to continue using RYHPs owing to operational difficulties. The real

cause of the poor performance of RYHPs should be determined. Factors which could

contribute to the high fall-out rate are:

• Failure to use loadspreaders. In the highly fractured ground the relatively small

diameter of the end of the prop or extensions could punch a few millimetres and thus

drop load. A similar effect is obtained from setting on a poorly cleaned footwall.

• Pump pressures are incorrect. This could be caused by low air or water supply to

the pump or dirty filters.

• Not allowing the pump to stall properly when setting a prop.

• Extensions are not seated properly.

• Valves and seals are faulty.

PSYEs have been introduced only in the last few years. They have been enthusiastically

received as a way of avoiding the problems encountered in managing hydraulic prop

systems, while retaining the advantages of a prestressed and yielding face support

system. Assessment of their performance under rockburst conditions has revealed a

number of design weaknesses, particularly related to headboard design, which have been

addressed by manufacturers. Some PSYEs show great variability in performance,

particularly those where timber forms a large component of the unit. This variability must
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be taken into account in the design of the face area support system, as failure of a single

unit could lead to disintegration of the hangingwall or increase the load on the adjacent

units and precipitate their failure. Once these initial problems are overcome, it is believed

that PSYEs will be an effective components of a stope support system.

3.4.6 SeismiCity

A mine-wide seismic network (yielding locations with an accuracy better than 20 m)

should be installed on all mines which experience rockbursts, to facilitate the identification

of hazardous areas and aid the back analysis of rockbursts. The seismicity data should

be carefully analysed to identify which parameters are most useful as indicators of

increased rockburst hazard.

Many of the rockbursts occurred on mines which had a good seismic system in place.

Even when analysing the data in hindsight using the best methods available, not a single

example of a significant precursor was found. It is concluded that the reliable and timeous

prediction of rockbursts remains a remote possibility at this stage.

3.4.7 Strong ground motion

(see Case History 6)

Observations of co-seismic closure and ejection velocities provide useful parameters for

the design of support. In one instance the mass of an ejected block and the evidence of a

failed rebar enabled a minimum ejection velocity of 1,4 m/s to be estimated.

In most of the investigated rockbursts the dynamic closure was considerably less than the

capacity of the support systems, and the bulk of the damage was due to disintegration of

the rockwalls between support elements, rather than failure of the elements. This

illustrates the importance of determining the stable dynamic span for the support system

and geotechnical area. It is important to realise, however, that should the containment

support such as mesh and lacing be improved, a much greater dynamic load would be

imposed on the bolts or tendons and their inadequacies would become evident.
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3.4.8 PreConditioning

(see Case Histories 7, 8, and 9)

Several of the rockburst investigations were conducted at sites where preconditioning was

being implemented. These investigations supported the view that preconditioning reduces

the hazard of face bursts. It is important, however, that production personnel adhere to

the preconditioning guidelines. As the effectiveness of preconditioning is believed to

diminish with time, intervals between face-parallel preconditioning blasts should be based

on the elapsed time, not merely on the face advance.

3.4.8 ConClusions

Why does the severity of rockburst damage vary so much? There is no single, simple

answer. Probably the most important factors are variations in the condition of the rock

mass and the failure of inadequate support systems. Neither is there an easy, instant

solution to the rockburst hazard. Given the current methods of mining, the most important

steps to be taken to reduce the rockburst hazard would involve:

• discipline in ensuring that support is always up to standard, and that the stope support

system is as close to the face as possible;

• frequent inspections of working places by personnel able to identify changes in the

rock mass condition, and with the authority to recommend and implement appropriate

changes to layout and support systems; and

• adherence to sound layouts, regardless of the demands of production.

Further gains will be achieved through the improvement of areal coverage in gullies and

stopes.
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4. Conclusions

The most important results emerging from this study can be summarised in following

conclusions:

Influence of fracturing and support on the site response in deep

tabular stopes

Dynamic behaviour of the hanQinciwall under seismic impact

• Ground motion at two points on the hangingwall, one close to the support unit and the

other about 1 m apart, and the mind way between two support units vary

considerably, where the maximum velocities recorded at the point apart from the

support are higher.

• Amplitude spectral ratios and phase differences can be used as criteria of stability of

the hangingwall at any frequency.

• Surface of the rock to which the geophones are attached (Im apart from each other)

vibrates in phase in the whole frequency range (24 Hz - 965 Hz).

• At frequencies greater than 600 Hz, the energy at one of the geophones is nearly 400

times greater than the other nearby geophones. Therefore this geophone is freer to

move at these frequencies.

Dynamic behaviour of the backfill site

• Phase difference plot shows no coherence between hangingwall and backfill motions

at all frequencies.

• In the frequency range 200 Hz - 520 Hz, backfill energy is nearly 2,5 times greater

than that of the hangingwall.

• In the earliest stage, when the backfill was still soft, less energy was transmitted in the

frequency range above 600 Hz. In the next stage, 20 days later, when the backfill

became compressed, the deviations in the spectral ratio became smaller and equal in

the entire frequency range.

• The interaction between the hangingwall and the backfill improves with time and the

support provided by the backfill is more effective.
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Dynamic behaviour of “hanpingwall - Eben Haeser prop - footwall system

”

• The coherent vibrations of “hangingwall - Eben Haeser prop - footwall system”

indicate: a minimum in the lower frequency (below 250 Hz), a maximum between 300

and 650 Hz (possible resonance), and very similar behaviour for frequency above 700

Hz.

• The variations in the maximum velocities show dependence on time. While the

stiffness of the “hangingwall - Eben Haeser prop - footwall system” increased, the

maximum velocities decreased.

Seismic evidence for stress redistribution before and after a stronci seismic event

.

• Variations in the maximum velocities recorded before and after a strong seismic event

were obtained. The scattering in maximum velocities recorded by five near by

geophones installed on the hangingwall increases largely several hours before the

event and than back to normal, after the event.

• Two possible hypothesis for interpretation of this phenomenon have been proposed:

(i) redistribution of the stresses during the preparatory period of the strong

event, and

(ii) increasing the resistance of the support system in post event period.

Analyses of seismic signal recorded in tunnels, cross-cuts and

stopes in frequency and time domain

Peak velocity and acceleration parameters, freciuency spectra in tunnel, cross-cut and

stope

.

