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Abstract Seismic moment is a predominantly utilized
parameter for assessing fault-slip potential when the
numerical modelling of fault-slip is carried out. However,
relying on seismic moment as an indicator for fault-slip
might lead to incorrect conclusions, as fault-slip can be
inherently seismic or aseismic. The present study examines
the behaviour of a fault in Copper Cliff Mine, Canada, with
a 3D numerical model encompassing major geological
structures in the area of interest. Three types of numerical
analyses are conducted, namely elastic and elasto-plastic
analyses in static conditions and elasto-plastic analysis in
dynamic conditions. The static analyses show that the fault
most likely had undergone shear failure at the pre-mining
stage. It is then demonstrated that mining activities induce
further shear movements along the fault plane as well as
within the fault material, as the fault is composed of thick,
severely fractured materials. Notwithstanding the results,
no large seismic events with My, > 0.1 were recorded
within the fault from microseismic-monitoring systems
between 2006 and 2014, implying that the shear move-
ments are aseismic and static. Furthermore, microseismic
database analysis using 350,000 events that took place
between 2004 and 2014 indicates that the fault is not
seismically active. It is found from the dynamic analysis
that the maximum slip rate during fault-slip is not more
than 0.3 m/s, even when the fault-slip is simulated with an
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instantaneous stress drop. This result substantiates the
assumption that the fault is not seismically active and shear
movements are dominantly aseismic. It is therefore sug-
gested that other factors such as stress re-distribution
induced by the aseismic slip be considered in order to
assess damage that could be caused by the fault move-
ments. The present study sheds light on the importance of
distinguishing aseismic from seismic fault-slip for opti-
mizing support systems in underground mines.
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1 Introduction

The shear slip behaviour of faults in response to stress re-
distribution due to mining activities can be classified as
either seismic, i.e. exhibiting high slip rate, or aseismic.
The former is generally described as mining-induced fault-
slip resulting in instantaneous shear movement of a pre-
existing fault or sudden shear rupture through intact rock
that is induced by stress re-distribution due to mining
activities. The latter is characterized by quasi-static shear
movement along the fault with a low slip rate that does not
generate intense seismic waves. As mining-induced fault-
slip generally leads to seismic events with large magnitude
and could inflict devastating damage to underground
openings (Ortlepp and Stacey 1994; Blake and Hedley
2003; Ortlepp 2000; Hedley 1992; Lizurek et al. 2015;
Alber and Fritschen 2011), the proper evaluation of risk
associated with mining-induced fault-slip is crucial not
only for the safety of mine workers, but also for steady
production. Mining-induced fault-slip has also been an
important topic in the field of geophysics as investigations
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of microseismic activities in underground mines provide
useful insight into the physical phenomena pertaining to
slip movement of geological structures (McGarr 1994;
Urbancic and Trifu 1998; Yabe et al. 2015; Naoi et al.
2015; McGarr 1991; Gibowicz and Kijko 1994). Hence, in
the contexts of geophysics and rock mechanics for deep
underground mines, extensive research has been conducted
with numerical modelling, laboratory experiments, and
field monitoring for a better understanding of seismic
events induced by fault-slip.

