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Abstract 
Two mining induced tremors that occurred in a South African deep-level gold mine are considered, with the 
aim to simulate the shear slip area and source mechanism using static boundary element numerical 
modelling. Large seismic tremors, induced by the extraction of the tabular ore body typically 1 m high over 
horizontal spans of kilometres, are a major seismic hazard in South African gold mines. For the cases 
considered here, virgin stress levels are approximately 54 MPa, and seismic related damage is mainly due to 
geological faults failing in shear under gravitational loading. The tremors occurred approximately 2 km 
below surface, 700 m apart in space, and in consecutive months. Seismic recordings and underground 
observations suggested that the tremors, of local magnitudes 3.0 and 4.0 respectively, were associated with 
normal slip on similar geological faults. A boundary element numerical model was implemented to some 
degree of accuracy, since the fault geometries could be inferred from extensive mining spans and fault 
intersections, and an in situ stress state could be estimated from other available information. Furthermore, 
the rock mass stress changes and associated surface stress changes on faults could be modelled from 
monthly measured advance of the mining excavations. Simulation of the seismic sources entailed finding 
appropriate Mohr–Coulomb strength parameters to allow yielding of the faults at the actual mining stage, 
and quantitatively in agreement with the seismic moment as inferred from seismic waveform recordings.  
A critical input into the model was the use of non-zero cohesion in addition to friction angle as specified in 
the Mohr-Coulomb shear failure criterion, allowing the simulation of co-seismic slip. Hence the breaking of 
fault cohesion and subsequent stress transfer to the surrounding fault area is simulated, albeit statically, 
conforming to the perceived triggering of mining related seismic tremors by induced stress changes. The 
back analysis furthermore suggested that co-seismic stope closure can comprise a significant part of the 
total recorded seismic moment, depending on the proximity of the hypocentre to mining excavations. From 
the back analysis a modelling methodology and input parameters are proposed, aiming at identifying 
vulnerable mining excavations subject to seismic hazard posed by geological structures, hence providing 
relevant knowledge towards safer mining. 

1 Introduction 
A back analysis of two large seismic tremors at Great Noligwa Mine in 2009 was done using a boundary 
element numerical modelling program (the ‘Fault Slip’ version of Map3D, Wiles, 2010). The objective was 
to establish whether a boundary element program could successfully simulate shear slip seismic sources, and 
if so, to establish a forward modelling methodology towards safer mining in the underground tabular mining 
environment. 

The seismic events of interest were of local magnitudes 3.0 and 4.0 respectively, at different stoping areas 
and in consecutive months (15 October and 29 November 2009). Although the seismic location in elevation 
is in general subject to error, the location in plan suggests that the events were associated with two faults of 
the so-called Zuipings type. These are prominent faults at Great Noligwa Mine, dipping shallowly to the 
north-west (around 50°), with throws typically between 100 and 500 m, and perceivably pose a significant 
seismic hazard under the extensive mining spans. Both stoping areas were visited shortly after the 
occurrences, and significant damage was observed in access ways as well as active working places. Although 
no direct evidence of slip (striations or fault-offset) was observed at the areas visited, the damage was 
consistent with significant movement on the Zuipings type faults, resulting in severe shakedown damage for 
both seismic events in proximity to the faults, and also stope closure with the M4.0 event. 
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As part of the back analysis, evidence of the in situ stress state was gathered, from the literature and 
underground observations at GNM, and a model input stress state was derived to be used in the boundary 
element model containing the mining and geological structure geometries. Calibration entailed finding 
appropriate fault strength properties simulating co-seismic fault slip along the fault boundary elements in 
correlation with the recorded seismic event magnitudes and locations. 

2 Observations and recorded seismic data 

2.1 Historical seismicity 
Historical seismic data was assembled from seismic systems dating back to 1972. Although there is no 
guarantee of the completeness of data, it is the best data base available and provides information on large 
seismic tremors. Figure 1 is a plot and listing of the data for the area of interest. Due to seismic location error 
and lack of underground damage information there usually is ambiguity regarding the sources of seismic 
events, especially for the earlier times when fewer seismic sensors were installed. However, for the area of 
interest the plot suggests that large events are associated with mining abutments coinciding with prominent 
faults. The locations of some events (e.g. numbers 12, 16) cannot readily be explained, but the majority of 
events shown are apparently associated with a particular type of fault orientation found in the mine, i.e. faults 
dipping shallowly to the north. These are named the ‘Zuipings faults’, with one of these indicated in Figure 1 
(‘Zuipings-A Fault’). The seismic locations hence suggest shear slip on these faults as the source mechanism. 