• Measurements of the motion of the skin of tunnels and stopes excited by seismic

signal indicate an increase in duration of shaking and an amplification of vm~x and amax.
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Time domain analysis of tunnel sidewall motion

.

• A damped oscillator model with signal degree of freedom can be used to analyse the

energy dissipated by the structures through the process of damping and damage. The

strategy, in this process, is to minimise the energy dissipated by damage and

maximise the energy dissipated by damping.

• The structural damage in oscillating systems can be characterised by the changes in

modal parameters, such as natural frequencies, mode shapes and modal damping

values.

Transfer function for a seismic sicinal recorded in solid rock and on the skin of an

excavation

• The Influence of support on vibration in the hangingwall is measurable. The algorithm

presented in this report estimated different vibrations in the different sites in the

hangingwall. The obtained model of transfer function is reasonable.

• There is strong indication that properties of the site change with time (weeks).

• The difference between ground motion in the footwall and ground motion in the

hangingwall cannot be properly modelled with modal transfer function.

New interpretation techniques and theoretical developments

Velocity amplification considered as a phenomenon of elastic enerciy release due to

softeninci

• The wave amplification may be attributed to energy release from rock under stresses

high enough to generate cracks at a state close to instability; the amplification occurs

due to physical non-linearity at interacting softening surfaces.

• The wave amplification appears as an exponential growth of displacements, velocities

and accelerations with a characteristic time proportional to the attenuation in the rocks

and the contact modulus of softening.

• Stationary waves do not exist for a regime of amplification.

• Triggering of seismic events, rockbursts in particular, by an incident wave or in

apparent “static” conditions are extreme cases of amplification.
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Rockburst investigations

Why does the severity of rockburst damage vary so much? There is no single, simple

answer. Probably the most important factors are variations in the condition of the rock

mass and the failure of inadequate support systems. Neither is there an easy, instant

solution to the rockburst hazard. Given the current methods of mining, the most important

steps to be taken to reduce the rockburst hazard would involve:

• discipline in ensuring that support is always up to standard, and that the stope support

system is as close to the face as possible;

• frequent inspections of working places by personnel able to identify changes in the

rock mass condition, and with the authority to recommend and implement appropriate

changes to layout and support systems; and

• adherence to sound layouts, regardless of the demands of production.

Further gains will be achieved through the improvement of areal coverage in gullies and

stopes.
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APPENDIX A

Transfer function for a seismic signal recorded in

solid rock and on the skin of an excavation



I Introduction

The objective of this report is to quantify the effect of the rock mass surrounding a stope

or tunnel on the seismic signal. Work done as part of this project in 1996 shows that the

transfer function of rock mass surrounding an excavation can be modelled using a

damped oscillator (Cichowicz, 1996).

In this report the method of estimation of transfer function is extended further. Parameters

of a damped oscillator are estimated using inversion techniques. The transfer function is

modelled as a time varying system. Application of this technique of time varying systems

is essential to track the time variation of the natural frequency during ground motion

caused by a seismic event.

2 Dynamic structural systems

Ljung and Soderstrom (1983) and Ljung (1987) studied methods for the time-domain

identification of linear multidegree on freedom of structural dynamic systems. The term

identification refers to the determination of analytical models for structure, based on the

observations of the system. Recordings of a single input and single output are sufficient to

determine all the modal frequencies and damping ratios in a structure (Safak, 1989).

The equivalent discrete-time equation for a single input, single output dynamic system

can be written in the following form:

y(t)±a1y(—1)±...±a1y(t—l)=b1u(t—1)±...±b11,u(t—m) (A.1)

where: u(t) and y(t) are the input and output sequences, respectively; a1 and b1 are

constants for time invariant systems and functions of time for time varying systems.

Although the equation represents a linear system, it has been suggested that any non-

linear system can also be represented by a similar equation with time varying parameters
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(a1,b1), by introducing the following polynomials in the back-ward-shift operator q’ , where

q’ is defined as q’ y(t)= y(t-i),

B(q)= + ... + b~,q”’ (A.3)

Equation (A.1) can be written in a more compact form as:

B(q

)

y(t) = u(t) (A.4)
A(q)

The polynomial ratio B (q)IA (q) is called the system transfer operator, H(q). Discrete-time

equations can also be expressed in the frequency domain by taking the Z-transform of

time domain equations. By taking the Z-transform of both sides in equation (A.4) we can

write:

B(z

)

Z[y(t)] = Z[u(t)j (A.5)
A(z)

where Z[y(t)] = the Z-transform and z is any complex number. The polynomials A(z) and

B(z) are the same as defined by equations (A.2) and (A.3) except all the qs are replaced

by zs. The transfer function can be represented in terms of harmonic functions by

selecting z = exp(i24At), where f denotes the frequency and At is the sampling interval.

The stability conditions require that the roots of the denominator polynomial A(z) should

all have a magnitude less than one. This means that the roots of A(z) are all in complex-

conjugate pairs located inside the unit circle in the complex plane. The transfer function

can be put into the following form:

H(z) = (A.6)
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where:

H (~ — 2R(q~)— 2R(q,p1 (A.7)j ,~z) — 1—2R(p~)§’±Ip112 §2

where Hj(z) is the second order filter, R(q) is the real part of q, p is the complex

conjugate, Pj is the complex root of the polynomial A(z) and q1 is the corresponding

residue of H(z). The filter output y(t) is modelled as the linear combination of the outputs

of second-order filter each subjected to input u(t). The form given by equation (A.6) is

known as the parallel form of realisation. Each second-order filter H~(z) corresponds to a

simple, damped oscillator. The damping dJ and the frequency fjj of each oscillator are

defined by the following equations (Safak, 1989):

1
ln(—)

r.
‘1 (A.8)
()]112

[F
2 + in2 r.

j

1
ln(—)

r.

— 2zd~At (A.9)

where: rjIPjI , F~ is the modulus and the arguments of the jth pole (or of its complex-

conjugate).

The recordings from dynamic systems are always contaminated by noise existing in the

recording environment, as well as by the imperfections in the recording instrument. Hence

the following equations for the signal:

A(q)y(t) = B(q)u(t)+ C(q)e(t) (A.10)
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where:

(All)

and e(t) is a white noise sequence. Equation (A. 10) represents a family of model

structures for noise systems. The A(q) corresponds to poles that are common between

the dynamic model and the noise model. The motivation for introducing C(q) polynomial is

to provide for flexibility in the noise descriptions.