Numerical modelling and microseismic monitoring have
been widely employed in order to understand the mecha-
nism of mining-induced fault-slip and evaluate its risk in
response to mining activity. Specifically, when the
numerical modelling approach is taken, the following two
aspects are mainly focused on: stress state (Alber and
Fritschen 2011; Alber et al. 2009) and shear displacement
(Sjoberg et al. 2012; Hofmann and Scheepers 2011). The
studies (Ziegler et al. 2015) compute the difference
between the shear stress acting on a failure plane and the
maximum shear strength determined by a failure criterion.
Variation corresponds to the change in the risk for fault-
slip, while its absolute value indicates the potential for
fault-slip to occur. The ratio of the shear stress to the
maximum shear strength is also employed for the assess-
ment of fault-slip potential (Ziegler et al. 2015; Alber et al.
2009). It is occasionally reported that the shear stress level
computed from a numerical model is insufficient for slip to
take place (Ziegler et al. 2015) despite the actual occur-
rence of fault-slip. In such a case, back analysis is per-
formed. Alber and Fritschen (2011) back-calculate the
friction angle of a slip plane, assuming that fault-slip
occurred along a fault with slickenside. Sainoki and Mitri
(2016) numerically demonstrate that the strength hetero-
geneity of a shear zone contributes to the generation of
high fault-slip potential. When considering the shear dis-
placement of mining-induced fault-slip, seismic moment is
commonly computed (Hofmann and Scheepers 2011; Sjo-
berg et al. 2012; Potvin et al. 2010), as the numerically
computed seismic moment can be quantitatively compared
with that estimated from wave forms recorded by micro-
seismic-monitoring systems. Hofmann and Scheepers
(2011) and Sainoki and Mitri (2016) focus on major seis-
mic events and perform back analysis to simulate a seismic
event with seismic moment comparable to the one esti-
mated from wave form recordings, while Sjoberg et al.
(2012) and Potvin et al. (2010) compute cumulative seis-
mic moment for the entire geological structures during a
relatively long period of time as the indicator of seismic
activity. In the study, Sjoberg et al. (2012) mention the
importance of distinguishing seismic slip from aseismic
slip because shear displacements taking place along geo-
logical discontinuities do not necessarily lead to the release
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of large amounts of seismic energy, indicating that the
computed cumulative seismic moment with respect to the
proposed mining sequence is considered conservative.

In fact, there are several studies in which faults are not
the direct cause of major seismic events. In such cases,
fault shear movements contribute to the development of
stress concentration in burst-prone rockmass. White and
Whyatt (1999) examined seismicity and rockburst damage
in the Lucky Friday Mine and deduced that slip movements
along bedding planes in the stope sidewall caused an
increase in the ambient stress and added energy, which
contributed to the occurrence of rockbursts in the vicinity
of the stope. Importantly, it is mentioned that the stress
increase due to the slip movements played more crucial
role in the occurrence of rockbursts at the Lucky Friday
Mine than the slip movement itself and its ability to gen-
erate seismic waves. The seismic activities and their rela-
tion to mining activities at the Creighton mine in Sudbury,
Canada were investigated with numerical analysis and
microseismic-monitoring systems (Snelling et al. 2013). It
is reported that no clear correlation was found between
locations of seismic events and geological structures. It can
be postulated then that aseismic deformations of the geo-
logical structures induced stress changes in the surrounding
rockmass, thus contributing to the occurrence of seismic
events. Naoi et al. (2015) detected extremely small
microseismic events with M,, down to —4 using advanced
microseismic-monitoring system employing acoustic
emission sensors. The detected events are regarded as
steady on-fault seismicity caused by significantly small
amount of slip movements along the fault. One of the
possibilities that the authors consider as the cause of the
microseismicity is shearing of microasperities due to
macroscopic creep behaviour of the fault, i.e. stable slip.

Alternatively, microseismic activities on the fault are
occasionally precursors to major seismic events (Trifu and
Urbancic 1996; Naoi et al. 2015; Yabe et al. 2015; Zhang
et al. 2015). Yabe et al. (2015) examine foreshock activi-
ties in the ultra-deep gold mine with the seismic-monitor-
ing system employing acoustic emission sensors and
confirm with core samples collected from the rupture plane
of a main shock that microseismic activities prior to the
major rupture take place in inherently weak patches. The
authors conclude that the microscopic failures eventually
generate spatially distributed stress concentrations that
interact with each other at the final stage before the main
shock. Zhang et al. (2015) examined microseismic event
rate, released energy, and b-value based on microseismic
activities before a large seismic event took place in a crown
pillar. The study showed that during fault propagation, the
microseismic event rate decreased compared to that during
fault movement, while released energy increased nonlin-
early, resulting in a decrease in b-value. The authors
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conclude that microseismic activity change is associated
with the occurrence of a major event.