 

Figure 1 Plan and section views of the area of interest, showing all recorded seismic events since 
1972, local magnitude > 3.0. Seismic events numbered 17 and 18 are considered here, with 
the mining areas and geological faults of interest outlined. The so-called ‘Zuipings-A Fault’ 
indicated is one of the typical faults on the mine, believed to be the sources of large seismic 
events 

Of interest here are the seismic events numbered 17 and 18 causing considerable damage. All large seismic 
events recorded since 1972 are shown, with the first recorded in this area in 1992, suggesting that these 
events were the first to occur along the faults where they did, and hence providing suitable data for 
calibration. 
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2.2 Seismic source analysis from waveform recordings 

2.2.1 Location 

Location of seismic events in the tabular mining environment suffers from the planar network arrays (seismic 
stations restricted to within typically 10 m from the tabular ore body, with horizontal mining spans of several 
kilometres), yielding large location errors perpendicular to the ore body, i.e. approximately in the vertical 
direction. Locations in plan for the seismic events considered here should be reasonable due to a large 
seismic array (more than 34 seismic stations triggered), however, the coverage is not particularly good 
around the area of interest. Furthermore, location can be expected to be compromised due to rock mass wave 
velocity variations, and recorded waveforms of poor quality. A procedure was applied (Malovichko and 
Hobson, 2010a, 2010b) doing locations for P- and S-arrivals and velocity assumption, varying these 
parameters within an interval of confidence, hence giving a ‘cloud’ of possible locations subject to 
abovementioned errors. These are shown in Figure 2, and although a significant location error is evident, it 
does indicate the most probable hypocentres. The most obvious interpretation from this is that the events are 
associated with the faults indicated by the fault loss (i.e. the Zuipings-type faults), and triggered by current 
mining adjacent to the faults. 

 

Figure 2 Seismic event locations from a view accounting for Z error. The crosses are the best 
locations, while the dots represent possible locations by varying P- and S-arrivals as well as 
velocities 

2.2.2 Source mechanism 

Routine seismic moment-tensor analysis is difficult for the current scenario for a number of reasons. The 
most important factor is that seismic stations are distributed planar, hence not covering the source region 
well in three dimensions (i.e. the same reason as for large vertical location error). Furthermore, in practice a 
major problem arises with the orientation and response of sensors. In contrast to national and global 
seismological seismic networks, mine seismic systems are installed and run in harsh conditions. Proper 
installation of sensors may be compromised due to the constrained underground excavations. Furthermore, 
with time the response of the sensor may be distorted due to damage inflicted by heat and pressure, and also 
damage to the sensor cable. It also happens that during routine maintenance the component cables can be 
swopped resulting in incorrect orientation characteristics. The importance of sensor orientation verification 
in a study of seismic sources is emphasised in a paper of Julia et al. (2009), related to another South African 
deep level gold mine. 

Recent work by Malovichko (2010), allowed for improved confidence for the sensor characteristics. The 
work is based on analysis of seismic signals from the following three types of seismic events: 

• Local normal, small and medium size events 

• Local mining blasts 

• Distant large events (originating outside of the seismic network). 
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Comparison of the recorded amplitudes of seismic signals with the observed ones (from known source 
parameters) makes it possible to check the response of individual components. Calculation of misfit between 
polarisation of motion in P-wave and direction to the source enables a verification of the orientation. The 
orientation of a triaxial sensor may even be inverted by means of minimisation of such misfits for a set of 
events distributed around the sensor. 

Applying the corrected sensor orientations allowed for more reliable moment-tensor results for the two 
seismic events of interest, which could be tested against the interpretation that the events are due to shear slip 
on the faults as suggested by their locations. This procedure considered a number of aspects which are not 
discussed in detail here, including the possibility of other potential sources in the area, alternative locations 
and slip directions, and implosive versus double-couple mechanism. 

The beach-ball representations of the moment-tensor solution are shown in Figure 3a and 3b. It was 
concluded that the double-couple component included in the full moment-tensor was consistent with shear 
slip on the faults, with normal slip as could be expected for the Zuipings type faults. However, the most 
important conclusion was drawn from the relative contributions of different mechanisms to the full moment 
tensor. For the M3.0 event the main contribution was double-couple normal slip with minimal volume 
change (55 versus 16%). However, for the M4.0 the results suggest a small double-couple component (21%) 
with a significant isotropic component (66%). These conclusions are to be tested against observations and 
are described in the next section. As will be described later on, the numerical modelling addresses only the 
shear slip component of the seismic moment tensor and calibration will be about correlation between 
modelled and inferred double-couple shear slip. 

(a)  

(b)  

Figure 3 Beach-ball representations of the inverted mechanisms, also giving the relative 
contributions to the total seismic moment by the isotropic (ISO), compensated linear vector 
dipole (CLVD) and double-couple (DC) components: a) M3.0 seismic event of 15 October 
2009; b) M4.0 seismic event of 29 November 2009 

2.2.3 Source parameters 

The most important estimate is seismic moment, which is accepted as a reasonable estimate of source 
deformation. Although scalar seismic moment is usually estimated assuming pure double-couple radiation 
and random coverage of the focal sphere, the values given here are based on the moment-tensor 
decomposition shown in Figure 3, and should be a more accurate estimate of the full scalar seismic moment. 
Table 1 gives this seismic moment together with some other source parameter estimates. 
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Table 1 Seismic source parameter estimates (Malovichko and Hobson, 2010a, 2010b) 

 M3.0 Seismic Event 
of 15 October 2009 

M4.0 Seismic Event 
of 29 November 2009 

Seismic moment (Nm) 7.0E12 3.0E14 

Radiated energy (J) 1.8E8 2.0E9 

Energy S/energy P 13.6 10.9 

Source size (m) (Brune source diameter) 210 511 

2.3 Damage observations 
The observed seismic damage to underground excavations gives an indication of both the source of a seismic 
event and the rock mass response to dynamic loading conditions associated with the event. It must be noted 
that the potential for damage in an excavation is inversely proportional to the distance from the source of the 
event and proportional to the ‘size’ or magnitude of the event, according to ground motion attenuation. 
However, damage is also driven by the rock mass response; i.e. highly stressed areas are more likely to be 
damaged than de-stressed areas. Furthermore, ground conditions and installed support also influences the 
rock mass response. Therefore all these issues must be taken into account in the process of interpreting the 
source of the event.  