3 Recursive prediction error methods

System identification constitutes determining the coefficients of the polynomials in A(z),

B(z) and C(z) for a given pair of input and output sequences:

Q=(a1,...,a,,b1,..., b,,1, c1 , c,,) (A.12)

The one step ahead prediction ypred(t, u(t),a~,b~,c1) of y(t) at time t is based on the past

values of input u(t), output, y(t) and parameters a1 bi ci. The difference:

E(t,Q) = y(t) ~Ypre1i(t~Q) (A.13)

gives the error in the estimation at time t. System identification aims to determine the

vector ,Q, such that the total error ZE2(t,Q) is minimum. For identification, how to

measure the total estimation error must be decided. The most convenient way is the least

squares method. The least squares method uses quadratic criteria for measuring errors.

A weighting factor (forgetting factor) is also included in the criteria, to the flexibility of

manipulating the effect of data on total error.

E = ~IklLtkE2(t,Q) (A.14)

where: L is the forgetting factor.
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Measurements that are older carry less weight in (A.14) than the current values. For time

invariant systems, weighting factors can all be taken as equal to one. For time varying

systems, weighting factors are essential to track the time variation of system parameters.

The forgetting factors localise the identification by giving more weight to the current

values, and by gradually discounting the past values.

A recursive identification algorithm is:

Q(t) = Q(t — 1) + K(t)[y(t) — Ypred(t)] (A.15)

where: Q(t) is the parameter estimate at time t, and y(t) is the observed output at time t.

ypred(t) is a prediction of the value y(t) based on observation up to time t-1. The gain K(t)

determiners in what way the current prediction error y(t) — ypred(t) affects the update of

the parameter estimation. In this report the Matlab implementation of equation (AlS) is

used.

4 Data, results and discussions

4.1 Experiment I (Blyvooruitzicht Gold Mine)

Data from the experiment with two geophones were used to study the transfer function of

the rock mass surrounding an excavation. The geophones were installed in close

proximity to each other; the first in solid rock and the second in a footwall drive.

Figure A.1 shows an example of ground motion recorded in solid rock (solid line) and

recorded in a footwall drive (dashed line). The velocity spectrum of the geophone in solid

rock is exactly as the theory predicts (see Figure A.2 bold lines). The geophone installed

in the footwall drive shows very clear resonance frequencies (see Figure A.2 dashed

lines).
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Figure A. I An example of real seismograms (event A7915), recorded in solid

rock - solid line, and in a footwall drive - dashed line

102

101

100

10~1

Figure A.2 Velocity spectrum of the seismograms from Figure A. I.
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The transfer function of the site effect is calculated using the method described in the

previous section of the report. To improve modelling precision it is good practice to

remove very high frequency contents from a signal using the low pass Butterworth filter.

To preserve the shape of the signal a zero-phase filter is applied by processing in both

the forward and reverse directions. Parameters of transfer function were calculated for

several orders of A (q), B (q) and C (q) polynomials.

4.2 Is site response non-linear?

The transfer function is defined by coefficients of A (q) and B (q) polynomials, therefore

Figure A.3 reflects the changes of transfer function. As a consequence there is not only

one transfer function, which can be applied to the entire seismogram.

Figure A.3 shows the coefficient of polynomial A (q) and B (q) versus time. The forgetting

parameter is equal to 1,0. The initial part of the time series should be ignored, as the

learning time for the filter (from 0 s to 0,01 5). The next part shows some significant

changes in all coefficient values. This suggests that the P wave caused the non-linear

response of the system. During the vibration caused by the P wave there is no interval of

time with fixed values of coefficient. The arrival of the P wave shows initial abrupt

changes (0,015 5) and then the coefficient stabilises at time 0,035 s.

It is difficult to separate the effect of the adapting coefficient due to the adaptive algorithm

from a non-linear response of the system.
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Figure A.3 The coefficients of the polynomials A (q) and B (q) versus time.

4.3 Model of output: Mode presentation

The mode contribution to ground motion can be obtained by combining equations (A.4)

and (A.6). Figure A.4 (a) (solid line) shows ground motion caused by Mode 1, calculated

at time 0,0980 s. For comparison, the output of the system (seismogram installed in the

wall of the tunnel) is shown on Figure A.4 (a) by dashed line. The system response is

dominated by Modes 1, 3, 4, S, 6, 7, 8 and iS (see Figures A.4 a, b, c, d, e, f, g, h). The

sum of the contribution from each of the modes to the response is plotted in Figure A.5

along with the recorded response. However, some modes are fairly close and have

different phases. Therefore, when they are added together, most of the amplitudes cancel

each other and do not appear in the final response.
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Figure A.4 (a) The system response dominated by mode one.
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Figure A.4 (b) The system response dominated by mode three.
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Figure A.4 (c) The system response dominated by mode four.
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Figure A.4 (d) The system response dominated by mode five.
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Mode: 6 at fln~e: 0.0980s f= 1535 Hz d= 0.044
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Figure A.4 (e) The system response dominated by mode six.
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Figure A.4 (tJ The system response dominated by mode seven.
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Figure A.4 (g) The system response dominated by mode eight.
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Figure A4 (h) The system response dominated by mode fifteen.
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Figure A.5 shows the sum of 15 modal responses calculated at the time of 0,0980 5; the

match with the real ground motion is very good. As expected (see Figure A.3) a transfer

function calculated at the end of seismogram is not suitable for modelling of the P wave

pulse.

3-
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1

0

—1

-2

-3.

-4
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Figure A.5 Sum of fifteen modal responses calculated at time of 0,0980 s.

Figure A.6 shows spectra of real output and that calculated. The spectral match of two

signals is obvious. The match can be used as an independent verification of the inversion

method. The third curve is the transfer function in frequency domain.

A7915 f ~300Hz Inax2200HZ

Sum of 15 modal responses calculated at time: 0.098s
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Figure A.6 The spectrum of the seismograms from Figure A.5 and their

transfer function.

There are also several other modes with significant amplitudes. Those modal frequencies

change from model to model of transfer function. This can be caused by either, the

inversion process not being perfect, or by the different response of site effect.