Previous studies suggest the presence of two types of
faults. The first type is the fault that produces intense
seismic events entailing the release of large amount of
elastic strain energy. The large events take place when the
quasi-static evolution of fractures due to the microseismic
events turns to uncontrolled, violent failure (Lockner et al.
1991; Trifu and Urbancic 1996). Another type is the one in
which there are no major seismic activities. In such a case,
microseismic activities related to stable slips with com-
paratively low fault-slip rates predominantly occur. Gen-
erally, seismic moment computed from numerical analyses
is regarded as the indicator of intensity of seismicity
without a doubt. However, the presence of a fault with
aseismic, stable slip movements brings up questions
regarding the validity of the exclusive use of seismic
moment as the indicator, since it may lead to unnecessary
precautions. Evaluating and assessing fault-slip rate may be
required to characterize such aseismic fault-slip. The pre-
sent study focuses on aseismic fault-slip, and a case study
is undertaken for a fault in a deep hard rock mine in
Canada. Using a 3D model encompassing major geological
structures in the region of interest, numerical analyses are
performed. The stress state and shear movement of the
fault in response to the past mining activities are examined
with static and dynamic analyses. The results are compared
with seismic events recorded by the mine’s seismic-mon-
itoring system.

2 Copper CIiff Mine

The case study is conducted for the Copper Cliff Mine
located in Sudbury, Canada. In the present study, a 3D
orebody-wide model encompassing geological structures in
the area of interest is constructed with Rhino (McNeel &
Associates 2015), Kubrix (Itasca Consulting Group 2013)
and FLAC 3D (Itasca 2009).

2.1 3D Orebody-Wide Model Representing Main
Geological Structures in Area of Interest

Figure 1 shows the 3D orebody-wide model, which
encompasses the major geological structures in the region
of interest, i.e. the 100 and 900 Orebodies, dykes, and 900
Orebody Cross fault; the remaining part is host rock. In the
model, the y- and x-directions correspond to north and east,
respectively. To adequately accommodate the main geo-
logical structures and mitigate the effect of the outer
boundaries on the stress state in the area of interest, the
outer boundaries are constructed at least 300 m away from
any locations of the geological structures. Specifically, the

top boundary of the model corresponds to 500 Level
(152 m below the surface), and the bottom boundary is
situated on 8200 Level (2500 m below the surface); the
width and length are 1194 and 1930 m, respectively. Dense
meshes are generated near these geological structures in
order to simulate stress distribution as accurately as pos-
sible, while the domain is discretized with coarse meshes
near the outer boundaries. Consequently, the total numbers
of zones and grid points in the model are 6,370,802 and
1,093,934, respectively, which consumes 8 GB memory.

2.2 Mineralogical Characteristics of Geological
Structures in the Area of Interest

The 100 and 900 Orebodies (OB) in Fig. 1 are pipe-shaped
and sub-parallel in close proximity to each other, extending
over 1200 m vertically but only 90-150 m horizontally.
The 100 OB consists of inclusions of massive-to-heavily
disseminated sulphide mineralization with a sharp contact
against the surrounding waste rock, while the 900 OB is
composed mostly of erratic sulphide stringers and lenses
with some disseminated mineralization. The main host rock
for the orebodies is predominantly massive quartz diorite,
which is primarily composed of amphibole, biotite and
chlorite. The fault generally dips at 45° to the north and
consists of strongly sheared, black biotite schist and minor
carbonate mud gouge within its boundaries. The width of
the fault varies from 3.6 to 4.6 metres, and it has created
very blocky, semi-vertical joint systems up to 6 metres on
each side. The dykes are composed of olivine and quartz
diabase and intersect with the 100 and 900 orebodies.

2.3 Stope Extraction Sequence Employed
in the Copper CIliff Mine

Figure 2 depicts only the oreodies and the fault along with
the stope extraction sequence that was employed at the
mine. As the orebody geometry above 4200 Level was
delineated with wire frames created by cavity monitoring
after extracting stopes, the boundaries between stopes on
each level are not accurately constructed. It is to be noted,
however, that the purpose of the present study is to
investigate the effect of the long-term mining activities in
the orebodies on the fault. As shown in the model para-
metric study with respect to the distance between a steeply
dipping tabular orebody and a fault, (Sainoki and Mitri
2014b), a large amount of ore extraction is required to
reactivate the fault. Thus, the effect of extraction of each
stope is ignorable.