Historically at Great Noligwa Mine and in fact all the Vaal River area shafts, the access excavations have 
been more prone to seismic damage than the stopes. This can be associated with the scattered mining 
environment where the access ways are often positioned in stressed abutments on major geological features. 

This is also true for the 64 Level travelling way leading to the mining area affected by the M3.0 event of 
15 October. The damaged area next to the mining abutment corresponds with the high stress zone associated 
with that abutment. Coincidentally this is also the area where less effective dynamically ductile support had 
been installed. 

The damage observed in the 64 travelling way is consistent with a far-field event (on the Zuipings fault). 
Significantly more damage would be expected if the excavation was inside the seismic source region. The 
observed damage may be explained as a secondary event/events triggered by the transient stress increase 
associated with the radiation from the source.  

Damage observed in-stope is consistent with severe shaking of the stope due to transient seismic waves. 
Loose blocks were shaken from the hangingwall, but significant footwall damage was observed. Relatively 
little co-seismic closure occurred at the time of the event, indicating that the stope was not part of the event 
source. Bursting of in-stope pillars also occurred, confirming a high transient stress in either the hangingwall 
or footwall. The damage on the siding footwalls underneath the packs is consistent with this view.  

With the M4.0 of 29 November, significant damage occurred at two crosscuts intersecting the Zuipings-B 
North 2 fault. Even though no direct evidence of slip on the fault was observed (no slip surface exposed) the 
damage in the crosscuts were focussed in a zone around the intersections with the Zuipings fault, indicating 
that this fault is the likely source of the event. 

With this event the in-stope damage in the proximity of the Zuipings fault was significant with a large area 
completely closed (hangingwall on footwall). Some accelerated quasi-static closure has reportedly been 
observed prior to the event, but in excess of 1 m of co-seismic closure occurred at the time of the event. This 
is consistent with an event in the near field; i.e. the closure (footwall heave) is associated with slip on the 
fault.  

The damage observed appears to confirm the Zuipings faults as the seismic sources, and the modelling back-
analysis dealt with simulating shear slip on these faults. 
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3 Modelling methodology and input information 

3.1 Boundary element model 
Reef geometry and mined out areas were inferred from the best information available (reef blocks, contours 
and on-reef pegs). Monthly mining advance was incorporated from the beginning of 2009. Figure 4 is a 
detailed view of the area of interest, showing the monthly model steps together with development, mapped 
and inferred geology, etc. 

 

Figure 4 Plan view of the back-analysis area where the M3.0 and M4.0 are evidently associated with 
the Zuipings-type faults, in this case referred to as the ‘Zuipings-B North 1 Fault’ and 
‘Zuipings-B North 2 Fault’. Monthly mining steps from January to November 2009 and 
geological information are also indicated. The approximate dip of the faults is 50° as 
inferred from the throws between the reef blocks 

Geological information indicated fault intersections (especially crosscuts around the area of interest) but no 
specific information was available of whether the intersections was Zuipings type faults, the strike and dip of 
the faults at intersections, or fault throws. Therefore a visual inspection of reef blocks turned out to be the 
best information on the dips of the Zuipings faults in the area, and a good fit was obtained for a dip of 50°. 
This suggested a single fault surface between mined out areas, assuming that historical mining ‘stripped’ 
against the fault. This interpretation also fitted fault intersections at a number of places (e.g. the ones 
indicated in Figure 4. Also indicated is the fault loss area of the two faults believed to be the seismic sources 
(from seismic locations), while Figure 5 shows perspective views of the undulating surfaces. 
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Figure 5 Perspective plan and section views of the structure geometries, as implemented in the 
boundary element model 

Although shear slip seismic sources may be more complicated than single slip surfaces, it is assumed that the 
major forces driving shear slip over an extended surface can be simulated by using a single discontinuity 
surface. 

3.2 Stress state 
Various sources of information were used to infer best information on in situ stress state: 

• A SIMRAC report by Stacey and Wesseloo (1998) evaluated available surface stress measurements 
across the mining regions of Southern Africa over the past 30 to 40 years. This indicated that for 
southern Africa the common trend of horizontal stress is northwest — southeast and northeast — 
south west, with the former mentioned orientation applicable for the Klerksdorp and Carletonville 
regions. A k-ratio of approximately 0.9/0.5 also appears to be applicable for both regions. 

• A consultancy report conducted by ISS International Ltd (Lachenicht, 2000) considered ore pass 
scaling in the GNM shaft pillar, and generally the long axes of ore pass damage was observed to be 
in an east-west orientation. A worst-case k-ratio of 1.0/0.5 was used for assessing the future stability 
of the ore passes. 