The same calculation of transfer function was repeated for 5 pairs of seismograms. Two

examples of simulation of waveform are shown throughout Figure A.7 to A.12. It is

encouraging that the main features of the transfer function are similar in all examples.
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Figure A. 7 An example of real seismograms (event A 7640), recorded in solid

rock - solid line, and in a footwall drive - dashed line.
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Figure A.8 Velocity spectrum of the seismograms from Figure A.7.
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Figure A.9 Sum of 15 modal responses calculated at time 0,098 s

Figure A. 10 The spectrum of the seismograms from Figure A.9 and their

transfer function.
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Figure A. 11 Sum of thirteen modal responses calculated at time 0,098 s.

Figure A. 12 The spectrum of the seismograms from Figure A. 11 and their

transfer function.
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Table A.1 shows modal frequencies and damping ratios obtained at the end of

seismogram for all five pairs of seismograms. The first row of Table A.1 shows a number

of seismic events and a frequency range for which calculation was performed.

Table A.1

Modal frequencies and damping ratios obtained at the end of seismogram

for all five pairs of seismograms.

Modal Frequencies and Damping Ratios

No: A7915

300-2200 Hz

No: A7640

300-2200 Hz

No: A8114

300-2200 Hz

No: A8328

300-1500 Hz

No: A9112

100-2200 Hz

426Hz

0,032

399Hz

0,048

425Hz

0,014

380Hz

0,056

413Hz

0,051

456 Hz

0,312

425 Hz

0,611

532Hz

0,082

611 Hz

0,077

746 Hz

0,064

764 Hz

0,200

741 Hz

0,189

731 Hz

0,074

718 Hz

0,035

1038 Hz

0,029

971 Hz

0,047

837 Hz

0,125

1006 Hz

0,044

985 Hz

0,021

1350 Hz

0,163

1303 Hz

0,319

1371 Hz

0,091

1532 Hz

0.044

1803 Hz

0,039

1711 Hz

0,022

1683Hz

0,025
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An examination of Table A.1 shows that the modal frequencies of 400+/-20Hz and 740+1-

20Hz are present in all models of the transfer function. The modal frequency located

between 837 and 1038 Hz is also present in all models of the transfer function.

There are also several other modes with significant amplitudes. Those modal frequencies

change from model to model of transfer function. This can be caused by either, the

inversion process not being perfect, or by the different response of site effect.

4.4 Experiment 2 (Vaal Reefs No.5 Shaft)

Two geophones were installed in hangingwall of stope; one close to support and another

1,1 maway.

The inspection of seismograms and their spectra shows strong similarity of the two

seismograms and spectra (see Figure A.13 and Figure A.14). Only after processing of

data was it possible to quantify the difference between them (see Figure A.15 to

Figure A.45).
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Figure A. 13 An example of real seismograms (event FGO2), recorded in solid

rock - solid line, and in a fractured rock - dashed line.
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Figure A. 14 Velocity spectrum of the seismograms from Figure A. 13.
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Figure A. 15 Sum of five modal responses calculated at time 0.153s.
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Figure A. 16 The spectrum of the seismograms from Figure A. 15 and their

transfer function.
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Figure A. 17 An example of real seismograms (event FGO4), recorded in solid

rock - solid line, and in a fractured rock - dashed line.
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Figure A. 18 Velocity spectrum of the seismograms from Figure A. 17.
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Figure A. 19(a) The system response dominated by mode one.
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Figure A. 19(b) The system response dominated by mode two.
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Figure A. 19(c) The system response dominated by mode three.

Figure A. 19(d) The system response dominated by mode four.
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Figure A. 19 Ce) The system response dominated by mode five.

Figure A.20 Sum offive modal responses calculated at time 0,153 s.
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Figure A.21 The spectrum ofthe seismograms from Figure A.20 and their

transfer function.

Figure A.22 An example ofreal seismograms (event FGO7), recorded in solid

rock - solid line, and in a fractured rock - dashed line.

Frequency [Hz]

0.08 0.1
Time [si

A-27



1 ~

102

101

100

10~1

I 02

FigureA .23 Velocity spectrum of the seismograms from Figure A.22.

Figure A.24 Sum offive modal responses calculated at time 0.153 s.
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Figure A.25 The spectrum of the seismograms from Figure A.24 and their

transfer function.
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Figure A.26 An example of real seismograms (event FGIOO), recorded in

solid rock - solid line, and in a fractured rock - dashed line.

Frequency [Hz]

Time [s]

A-29



Figure A.27 Velocity spectrum of the seismograms from Figure A.26.
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Figure A.28 The coefficients of the polynomials A (q) and B (q) versus time.
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Figure A.29 (a) The system response dominated by mode two.
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Figure A.29 (b) The system response dominated by mode four.
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Figure A.30 Sum offive modal responses calculated at time 0.153 S.
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Figure A.31 The spectrum ofthe seismograms from Figure A.30 and their

transfer function.

0.02 0.04 0.06 0.08 0.1 0.12 0.14

Frequency [Hz]

A-32



- FG.1011500

0.02 0.04 0.06 0.08 0.1
Time [s]

0.12 0.14

Figure A.32 An example of real seismograms (event FGIOI), recorded in

solid rock - solid line, andin a fractured rock - dashed line.
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Figure A.33 Velocity spectrum of the seismograms from Figure A.32.
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Figure A.34 The coefficients of the polynomials A (q) and B (q) versus time.

Figure A.35 The sum of fourmodal responses calculated at time 0,153s.
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Figure A.36 The spectrum of the seismograms from Figure A.35 and their

transfer function.
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Figure A.37 The sum offourmodal responses calculatedat time 0,153 s.
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Figure A.38 The spectrum of the seismograms from Figure A.37 and their

transfer function.
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Figure A.39 The sum offour modal responses calculated at time 0,1535.
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Figure A.40 The spectrum of the seismograms from Figure A.39 and their

transfer function.
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Figure A.41 (b) The system response dominated by mode two.
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Figure A.41 (c) The system response dominated by mode three.
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Figure A.42 The sum of three modal responses calculated at time 0,153 s.
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Figure A.43 The spectrum of the seismograms from Figure A.32 and their

transfer function.
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Figure A.44 The sum of three modal responses calculated at time 0,153 s.
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Figure A.45 The spectrum ofthe seismograms from Figure A.44 and their

transfer function.