As shown in Fig. 2, stopes above 3000 Level are
extracted first as per the mining sequence in accordance
with a sublevel stoping method. Afterwards, the second and
the third mining fronts advance upward from 3500 Level

@ Springer



2712 A. Sainoki et al.

Fig. 1 3D orebody-wide model 5 500 Level
encompassing major geological —
structures in the area of interest 1194 m e

900 Orebody

Dykes

100 Orebody

8200 Level
x=25945

Fig. 2 Mining sequence and
positional relation between the
orebody and the fault

100 Orebody

2000 Level

mining front

e B

2" mining front

l—— 3500 Level

e

900 Orebody

4200 Level 3 mining front

4275 Level 4th mining front

East

5025 Level

@ Springer



Characterization of Aseismic Fault-Slip in a Deep Hard Rock Mine Through Numerical Modelling... 2713

and 4200 Level, respectively. In reality, stopes were
simultaneously mined out until the end of 2008 during the
second and the third mining sequences. However, as
described above, boundaries of stopes on the levels during
the mining sequences are not accurately modelled. There-
fore, the present study does not consider the simultaneous
mining; hence, after extracting stopes in accordance with
the second mining sequence, the third stope extraction
sequence begins, followed by the fourth mining sequence
going downward from 4275 Level.

2.4 Numerical Simulation Methods and Model
Input Parameters

In the present study, three types of numerical analyses are
carried out, namely elastic and elasto-plastic analyses in
static conditions and elasto-plastic analysis in dynamic
conditions. The elastic analysis is performed for the pur-
pose of estimating the maximum fault-slip potential in the
fault, i.e. its excess shear stress (Ryder 1988). For instance,
Ziegler et al. (2015) constructed a mine-wide model for the
case study of a deep underground gold mine in South
Africa. The authors employed the simplest elastic model to
evaluate the excess shear stress on a seismic source loca-
tion. The static, elasto-plastic analysis is intended to sim-
ulate the actual deformation of the fault material, i.e. slip
movements. It is a common practice to perform elasto-
plastic analysis with Hoek and Brown criterion or Mohr—
Coulomb failure criterion for the numerical simulation of
rockmass behaviour in deep hard rock underground mines
(Snelling et al. 2013; Sjoberg et al. 2012). Lastly, the
dynamic, elasto-plastic analysis is conducted to help esti-
mate the slip rate, assuming that dynamic shear movements
taking place on the fault are due to instantaneous asperity
breakage. A similar approach to simulate dynamic fault-
slip was adopted in the study (Rutqvist et al. 2013). The
results are then used to discuss the potential use of slip rate
as an indicator to distinguish aseismic from seismic fault-
slip. Table 1 lists deformation moduli and Poisson’s ratios
for the rockmasses described in Sect. 2.2. Note that the
rockmass rating system developed by Bieniawski (1976) is
employed to convert the mechanical properties derived
from laboratory experiments to those for the in situ rock-
mass. For the host rock and orebody, RMR is estimated to

Table 1 Mechanical properties of the rockmasses for elastic analysis

Erockmass (GPa) v DenSity (kg/m3)
Host rock 37.8 0.24 2907
Ore 27.6 0.28 3700
Dyke 60 0.22 2907
Fault material 0.4 0.25 2907

65 with field observation, while RMR of 100 is assumed
for the dyke, considering that the dyke is generally mas-
sive. For the fault, the conversion is not performed, i.e. the
laboratory-derived value is used as an input because the
modulus is considered sufficiently low to reflect the char-
acteristic of the fault. Regarding the density, the average
value of rock samples collected from the mine is applied to
the host rock, dyke and fault material, while the density of
ore is calculated with rock samples collected from the
orebody.

For the elasto-plastic analyses, Hoek—Brown failure cri-
terion (Hoek et al. 2002) is applied to the host rock, ore, and
dyke, with the parameters listed in Table 2 and then corre-
sponding stress corrections are performed when the stress
acting on the rockmasses exceeds the failure criterion. In
order to calculate the parameter, s, the same RMR used for
the calculation of the deformation moduli is applied. As for
the parameter, m;, the values for diorite (Hoek 2007), sul-
phide (Cai 2010), and diabase (Hoek 2007) are used for the
host rock, ore, and dyke, respectively; and the values are
converted to my, for taking into account rockmass strength
characteristic (Hoek 2007), using the relationship that
GSI = RMR — 5. The uniaxial compressive strengths, o,
are derived from laboratory experiments.