• Following the occurrence of the M4.0, the area was visited and an ore pass from 64 to 68 level could 
be viewed at the bottom of the raise. The orientation of the ore pass deformation was sketched and 
photographed. Although not measured quantitatively, the observations suggested a maximum 
horizontal stress orientation of approximately 15° west of north. This information is shown in 
Figure 6. The photograph down the ore pass was taken attempting to keep the camera aligned with 
the raise orientation, and therefore identifying the breakout orientation relative to the raise line. 
Although the photograph is not clear (due to limited flash range in total darkness), with some image 
processing it is possible to identify the ore pass shape, and from this determining the breakout line 
deviating approximately 15° west from north as indicated. 

A further assumption was that the major principal stress was oriented orthogonally onto the reef plane, due to 
stress rotation under slip of bedding planes, driven predominantly by gravitational loading. At Tau Tona 
Mine (also a South African tabular deep level gold mine) stress measurements were done, confirming such 
an orientation of the major principal stress. 
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Figure 6 Underground observation used to infer horizontal stress orientation at the area of interest. 
The photograph was taken looking down into the orepass and keeping the camera parallel 
to the raise. The mine plan picture is at the same orientation, and the maximum horizontal 
stress orientation deduced is indicated relative to north 

The abovementioned sources of information agreed, and a stress state consistent with that was deduced as 
follows: 

• Host rock density 2,700 kg/m3 

• K-ratio NS/EW 0.9/0.5 (i.e. in terms of Cartesian stress components σxx, σyy and σzz) 

• Sigma1 ~ orthogonal to reef plane (with reef plane strike 42° and dip 20°) 

• Datum 522 m. 

3.3 Calibration parameters 
Underground observations, the seismic locations, and reef block geometry around the area of interest suggest 
that the Zuipings-B faults are the sources of the M3.0 and 4.0 events. The most likely mechanism is shear 
slip, driven by mined out areas at the down-throw and up-throw sides of the fault, leading to a double-couple 
mechanism. 

Calibration entailed firstly confirming whether the model simulates the supposed source mechanism, and 
secondly finding fault strength parameters providing a plausible slip area and amount of slip. This procedure 
towards calibration of the model is described below, starting with the parameters considered from a seismic 
and modelling point of view. 

3.3.1 Modelled non-linear ride 

Using the boundary element model and stress state described above, strength parameters of the structures 
were sought providing a source slip area consistent with the actual seismic events. Co-seismic slip can be 
simulated by non-linear ride, i.e. shear displacement on the structure boundary elements as a result of the 
shear stress exceeding the shear strength. Shear strength is based on the Mohr–Coulomb failure criterion, 
characterised by the friction angle and cohesion. 
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The condition for slip is therefore defined by the excess shear stress (ESS) criterion: 

 ( )nμσCESS +−= τ  (1) 

Where: 

τ = the magnitude of the shear stress, C + μ σn is the shear strength, and C the contact cohesion. 

µ = the friction coefficient. 

σn = the normal stress (σn > 0 imply compression). 

The Mohr–Coulomb criterion postulates that slip should occur where ESS is positive, or in the case of 
modelling, that non-linear ride will be simulated for positive ESS boundary elements. Furthermore, the 
model also takes as input the residual values of fault strength parameters, i.e. for friction angle (trigonometric 
arctangent of friction coefficient) and cohesion. Up to the point of shear failure (when ESS is negative) for a 
given boundary element, the peak friction angle and cohesion is used. When failure occurs (when ESS 
becomes positive), the residual values are taken, and in this way simulating strain softening when the peak 
strength is reached. The residual values are lower than the peak values, and hence more slip will occur once 
elements have started to fail. Apart from the amount of slip, the model also simulates stress transfer to other 
areas along a fault, which is also relevant for structure seismic hazard assessment.  

3.3.2 Seismic potency 

Traditionally the calibration of fault slip was done in terms of seismic moment, as an indication of 
deformation in the seismic source (Kostrov and Das, 1988). The numerical model provides estimates of shear 
slip on fault boundary elements, and modelled seismic moment can be calculated according to the 
interpretation scalar seismic moment: 

 DGAMo =  (2) 

With: 

Mo = the seismic moment. 

G = the rigidity or shear modulus (GPa). 

A = the source area. 

D  = the weighted average displacement. 

However, for the purposes of comparing modelled slip with estimated shear deformation in the source from 
seismic waveforms, there is no need to refer to the shear modulus, which is an assumption anyway. From a 
seismic point of view, seismic potency P is given by: 

 DAP =  (in units of [m.m2]) (3) 

For a shear slip source, from which seismic moment can be calculated if the shear modulus is known. This is 
discussed in Mendecki (2005) as being a more reliable, and evidently more objective, estimate of 
deformation in the seismic source. 

Jager and Ryder (1999) used the same concept for shear slip seismic source, referring to it as Volume of 
Ride: 

 ∑=
i

iiR .daV  (4) 

with ai and di the areas and displacements of individual fault segments comprising the full fault slip area. 
This is calculated easily from numerical modelling results since the area and ride of individual fault 
boundary elements are given as model output. 