Frequency [Hz]

A-40



The transfer function was well modelled in several cases, as the modal response matches

the real response of the system (see seismograms: FGO2 (Figure A.15), FGO4

(Figure A.20), FGO7 (Figure A.24), FG128 (Figure A.42) and FG129 (Figure A.44)). In

several cases there was a problem with modelling of initial pulse using the transfer

function obtained at the end of ground motion (see seismograms: FG126 (Figure A.37)

and FG127 (Figure A.39)), as before, the non-linear effect can be an explanation.

Some examples are more difficult. The inversion process can only reproduce the main

feature of real ground motion waveform (see seismogram FGIOO (Figure A.30) and

FGIOI (Figure A.35)).

The transfer functions in all examples are very similar (see Figure A.16, A.21, A.25, A.31,

A.36, A.38, A.40, A.43 and A.45). The dominant frequency is around 150 +/-20 Hz, the

second peak in transfer functions is between 200-300Hz (see Table A.2 and Table A.3).

Table A.2 shows data recorded in May 1997 and Table A.3 shows data collected in June

1997. There is an evident decrease of the first and second modal frequencies in Table

A.3 compared to Table A.2. This observation is extremely important and can be used as a

tool to monitor the changes in site conditions. The number of seismic events processed in

Table A.2 and A.3 is too small to make a convincing statement, however, it can be used

as an indication of a trend. In future research, the same type of seismic source should be

used to study the changes in site effect.
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Table A.2

The data recorded in May 1997.

May 1997; Modal Frequencies [Hz] and Damping Ratios

No:FGO2

50-

1000Hz

FGO3

30-

1000Hz

FGO4

50-

1000Hz

EGOS

50-

1000Hz

FGO6

50-

1000Hz

FGO7

50-

1000Hz

FGO8

50-

1000Hz

FGO9

50-

1000Hz

59

0,072

103

0,229

142

0,791

130

0,183

176

0,115

172

0,013

152

0,066

155

0,055

163

0,098

153

0,126

289

0,242

358

0,140

317

0,304

321

0,076

355

0,154

583

0,056

477

0,399

592

0,082

536

0,324

519

0,097

480

0,150

507

0,120

794

0,034

722

0,114

964

0,512

858

0,111

844

0,192

875

0,044
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Table A.3

The data recorded in June 1997.

June 1997; Modal Frequencies [Hz]and Damping Ratios

No:FGIOO

30-

500Hz

FGlO1

30-

500Hz

FGlO2

30-

500Hz

FG126

30-

500Hz

FG127

30-

500Hz

FG128

30-

500Hz

FG129

90-

500Hz

160

0,392

138

0,089

136

0,081

147

0,087

145

0,070

185

0,103

181

0,116

172

0,040

257

0,482

281

0,072

241

0,148

223

0,082

297

0,161

253

0,011

36S

0,101

393

0,127

468

0,072

431

0,050

404

0,051

4.5 Experiment 3 (VaaI Reefs No.5 Shaft)

Two geophones were used in this experiment: one was installed on the footwall and the

second in the hangingwall (The hangingwall geophone is the geophone from

Experiment 2). Table A.4 shows modal frequencies for five pairs of seismograms.
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Table A.4

Modal frequencies for five pairs of seismograms.

Modal frequencies: [Hz]

FGO2 FGO3 FGO4 EGOS FGIOO

48

80

111

155 153 132 154 154

165 189 264

30S

363 381

The common feature is the presence of modal frequency around 150 Hz. Figures A.46

throughout A.63 shows some results of calculations of transfer function.

Figure A.46 The sum of four modal responses calculated at time 0,153 s.
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Sum of 4 modal responses calculated at time: 0.1 53s
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&

100

I

Figure A.47 The spectrum of the seismograms from Figure A.46 and their

transfer function.

Figure A.48 Sum of five modal responses calculated at time 0,153 s.

Frequency [Hz]

ii

of 5 modal re~ponses calculated at time: 0.153s

.04 0.06 0.08 0.1 0.12 0.14
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Figure A.49 The spectrum of the seismograms from Figure A.48 and their

transfer function.

b

a

Figure A.50 The coefficients of the polynomials A (q) and B (q) versus time.

Frequency [Hz]

Time Es]
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Figure A.51 (a) The system response dominated by mode one.
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Figure A.51 (b) The system response dominated by mode three.
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0.02 0.04 0.06 0.08 0.1 0.12 0.14

Figure A.51 (c) The system response dominated by mode four.

Figure A.52 Sum of five modal responses calculated at time 0,153 s.
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Figure A.53 The spectrum of the seismograms from Figure A.52 and their

transfer function.

0.02 0.04 0.06 0.08
Time [s]

0.1 0.12 0.14

Figure A.54 An example of real seismograms (event FG05), recorded in solid

rock - solid line, and in a fractured rock - dashed line.

Frequency [Hz]

- FGO5 f •,~50Hz biaxSOOHz

4 . I I I

500

400

300

200

100

0

-100

-200

-300

-400

-~nn

A-49



Figure A.55 Velocity spectrum of the seismograms from Figure A.54.
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Figure A.56 The coefficients of the polynomials A (q) and B (q) versus time.
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Figure A.57 (a) The system response dominated by mode one.

0.02 0.04 0.06 0.08 0.1 0.12 0.14

Figure A.57 (b) The system response dominated by mode two.
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Figure A.57 (c) The system response dominated by mode three.
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Figure A.57 (d) The system response dominated by mode four.
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Figure A.58 Sum of four modal responses calculated at time 0,153 s.

1
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Figure A.59 The spectrum of the seismograms from Figure A.58 and their

transfer function.

Frequency [Hz]
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Figure A.60 An example of real seismograms (event FGIOO), recorded in

solid rock - solid line, and in a fractured rock - dashed line.
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Figure A.61 Velocity spectrum of the seismograms from Figure A. 60.
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Figure A.62 Sum of five modal responses calculated at time 0,153 s.

i
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Figure A. 63 The spectrum of the seismograms from Figure A. 62 and their

transfer function.
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The calculated and real response match perfectly (see Figure A.52, A.58 and A.62). It is

only in a few cases that the calculated response overlaps with real ground motion (see

Figure A.48). The dominant peak in transfer function relates to the lowest modal

frequency (see Table A.4) The position of this peak changes significantly from model to

model of transfer function. At this stage of understanding, transfer function in

Experiment 3 cannot be modelled using series of damped oscillators.