Regarding the fault material mainly composed of schist,
a ubiquitous joint model, which is widely used to simulate
slip movements along faults (Cappa and Rutqvist 2011), is
applied, and corresponding input parameters are calculated
as shown in Table 3. In the table, the cohesion is estimated
from the uniaxial compressive strength of 62 MPa derived
from a laboratory experiment, using the Hoek—Brown
failure criterion with the substitution of o3 = 0 and
assuming GSI = 20. Note that m; = 12 is assumed for the
fault material as it mainly consists of schist (Hoek 2007).
The GSI for the fault material is taken from the chart pro-
posed for heterogeneous rockmasses (Marinos and Hoek
2001), based on the field observation that the fault is
blocky and considerably sheared. In fact, as can be seen in
Fig. 3, the fault is heavily fractured. According to Wyllie

Table 2 Hoek—Brown parameters of the rockmasses

K m; My, Oc
Host rock 0.012 25 6.0 150
Ore 0.012 24 5.8 150
Dyke 0.57 15 12.5 220

Table 3 Mechanical properties of the fault material
¢ $a (°) ¥ ()
0.24 23.5 20.0 59 0.07

C (MPa) or (MPa)
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Fig. 3 Section of 900 Orebody cross fault intersected between 3400
Level and 3500 Level

(2003), the friction angle of schist varies from 20° to 27°.
Hence, the intermediate value of the range is adopted, and
dilation angle is set to one-fourth of the friction angle
(Hoek and Brown 1997). The tensile strength is estimated
from the uniaxial compressive strength taking into account
GSI, using the equation proposed by Altindag and Guney
(2010). As for the dynamic friction angle, ¢y, it is chal-
lenging to determine the value because it is dependent upon
a number of factors, such as slip rate (Yuan and Prakash
2008), static frictional resistance, slip distance, and state
(Dieterich and Kilgore 1996; Ohnaka et al. 1997). A
number of studies have shown that the frictional coefficient
of a fault surface decreases when dynamic slip takes place
(Yuan and Prakash 2008; Dieterich 1979; Okubo and
Dieterich 1984), according to which a number of friction
laws have been proposed (Ruina 1983; Dieterich and Kil-
gore 1996; Sainoki and Mitri 2015). It may be true that the
frictional coefficient does not decrease instantaneously.
However, as mentioned by Kanamori (2001), in the case of
shallow earthquakes, the assumption of instantaneous
stress drop is acceptable. As a matter of fact, many studies
related to mining-induced fault-slip assume instantaneous
stress drop. (Hofmann and Scheepers 2011; Sainoki and
Mitri 2014a; Sjoberg et al. 2012), although fault-slip
magnitude varies depending on the slip-weakening dis-
tance (Sainoki and Mitri 2015). As shown in Table 3, the
present study assumes 20° as the dynamic friction angle of
the fault material. The assumption is made based on pre-
vious studies and considering the characteristics of this
fault material. Sainoki and Mitri (2016) back-analysed the
dynamic friction angle of a fault surface, using peak par-
ticle velocity and acceleration of rock recorded by micro-
seismic-monitoring system installed in an underground
mine. According to the study, the friction angle of a fault in
a shear zone decreases from 28° to 20° when fault-slip
takes place. Urpi et al. (2016) assumed the kinetic friction
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of a fault at 0.448, which is equivalent to a dynamic fric-
tion angle of 24°. Hofmann and Scheepers (2011) back-
analysed the residual friction angle at 20° for mining-in-
duced conditions, which is 5° less than the static friction
angle of 25°. As it is quite challenging to estimate the
kinetic friction of a fault with laboratory experiments,
generally the values are assumed or back-analysed. In the
present study, the friction angle of the fault material is
estimated at 23.5°, which is decreased to 20° for the area
undergoing slip during the dynamic analysis. The dynamic
friction angle is close to the values used in the previous
studies, although the difference between static and kinetic
frictions in the present study is slightly smaller compared
to some other studies. As the fault material is considerably
weak and fractured, it is assumed to exhibit ductile beha-
viour rather than brittle behaviour associated with shearing
of noticeable asperities while it is being sheared. Therefore,
it is unconceivable that a large stress drop associated with
asperity abrasion would take place.