Seismic potency can therefore be compared directly with modelled volume of ride (VR) for purposes of 
calibration, with the units simply that of volume [m3]. Seismic potency is directly proportional to seismic 
moment, and if required, the Hanks-Kanamori moment magnitude (MHK) can be calculated, with this related 
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to local magnitude (subject to the fact that no information on slip velocity or seismic energy is known). For 
reference, Table 2 gives some example values of the abovementioned parameters. 

Table 2 Example values of seismic moment and seismic potency, and the various relevant 
magnitudes in use in South African gold mines 

MHK Typical Local 
Magnitude ML 

Seismic Moment 
Mo [Nm] 

Log(Mo) Seismic Potency 
P [m3] 

Log(P) 

-1.0 -2.2 4.47E+07 7.65 0.001 -2.83 

0.0 -0.8 1.41E+09 9.15 0.047 -1.33 

1.0 0.5 4.47E+10 10.65 1.489 0.17 

2.0 1.8 1.41E+12 12.15 47.085 1.67 

3.0 3.1 4.47E+13 13.65 1,488.945 3.17 

3.3.3 Displacement profile source model 

Apart from calibration of fault strength to yield modelled seismic potency corresponding to the recorded 
values, it is also required to have some correlation between the source slip area and slip distribution across 
the fault surface. Although it is possible to perform so called source inversion from seismic waveforms to 
estimate the spatial slip distribution, this is not a trivial process. A so-called displacement profile source 
model is used here, from estimates of maximum displacement, source area and a theoretical displacement 
profile across the source area (Hofmann et al., 2001). It is assumed that the maximum displacement occurs at 
the event hypocentre (on the fault surface), and a taper function is used (i.e. a smooth decreasing function) to 
distribute displacement from the centre towards the edge of the source area. The generalised shape of the 
source area is assumed to be elliptical, which is an approximation of normal faults slipping along an 
extended strike span, driven by the tabular mining excavations under mainly gravitational loading. Although 
this is an idealised source slip distribution, it is used as a model of displacement across the fault that can be 
compared to modelled ride from the boundary element model. 

The input information required for the displacement profile source model is the following: 

• Maximum displacement Dmax 

• Taper function used for the displacement profile 

• Source shape (defined by the ellipse eccentricity). 

The estimate for maximum displacement is taken from Somerville (McGarr and Fletcher, 2003), giving Dmax 
as a function of seismic potency P: 

 3
max P 0.0046D = (for a Rigidity of 30 GPa) (5) 

For a set of input parameters seismic potency is therefore calculated for the displacement profile source 
model from the areas and displacements of individual segments on the fault surface (similar to modelled 
slip). 

4 Back analysis and model calibration 

4.1 Fault strength assumptions 
The available input information does not allow for the derivation of a unique set of model parameters 
providing correlation between observations and model results. The approach is therefore to start with the best 
information on in situ stress state and structure geometry, and then to find fault strength parameters for the 
assumed stress state and structures providing plausible simulations of the sources of the two back-analysis 
seismic events. As discussed above the shear strength is defined by the peak and residual values for friction 
angle and cohesion, and appropriate values were sought for the two faults. 
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Literature and previous modelling experience was used as a guideline. Ryder (1988) suggested using a peak 
friction angle φP = 30°, from laboratory testing of quartzite. For modelling fault slip at Great Noligwa Mine, 
it is believed that that this value should be lower (faults weaker than brittle shearing of quartzite), and 
previous modelling assumed a peak friction angle φP = 25° and residual friction angle φR = 20°. These values 
were therefore used as a starting point. The residual cohesion value was assumed to be CR = 0, implying that 
all internal strength is lost during dynamic fault slip (also assumed by Ryder, 1988). Furthermore, the 
assumption was made that the same friction angles (peak and residual) are applicable for the two faults, 
implying that the fault surface roughness are similar, hence resulting in the same frictional shear strength 
caused by normal stress clamping. The remaining parameter is then peak cohesion, and it was assumed that 
this internal strength can be expected to be different for the two faults. 

With changes in modelled surface stress, typically increase in shear stress, the onset of slip on fault boundary 
elements is determined by peak cohesion and friction angle. These values were therefore adjusted to yield 
sudden non-linear ride along the faults more or less at the mining stage when the two seismic events 
occurred. It was found that non-zero peak cohesion is necessary to simulate the ‘sudden’ co-seismic slip. 
Advancing mining causes an increase in ESS across the fault surface, possibly over a large area. At some 
stage, ESS for some elements will become positive, and in the boundary element model, those elements slip 
plastically. This result in shear stress transfer to surrounding elements and an ‘avalanche’ effect can ensue, 
causing a number of fault elements to slip, with these elements being close to the critical stress prior to that 
mining stage. Such a model of shear slip seems conceivable considering how large mining tremors are 
triggered by minimal mining. 

A value for peak cohesion higher than previously thought was found to be applicable. Ryder (1988) stated 
peak cohesions of up to 10 MPa, but in this modelling analysis it was determined as around 16 to 20 MPa. 
The slip surfaces and timing of the seismic events in question could be simulated using such high peak 
cohesion. It turned out that a high peak cohesion also restricted slip mainly to the reef horizon, in particular 
between the up- and down-throw reef blocks in the current scenario, which seems more realistic than 
simulating slip far away from the reef horizon. 