5 CONCLUSIONS

Experiment I

The models of transfer function are reliable, as all models are similar.

The first pulse of the seismogram has a different transfer function from the rest of record.

This could be an indication that the initial behaviour of the site is non-linear.

Experiment 2

The influence of support on vibration in the hangingwall is measurable. The algorithm

presented in this report estimated different vibrations in the different sites in the

hangingwall. The obtained model of transfer function is reasonable.

There is strong indication that properties of the sites change with time (weeks).

Experiment 3

The difference between ground motion in the footwall and ground motion in the

hangingwall cannot be properly modelled with modal transfer function.

A-56



APPENDIX B

Rockburst case studies



I Leeudoorn, 1011194, ML=2,6 and ML=I,9

1.1 Introduction

At 12h15 on 10 January 1994 a rockburst occurred at Leeudoorn Gold Mine, damaging

the 24-74 stope at a depth of about 1840 m below surface and fatally injuring 11 people.

Two seismic events with local magnitudes ML = 2,6 and 1,9 occurred within a 30 s interval

at this time. A team was formed to investigate the rock engineering aspects of the incident

at the request of Gold Fields of South Africa and Mr D Bakker of the Department of

Minerals and Energy (DME). The mandate of the team was to conduct a thorough

scientific investigation into the cause of the rockburst, with the objective of preventing

future occurrences.

1.2 Mining environment

The Ventersdorp Contact Reef (VCR) in the area of the 24-74 stope is underlain by

quartzites of the Turffontein Subgroup and overlain by lava of the Alberton Porphyry

Formation (known as hard lava). This is currently the most common association of

hangingwall and footwall rocks in VOR mining. The strata that unconformably underlies

the VCR at Leeudoorn Gold Mine dips towards the south-east (Figures B.1 (a) and

B.1 (b)). A shear plane is developed at the contact between the quartzite and the

underlying Booysens Shale Formation. The shear plane is situated about 80 m beneath

the accident site. Whether or not this interface represents a seismically active zone needs

to be assessed through more accurate analysis of the foci of seismic events.

Faults and dykes are prominent over the Leeudoorn lease area. However, no major faults

or dykes are recorded in close proximity to the rockburst site.
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Figure B. 1(a) Map of Leeudoorn Gold Mine showing the sub-outcrop of the

Boo ysens Shale Formations and the locations of the cross-

sections used to construct the composite cross-section

shown in Figure B.1 (b).
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Figure B. I (b) Composite geological cross-section of Leeudoorn Gold Mine.

The VCR stope in which the accident occurred is situated

about 80 m above the quartzite/shale contact.
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1.3 Observations at the rockburst site

The site of the rockburst was visited by the team and mine management on 14 January

1994, a day after the inspection by officials of the DME. The accident site was

undisturbed after the rockburst, apart from the necessary rescue work. Figure B.2 is a

location plan showing the site of the rockburst and Figure B.3 is a stope plan of the

affected panels.

As the lower strike gully was traversed (A-B-D in Figure B.3), it became apparent, from

damage to the packs that, convergence because of the rockburst increased. At A the

stope closure was 0,2 m, while at B the convergence had increased to 0,S-0,8 m, mainly

by footwall punching.

The strike gully dipped steeply upwards from B to D indicating that the reef rolled steeply

upward along this section. 0 marks the approximate site of six of the eleven fatalities. At

o it was possible to examine a mat pack consisting of 13 layers of 100 mm rise timber. As

this pack was installed close to the face just prior to the rockburst, it would have been

subjected to very little stope closure prior to the rockburst. By counting the rises and

measuring the total pack height it was apparent that 150 mm of closure had occurred in

this area during the rockburst. Inspection of the area around C indicated that the stope

face had been ejected into the stope. The thickness of hangingwall that had fallen was

estimated to be 0,5-0,8 m. The rock was very fragmented, the average size being 100

mm. Based on observations at the site it is believed that the face ejected first, followed by

the fragmentation and collapse of the hangingwall. This could correspond to the two

seismic events. This assertion is supported by the report of a witness that one of the

deceased was able to run from position C to position D before being fatally injured by the

fall of hanging.

Four of the eleven fatalities occurred in the panel between positions H and I (see

Figure B.3). A mine pole that had punched through its timber headboard indicated stope

closure of 150 mm. Falls of hanging were noted in the face area between H and I. No

face ejection occurred, and damage was by falls of hanging only. Once again, the very

fragmented nature of the hangingwall was noted. It was clear from the underground

observations that stope closure increased towards position B as shown in Figure B.3.
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Figure B.2 Map showing the site of the rockburst on 10 January 1994

damaging the 24-74 stope, Leeudoorn Gold Mine. Mined out areas

are indicated by diagonal lines. Areas of active mining are cross-

hatched.
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Figure 8.3 Plan of the panels damaged by the rockburst, indicating

rockburst damage and estimates of co-seismic closure.
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Figure BA Plan showing stope support. Solid circles indicate the positions

of the fatalities.
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1.4 Assessment of support performance

The support system consisted of composite packs and 400 kN telescopic hydraulic props,

with 300 mm long headboards, installed in the face area (see Figure B.4). Although many

of the hydraulic props were removed during the rescue effort, it was clear from an

examination of the remaining props that the props had not been effective in preventing

falls of ground owing to the fragmentation of the hangingwall. Hangingwall fallout had also

occurred between the composite packs for the same reason, although this was less

common further back from the face where the packs had effectively contained the

damage. Fresh timber was exposed on most of the packs, providing further evidence of

stope closure.

These observations indicate that the support was rendered ineffective by co-seismic

fragmentation of the highly fractured and jointed VCR hangingwall. The use of 800 mm

load spreaders on the hydraulic props might have reduced the damage, though probably

would not have prevented all injuries. This type of fragmentation of the hangingwall is

particularly difficult to support, and is most commonly encountered where the hangingwall

is comprised of hard lava.