The use of a ubiquitous joint model is deemed reason-
able, considering the fact that the fault is approximately
4 m in width. Hence, it is presumed that the weak fault
material affects the stress state within the fault. The ubig-
uitous joint model simulates slip movements by performing
stress corrections with respect to the assumed plane of
weakness. The dip angle and dip direction of the weak
plane are set to 45° and 315°, respectively, although to be
precise, the geometric properties slightly vary from place
to place on the fault. As the ubiquitous joint model is
employed in order to examine shear movements along the
fault, the strength properties of the fault material that are
not related to the slip behaviour are determined so that
shear failure takes place only along the prescribed plane of
weakness.

3 Calibration of In-Situ Stress State for 3D
Orebody-Wide Model

Before performing the elastic and elasto-plastic analyses,
stresses to be applied to the model outer boundaries are
calibrated (Shnorhokian et al. 2014). For the calibration,
equations used for the mine are employed that describe the
relation between mining depth and in situ stress regimes.
The relation is almost identical to that proposed by Herget
(1987) and is expressed as follows:

69, . =0.0407 x D + 10.35 (1)
0% = 0.0326 x D + 8.69 (2)
0% = 0.029 x D (3)

where D represents a mining depth in metres. The orien-
tation of the maximum horizontal stress corresponds to the
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Fig. 4 Stresses computed from a numerical analysis with calibrated
boundary tractions and derived from the equations at the three
locations

x-direction in Fig. 1, that is, the minimum horizontal stress
acts in the y-direction. Note that the unit of stresses cal-
culated from the equation is MPa.

The calibration is carried out based on three points
located on 2500, 4500 and 6500 Level. The three points are
situated sufficiently away from the geological structures
shown in Fig. 1 such that stresses at the points represent
in situ stresses that are not influenced by the geological
structures. The boundary tractions are adjusted until the
stresses at the three points adequately agree with those
calculated from Eqgs. (1) to (3). Figure 4 shows stresses
computed from a numerical analysis using the calibrated
boundary tractions and derived from the equations. It is
found from the figure that the stresses are almost identical.
Note that the calibrated stresses are used for both elastic
and elasto-plastic analyses because the pre-mining stress
state in the elastic analysis is the same as that in the elasto-
plastic analysis, in regions away from the geological
structures. The reason why stresses are applied to the
boundary instead of each zone in the model is to reproduce
the influence of rockmass stiffness on the in situ stress
state, i.e. stiff rockmass such as dyke generally carries high
stress, while stress state is relatively low in weak rockmass
(Bewick et al. 2009).

4 Result of Elastic Analysis

Based on the results obtained from the elastic analysis,
potential for fault-slip is assessed with respect to each stage
during the mining sequence. Two types of stress-based
evaluation criterion are employed, based on the classical
Mohr—Coulomb criterion as follows:

1 .
CFSI =01 —Omax = 01 — (JC +Ln¢ )

4
1—sin<f>(73 “)
CFS; =17 — Tpax =7 — (C + g, tan @) (5)

where ¢; and o3 are the maximum and minimum com-
pressive stresses, respectively, and t is the shear stress
acting along the fault, which is computed assuming the dip
angle of 45° and the dip direction of 315°. Thus, CFS;
(Coulomb failure stress) represents potential for failure
(slip movement) with respect to the plane of principal
stresses, while CFS, gives potential for failure along the
fault plane with the dip angle and dip direction. As can be
seen in Fig. 3, the fault considered in the present study is
thick and strongly discontinuous, indicating that failure can
occur in any direction within the fault. Therefore, consid-
ering only the general dip and dip direction is insufficient
in order to assess the potential for slip movements in the
fault, leading to the use of two evaluation criteria.