The next consideration is then the amount of slip of fault boundary elements, with seismic potency calculated 
by the sum of slip of all elements involved. This in turn is determined largely by the residual friction angle 
and cohesion values used in the model. An element will slip due to being driven by shear stress, and the 
resisting forces, i.e. dynamic shear strength (quantified by residual friction angle and cohesion) determines 
the amount of slip. Therefore, by again changing the residual strength values, modelled seismic potency can 
be calibrated with the recorded values for the events. 

Numerous model runs were done testing different combinations of friction angle and cohesion, and it was 
concluded that peak friction angle φP = 25° and residual friction angle φR = 22° are appropriate, with a peak 
cohesion CP around 16 to 20 MPa. These parameters yielded modelled seismic potencies of the same order of 
the recorded values for the two seismic events, and also simulated the co-seismic slip at the correct mining 
stage. These aspects are discussed in the following two sections. 

4.2 Simulation of source mechanism 
Figure 7 is an orthogonal view onto the structures, showing the modelled induced ride as solid contours for 
three model steps, i.e. the monthly mining stages during which the large events occurred. Only displacement 
values of greater than 1 mm are considered, assuming that such displacement will comprise the major source 
deformation and also taking this as a cut-off for calibration purposes. 

At September 2009 (Figure 7a) the modelling suggests that large areas on the faults slipped historically, 
while minimal slip are modelled adjacent to the areas where mining was taking place at the time. Then, for 
the October mining step (Figure 7b) a relatively large area on Zuipings-B North 1 Fault slipped due to ESS, 
defined in terms of the peak friction angle and cohesion, becoming positive for some elements. Fault slip 
induced by the October mining step is depicted in Figure 7d, with this interpreted as a simulation of the 
seismic source of the M3.0 event of 15 October. Quantification of the weighted sum of model non-linear ride 
over the slip area can then be interpreted as seismic potency, and can be compared with the recorded potency 
associated with a double-couple mechanism. The model also provides the slip direction as indicated by the 
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arrow in Figure 7d. Similarly, the modelling indicates a large area on the Zuipings-B North 2 Fault slipping 
with the November mining step as shown in Figure 7c, with the induced slip shown in Figure 7e. 

The proposed simulation of source mechanism seems plausible for the following reasons: 

• Slip is restricted to the area on the fault between the down-throw and up-throw reef blocks, hence the 
conceivable double-couple mechanism expected for fault slip in this environment. 

• Slip direction can be visualised in the boundary element modelling results, and this indicates normal 
slip as would be expected for the formation of these faults. 

• The effect of mining excavations on potential for fault slip can be understood by visually considering 
the model geometry in 3D (i.e. extended mining spans close to the faults). 

• The lobes of induced ride appear to be realistic source slip areas, approximately circular and 
elliptical for these two cases. 

• Significant damage occurred at two tunnels intersecting the Zuipings-B North 2 Fault with the M4.0, 
spatially coinciding with the intersections of these tunnels with the fault, with significant fault slip 
modelled at these areas. 

4.3 Quantification of modelled co-seismic slip 
As discussed in the previous paragraph co-seismic slip for the two seismic events can be modelled using the 
boundary element model, albeit a representation of the static stress changes and corresponding induced slip. 
This is due to non-zero cohesion on the fault, since the contribution of cohesion to fault strength is 
independent of normal and shear stress. The ESS for a patch on the fault can therefore increase gradually as 
normal and shear stresses change with advancing mining, with the stress dependent shear strength 
approaching the constant cohesion. In this way a large area on the fault can reach a critical stress state, and 
when an element fails eventually, it can lead to stress changes on surrounding elements causing them to fail 
as well. 

The model cohesion values were therefore refined to simulate the co-seismic slip at the actual mining stage. 
It was needed to manipulate the peak cohesions in order for the fault segments to slip at the mining stage that 
they did. However, this is justifiable due to fault components conceivably being of different cohesive 
strengths, most likely attributable to different ages and in-filling material. The following peak cohesion 
values were found: 

• Zuipings-B North 1 Fault: CP = 19.4 MPa 

• Zuipings-B North 2 Fault: CP = 16.1 MPa. 

The remaining fault strength properties for both faults are: 

• Residual cohesion CR = 0 MPa 

• Peak friction angle φP = 25° and residual friction angle φR = 22°. 
These properties were applied for a model containing monthly mining steps since the beginning of 2009.  
A spatial filter was used to delineate the area of fault slip according to the model, and within which surface 
stress and ride is quantified. These results are given in Table 3. The first result of interest is potency induced 
per mining step. For the spatial filters some elements will fail in the model for the months before, but major 
slip is modelled for the months of October and November on the North 1 and North 2 faults respectively, i.e. 
when the large events occurred. The sudden modelled slip is interpreted as co-seismic fault slip, and seismic 
potency, slip areas and maximum slip can be calculated. 
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Figure 7 Orthogonal view onto the structures (looking approximately south) showing modelled ride 
for three model steps, i.e.: (a) September 2009; (b) October 2009; (c) November 2009. The 
October and November steps represent the mining steps when the M3.0 and 4.0 occurred 
respectively. (d) and (e) show the induced ride for the October and November steps, that 
are interpreted as the co-seismic source shear slip areas for the two seismic events 