1.5 Assessment of layout

It appears that the strike gully was being developed for a holing with the worked out

stope, about 5 m ahead. Stoping of the panels immediately up-dip was taking place

simultaneously. The additional stress transfer resulting from the increased area of mining

may have contributed to the occurrence of the face burst in the wide advanced heading

north of position C (see Figure B.3).

During routine layout design, the Leeudoorn rock engineering department estimate the

average pillar stress and potential ERR values by means of global mine simulations using

the MSCALC program. In the vicinity of the 24-27 stope the MSCALC results indicated

low to moderate pillar stresses (not exceeding 200 MPa on the remnant marked B in

Figure B.2) and ERR values of about 12,8 MJ/m2. However, the MSCALC modelling was

carried out using a 10 m grid size, while the width of the remnant varied from 5 to 22 m.
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Consequently the pillar geometry was only very crudely represented: some areas of the

pillar were modelled as being larger than they in fact were; and narrow areas of the pillar

were modelled as solid when, in fact, they would have been incapable of carrying load.

The MSCALC modelling showed the pillar size to be about 1200 in2. However, if the

narrow pillar areas are assumed not to carry load, and the remaining portions of the pillar

are modelled accurately, the load-bearing area of the remnant is, in fact, only 600 in2.

MINSIM-D modelling undertaken by Mining Technology subsequent to the rockburst,

using finer grid sizes, showed the development of peak stresses of 400 to 500 MPa in

parts of the pillar. Clearly, this situation is far less favourable than that predicted by the

large grid MSCALC modelling. The MINSIM-D modelling incorporates a coarse mining

window that is used to calculate the global field stress acting on an area, but also allows

the incorporation of a fine grid window to analyse stresses in more detail in areas of

interest. The lack of this facility in MSCALC caused the Leeudoorn rock engineers to

model the pillar using inaccurate dimensions. This, in conjunction with modelling the

narrow pillar areas as solid and load-bearing, led to the under-estimation of the potential

peak stress and the average pillar stress and may have been partially responsible for the

failure to identify the potential risk involved with mining this area.

1.6 Rockburst mechanism

The seismic events of ML = 2,6 and 1,9 occurring at 12h15 on 10 January 1994 were

located by the seismic network on Kloof Gold Mine to be some 600 m away from the site

of the rockburst damage. As this network is located about 5 km to the north-east of

Leeudoorn Gold Mine, the locations may be less accurate than the cited deviations of

99 m (for the ML = 2,6 event) and 139 m (for the ML = 1,9 event) suggest. On the basis of

the rockburst damage, the source of the ML = 2,6 event is interpreted to be within remnant

B shown in Figure B.2. The only other seismic events located within the boundaries of

Leeudoorn Mine on 10 January 1994 and recorded by the Kloof seismic network occurred

at 17h26 and 18h33 with ML of 1,1 and 1,4, respectively.

As a result of limited seismic data, the actual mechanism of the rockburst is uncertain, but

there are a number of observations that strongly suggest a particular sequence of events.
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A rockburst occurred several months earlier in the same remnant, SO in to the south of

the current fatality site. The site of this rockburst is labelled A in Figure B.2. Failure of this

part of the pillar would have increased the load on the remaining 600 in2 area of the

remnant (area B in Figure B.2).

With respect to the rockburst of 10 January 1994, observations of increasing convergence

(up to a maximum of 0,8 in) and damage towards the south strike gully parallel to the

pillar abutment (down-dip of A-B-D in Figure B.3) are consistent with foundation failure of

portion B of the remnant. This remnant is large enough to account for a seismic event

with ML2,6.

The foundation failure probably loaded the S in wide portion of the remnant to the point of

failure, producing the face burst in the wide advanced heading simultaneously with the

ML=2
1

6 event.

Failure of this remnant and foundation failure along the pillar abutment down-dip from the

gully A-B-D in Figure B.3 would have resulted in an increase in horizontal stress in the

lava hangingwall that would have contributed to the co-seismic fracture and fragmentation

of the hangingwall, resulting in the observed large scale falls of ground.

The MLl,9 event, which occurred 30 s after the ML2,6 event, involved 10 times less

energy release. The mechanism and location of this event are unclear, although it

probably caused further falls of ground.

The analysis of the sequence of the events would have been facilitated by the availability

of accurate seismic locations provided by a local seismic network. Seismic monitoring by

a local seismic network could have assisted in identifying areas of increased seismic

hazard, and would also have contributed to understanding the cause of previous

rockbursts in this area.
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1.7 Conclusions

It is believed that the hazard posed by the remnant (pillar B in Figure B.2) was not

recognised.

The stress redistribution produced by up-dip stoping, carried out simultaneously with the

development of the strike gully and wide advanced heading, may have contributed to the

face burst.

The support installed in the stope was not effective in preventing falls of ground owing to

the fragmentation of the hangingwall.

1.8 Recommendations

Procedures used to estimate average and peak pillar stress and ERR values should be

reviewed.

Defined remnant areas should be modelled in detail, using an appropriate mesh size.

The seismic history should be considered when assigning strength to blocks of ground.

Narrow pillars should not be modelled as solid, but rather as failed pillars incapable of

carrying significant load.

Both average and peak pillar stresses should be considered, with an appreciation of their

interaction. The mining sequence should be carefully planned to avoid hazardous stress

transfers.

A local seismic network (yielding locations with an accuracy better than 40 in) would

facilitate the identification of hazardous areas, and aid in the back analysis of rockbursts.

The fitting of larger headboards to hydraulic props should be more effective in containing

falls of ground in areas where the hangingwall is prone to fragmentation.
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2 Deelkraal, 415194, ML2,l

2.1 Introduction

On 4 May 1994 a rockburst occurred at Deelkraal Gold Mine, damaging the 21-3E VCR

stope and fatally injuring four workers in the 1W up-dip working place, 2294 in below

surface (Figure B.5). The seismic network recorded a single seismic event at 09h49 with

a local magnitude ML = 2,1. At the request of Mr D. Bakker of the Department of Minerals

and Energy, a team was mobilized to investigate the rock engineering aspects of the

rockburst. The aim of the investigation was to determine the causes of the rockburst in

order to prevent future occurrences. The site was visited on 9 May and 20 May 1994. The

site was undisturbed apart from the rescue activities.