4.3.1 Seismic potency 

Table 3 gives the data of induced seismic potency in the column named ‘Pot_Ind’. For the M3.0 event a 
seismic potency value of 370 m3 is modelled, compared to the recorded value of 233 m3. For the M4.0 a 
seismic potency of 1,731 m3 is modelled, compared to the recorded value of 10,000 m3. The initial 
calibration effort attempted to find better correlation between the modelled and recorded values, but it 
became evident that such correlation could not be attained, especially for the M4.0 event, in which case a too 
small slip area was indicated by the modelling, and also by considering the mining geometries. However, it 
is suggested here that the isotropic (volume change) component of the source mechanism contributes a 
significant fraction to the total seismic potency. This is qualitatively in agreement with the isotropic versus 
double-couple mechanism shown in Figure 3b, and also the underground observations of co-seismic stope 
closure. The moment-tensor results indicate that a large fraction of recorded seismic potency for the M4.0 
event was generated by stope closure, namely 66%, while 21% is attributable to double-couple, i.e. 2,100 m3, 
compared with the modelled value of 1,731 m3. 

For the M3.0 event the double-couple mechanism contributes 55% to the total seismic potency, i.e. 128 m3 of 
the total of 233 m3, compared with the modelled value of 370 m3. The results suggest modelled seismic 
potency of the right order of magnitude, considering the possibility that stope closure, which is not 
quantifiable by this boundary element methodology, can also contribute significantly to the total recorded 
seismic potency. For the two events the interpretation of co-seismic stope closure is also in agreement with 
the underground observations — minimal closure for the M3.0 event but significant closure with the M4.0. 
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McGarr (1999) reports on seismic events in the South African deep level tabular mining, and states that all of 
the 16 events considered were of normal faulting mechanism, but that 11 thereof contained a significant 
implosive component. 

It is not proposed here that an absolute calibration of fault strength providing exact prediction of size and 
time of imminent large seismic events is attainable. Rather, this back analysis show that the main source 
mechanism for potentially damaging events in this environment is readily understood and can be modelled, 
and motivates the use of the suggested methodology and parameters for forward modelling. 

Table 3 Modelling results on seismic potency induced (Pot_Ind) and associated maximum 
displacement (maxDispl). Some estimate of average shear and normal stresses along the 
source area is also given (Ave_w_SigS and Ave_w_SigN), reflecting the surface stress 
changes leading up to the large seismic events 

 

4.3.2 Maximum displacement 

The numerical results also provide estimates of maximum co-seismic slip — the ‘MaxDispl’ column of 
Table 3, which can be compared with the estimate of Equation (5). Maximum slip for the M3.0 event derived 
from recorded seismic potency is estimated at 3.44 cm, compared with modelled co-seismic slip of 2.83 cm. 
For the M4.0 event, maximum slip from recorded potency is estimated at 9.91 cm, compared with modelled 
slip of 7.32 cm. However, it may be argued that only the double-couple seismic potency should be used for 
estimating maximum slip, in which case maximum displacement is estimated at 2.32 cm and 5.89 cm for the 
M3.0 and 4.0 respectively. 

During the underground investigations no measurable fault slip could be observed to confirm above 
estimates. However, the damage was mainly to excavations in proximity to the faults and tunnels intersecting 
the faults, supporting shear slip on the faults as a significant part of the source mechanism. 
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4.3.3 Source size 

The area of modelled induced slip was also compared with the displacement profile source model discussed 
in 3.3.3. It is required to assume a taper profile and a source shape (i.e. ellipse eccentricity), and the estimates 
of maximum slip is taken from seismic potency. A source slip area is then deduced comprising the full 
recorded seismic potency, i.e. assuming all is associated with shear slip. Slip distribution can then be 
visualised to compare with the source area from modelling, but Figure 8 shows only the elliptically shaped 
outline of the displacement profile source model for clarity. 

It can be seen that the area of major modelled slip corresponds well with the displacement model for the 
M3.0 event — roughly a circular shape of diameter 170 m (Figure 8a). The shape can be understood 
considering the mining geometry — new mining at the down-throw side of the fault with the old mining at 
the up-throw side of the fault. It is important to note that the modelled event hypocentre, i.e. maximum slip, 
is some distance away from the new mining, supporting the minimal stope closure that occurred. 

For the M4.0, the modelled induced slip area is much smaller than assuming that all recorded seismic 
potency is associated with shear movement (Figure 8b). Such a seismic event would have had a strike span 
of approximately 800 m according to the displacement profile model. Furthermore, in this case the maximum 
slip is in close proximity to the latest mining areas at the down-throw side of the fault, suggesting an 
increased potential for stope closure associated with the shear movement. 