2.2 Mining environment

At Deelkraal Gold Mine the Ventersdorp Contact Reef (VCR) is underlain by quartzites

and conglomerates of the Mondeor Conglomerate Formation. Hard lava of the Alberton

Porphyry Formation overlies the VCR. The angle of unconformity between the VCR and

the underlying, sub-cropping rocks is 40 on average. Shear planes parallel to the bedding

have been documented within the footwall strata e.g. at the top of the Mondeor

Conglomerate Formation. The joint orientation is variable, with north/south and NNE/SSW

being the dominant strike directions. The joints dip steeply towards the east or west. The

dominant joint orientations coincide with the most prominent fault and dyke direction. The

Holly dyke, which is within 40 in of the rockburst site, has a NNE/SSW orientation

(Figure B.5). This direction is parallel to sub-parallel to the mining on the western side of

the panels. Faults and dykes running in a NW/SE direction are less common. Throws

along these faults may vary from a few metres to tens of metres.

Faulting along and sub-parallel to the VCR plane also occurs, referred to as bedding

parallel faulting. These fault planes commonly undulate, crossing the boundary of different

strata, and are frequently observed along the VCR/hard lava contact. Bad hangingwall

conditions are encountered in these areas.
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Figure B.5 Map of a portion of Deelkraal Gold Mine showing the site of the

rockburst of 4 May 1994 and major geological features. Stoping in

the 3 months preceding the accident is indicated by diagonal

hatching. The 1W up-dip working place where the fatalities

occurred is 2294 m below the surface.
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2.3 Observations at the rockburst site

Figure B.S is a location plan showing the site of the rockburst. Figure B.6 is a plan

showing the type of support installed at the time of the rockburst and the extent of the fall

of ground. A cross-section through the rockburst site parallel to strike is shown in

Figure B.7. The principal observations are described with reference to Figure B.8.

Fresh timber was exposed in a gully pack at point A, indicating that dynamic loading had

occurred. The convergence was estimated to be 50-1 00 mm.

A normal fault with an 8 in downthrow towards the east-north-east forms the western

boundary of the remnant. The fault strikes in the dip direction of the reef. Inspection of the

fault plane, where it had been exposed by mining, showed no evidence of recent

movement.

The area around the upper strike gully was inspected. Some of the down-dip siding packs

had been pushed into the gully between C and E by broken rock ejected from the

exposed down-dip face.

Fresh splits in the timber indicated that dynamic loading on packs had occurred between

C, D and E. The dynamic convergence was estimated to be 100-1 50 mm.

The breast face had stopped along the line F-G as the reef rolled down towards the west

by about 2 in. This roll may correspond to the edge of an ancient river channel. Up-dip

mining had then been commenced to extract this block of ground. Trenching was required

to establish the up-dip face. The brow to the west of the roll collapsed during the

rockburst (Figures B.7 and B.9).

A line of end grain packs had been installed in front of the breast face (from F to G,

Figure B.8). At the top of the breast panel (position F) a small amount of intact reef could

be seen in the stope face. The hangingwall lava was exposed over the remainder of the

face. Between F and G rock had been ejected into the void between the original face

position and the first dip line of packs, typical of a face burst (Figure B 10). It was clear

that no hangingwall had fallen. Fresh splitting on packs in this area indicated dynamic

convergence of 100-1 50 mm.
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Between F and G the bulked rock had pushed the packs away from their previous

positions. Timber material was smeared on the hangingwall.

The mining induced extension fracturing exhibits features typical of VCR areas where

quartzite/congloinerate comprises the footwall and hard lava comprises the hangingwall.

Flat fracturing occurs within the hangingwall lavas, while steep fractures are encountered

in the quartzite footwall.

A large amount of rock was shaken from the roof at position I, burying a winch, fortunately

not being operated at the time of the rockburst.

The strata associated with the VCR at the rockburst site are structurally disturbed by a roll

in the reef and an undulating, bedding parallel fault. To the east of the roll, the fault plane

is located close to the VCR/lava contact. To the west of the roll the fault plane is found

within the hangingwall lava about 2 in above the VCR/lava contact. This phenomenon has

been observed at VCR rolls at other mines, where the bedding parallel fault does not

follow the VCR/lava contact when straddling rolls. Towards the west of the roll the

undulating fault plane marks the top of the fall of ground area (Figures B.7 and B.9).

Calcite is a secondary mineral found along the bedding parallel fault, as well as along

associated minor fault surfaces. Minor faults and randomly oriented joints, filled with

calcite, are most prominent in the vicinity of the roll and appear to decrease in abundance

with increasing distance away from the roll. The presence of the calcite-coated joints

weakens the hangingwall.

The hangingwall above the up-dip stope (H) had been shattered into small fragments. The

support that had been installed (1,1 in x 1,1 in timber packs and hydraulic props at the

face) had been ineffective in supporting the hangingwall. No support had been installed to

provide horizontal confinement to the brow.
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Figure 8.6 Plan showing the support installed in the 21-3E VCR 1W Up-dip

working place at the time of the rockburst, and the extent of the

fall of ground.
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Figure B.8 Plan of the 21-3E VCR stope showing the positions of

observations made during the inspection of the rockburst site.
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Figure 8.9 Photo-mosaic showing the up-dip face where the fatalities

occurred, viewed from position H (Figure 8.8) and looking up-dip.

The timber packs on the right are situated to the east of the roll.

The corresponding section is shown in Figure 8.7. The

hangingwall fragmented during the rockburst. Most of the fallen

rock was sub-se quently removed. Note the numerous fractures

and joints in the face, and the smooth surface marking the

parting above the collapsed brow.
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2.4 Assessment of support performance

The support system in the 21-3E VCR 1W Up-dip working place consisted of 1,1 in x

1,1 in timber packs, and hydraulic props with headboards at the face (see Figure B.6).

Although many of the hydraulic props were removed during the rescue effort, it was clear

from examination of the remaining props that they had been ineffective in preventing falls

of ground owing to the fragmentation of the hangingwall.

The pack support underneath the brow at H was well installed, but clearly not adequate to

hold the brow up. No horizontal confinement was provided, without which the brow was

prone to disintegrate when subjected to violent shaking. The shepherds, crooks installed

Figure 8.10 Rock ejected from the footwall and face between F and G (see

Figure 8.8) into the space between the original face position

and the first dip line of packs. The photograph is taken looking

up-dip with the face to the left. Note the intact hangingwall.
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