 

Figure 8 Orthogonal view onto the structures (looking approximately south) to compare the 
modelled induced ride with the displacement profile source model. The feint grids are the 
boundary elements representing the fault. The solid contours are induced modelled ride 
for the step at which the fault slips, while the ellipse indicates the source size according to 
the displacement profile, yielding seismic potency of the same amount as recorded, and 
assuming the maximum displacement coinciding with the modelled ride. Note that for the 
M4.0 (a) the area of slip suggested by the numerical model (solid contours) is significantly 
smaller than the displacement source model assuming that all seismic potency is associated 
with shear slip (ellipse). For the M3.0 (b) though, the source sizes are similar for the two 
models 



Simulating fault slip areas of mining induced seismic tremors using static boundary element G.F. Hofmann and L.J. Scheepers 
numerical modelling 

410 Deep Mining 2010, Santiago, Chile 

4.4 Model sensitivities 
The accuracy given for the peak cohesion values (19.4 and 16.1 MPa respectively) was required for the 
simulation of co-seismic slip at the specific mining steps. This has implications for implementing the 
proposed methodology to assess planned mining, since although strengths for these two faults was inferred, it 
can be expected that for other seismic events, whether on similar faults or other geological structures, 
cohesion will be different. It will not be feasible to attempt a back analysis on all large seismic events using 
the same approach, since this is a cumbersome process, and seismic sources will not always be well 
understood. However, it is believed that modelling parameters can be derived from this analysis providing a 
worst-case scenario in terms of the potential for damaging seismic events, and as such be used for assessing 
seismic hazard associated with planned mining. 

A more undesired aspect however is that the modelling results presented here is also sensitive to the model 
geometry. During the back-analysis it became evident that building of mined and fault elements should be 
done carefully, in particular regarding grid size used for the fault surface and intersections between mining 
and fault elements. Although the general mechanism and fault slip area was stable, it was found that different 
fault element sizes result in fault slip at different mining steps. It has to be stated therefore that the peak 
cohesion required to simulate the co-seismic slip is dependent on the fault grid size, and cannot be taken as 
an absolute value. However, it is believed that high cohesion values are necessary to simulate slip as was 
demonstrated in this paper. For this analysis fault boundary element of square shape was used, with side 
lengths between 10 and 20 m. A further geometrical factor is fault elements in close proximity to mining 
elements, causing the unrealistically high elastic abutment stresses, also influencing results significantly. 
This required consistently maintaining a distance between fault and mining elements, and avoiding any 
intersections. A distance of 5 to 8 m was found appropriate, and careful model building was done in this 
respect. 

The approach for forward modelling is therefore to apply a number of rules regarding model building, in 
addition to using the appropriate modelling parameters. An advantage of constant grid size on faults and no 
intersections with mining elements is that surface results can also be interpreted better due to more consistent 
contours, e.g. of modelled ride. This is not about a more pleasing picture, but for using the modelling as a 
tool to study potential slip areas on faults, and hence more efficient seismic hazard assessment. 

It is the authors’ opinion that the observed unstable model behaviour due to sensitivity to model parameters 
and geometry relates to why seismic tremors are so unpredictable. 

5 Conclusions 
A methodology is described here using static boundary element modelling to simulate seismic tremors 
associated with fault slip in a particular mining environment. Input information could be inferred with a fair 
level of accuracy, including the in situ stress state, general fault surface orientation from mined out areas, 
and monthly mining advances. Furthermore, although seismic source studies are always subject to the 
‘health’ of the seismic system and adequate coverage, effort was spent in this case on the seismic location 
and moment-tensor inversion, and extracting best information from the recorded waveforms. For both 
seismic events underground investigations were also performed providing information on the faults involved 
and mining areas affected. The numerical modelling then entailed careful model building of the faults and 
mining geometries, and calibration of the strengths of the fault contacts believed to be the seismic sources. 
The modelled seismic source was consistent with double-couple normal fault slip believed to be the most 
likely mechanism in this tabular mining environment. 

The analysis suggests that non-zero peak cohesion for faults is necessary to simulate potential slip 
effectively, with values of between 16 and 20 MPa found appropriate. However, this cannot be taken as 
absolute values since it is sensitive to model geometrical issues. For the seismic events considered here the 
modelled slip and slip direction provided a plausible source mechanism, viz. normal double-couple slip due 
to reef blocks offset by the historical throw on the fault. Such a source mechanism is in agreement with 
damage observations, as well as the area along the fault likely to be activated by mining in proximity. 
Regarding quantitative estimates of seismic potency, the model provided satisfactory estimates of the 
recorded values. However, it was found that for fault slip a significant fraction (potentially exceeding 50%) 
of total seismic potency released may be due to stope closure. Efficient moment-tensor analysis may assist in 
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understanding historical seismic events, but for forward analysis the unknown imminent mechanism may 
result in underestimation of seismic potency. The location of the modelled lobe of ride relative to mining 
excavations does provide a clue though, in that modelled maximum slip close to mining may result in a 
significant stope closure component, and hence higher levels of damage. 

Application of the proposed methodology and modelling parameters will require accurate model building, 
including geometrical surfaces of faults using the best information available. In situ stress state is naturally a 
crucial input, with this determining surface shear and normal stresses, and hence excess shear stress leading 
to fault slip. Careful examination of results will also be required, towards understanding how the stress state, 
mining geometry and structure geometry can lead to large seismic events. Knowledge gained from the model 
can then be used in the mine planning process, through identification of seismic hazards relative to mining 
excavation and access tunnels. 
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