4.1 CFS (Coulomb failure stress) at Pre-mining
Stress State

Figure 5 shows potential for fault-slip computed with the
two evaluation criteria. It is found from Fig. 5a that CFS;
takes positive values in almost the entire fault, and the
negative fault-slip potential takes place only in a small
region near the top boundary, implying that the negative
value may be due to the boundary effect. The important
implication of these results is that the fault material had
undergone shear failure at the pre-mining stage, because
the positive value of CFS—; indicates that the stresses had
reached the failure envelope. It appears that CFS; gradually
increases with mining depth, albeit anomalies with
noticeably high CFS; as much as 20 MPa occur near the
centre of the fault, as shown in Fig. 5a. It is speculated that
the anomalies are attributed to stress concentrations due to
the fault geometry. It is to be noted that the positive CFS;
in almost the entire fault at the pre-mining stage suggests
the intense failure of fault materials, which is in agreement
with the geological features of the fault, i.e. strongly
sheared and fractured.

It is quite interesting that characteristics of CFS, shown
in Fig. 5b differ completely from those in Fig. 5a. The
most noticeable discrepancy is that CFS, has negative
values in large areas within the fault. Positive values of
CFS, are found only at the upper left area and along the
boundary. The positive CFS, along the boundary is pos-
sibly attributed to the stress concentrations that are essen-
tially similar to the phenomenon taking place at a crack tip
(Fischer-Cripps and Mustafaev 2000) because the fault
material has the significantly lower elastic modulus than
that of the host rock. Another important aspect to be
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Fig. 5 Estimating the potential for fault-slip using Eqs. (4) and (5)

discussed is that CFS, decreases with mining depth,
meaning that the possibility of fault-slip taking place
decreases with increasing mining depth. The decrease in
CFS, with mining depth is unreasonable when considering
the relation between the orientations of the maximum
horizontal stress and the fault, that is, the increase in the
maximum horizontal stress should contribute to an increase
in CFS,. The discussion leads to the assumption that the
in situ stresses within the fault are rotated. To verify this
assumption, the stress orientations are examined and shown
in Fig. 6. The figure depicts stress orientations within the
fault on 4200 Level. As can be seen in the figure, in the
host rock, the orientation of the maximum stress is sub-
parallel to the x-axis, whereas the orientation is rotated
within the fault, so that the maximum stress acts perpen-
dicularly against the fault. Hence, the maximum com-
pressive stress in the fault gives rise to clamping force,
which directly contributes to an increase in 7,,,x rather than
an increase in the shear stress acting along the fault.
Therefore, considering the rotation of the maximum stress
within the fault, the results shown in Fig. 5b are
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reasonable. Importantly, the result implies that the stress
rotation might be an important aspect to evaluate potential
for fault-slip, especially in such a case where faults have
thick, weak fault zones. It is assumed that if the fault were
similar to a rock joint in the absence of a thick fault zone,
the stress rotation within the fault would be insignificant.
Accordingly, the ambient stresses in the surrounding
rockmass would be almost the same as stresses acting on
the fault. As such, the interlocking of fault surface asper-
ities plays a key role in determining the strength of the fault
and thus the generation of fault-slip (Barton 1973; Sainoki
and Mitri 2014a; Bandis et al. 1983). The comparison
between CFS| and CFS, suggests the need to employ both
criteria to comprehend the state of fault materials. The
exclusive use of one criterion without the other may lead to
improper estimation of fault-slip potential in a case where
the fault has thick, weak shear zones.

4.2 Change in CFS During the Mining Sequences

Figure 7 depicts increments of CFS; for each stage of the
mining sequences illustrated in Fig. 2. For instance, Fig. 7b
presents the increase in CFS; from the stress state after
completing the first mining stage (3000 Level to 2000
Level) to that after completing the second mining stage
(3500 Level to 3000 Level). In Fig. 7, the backfilled stopes
as well as unmined orebodies are also shown to clarify the
relation between extracted stopes and change in CFS;. It is
found that regions where CFS; increases are not limited by
the proximity to stopes extracted during the mining
sequences. For instance, as can be seen in Fig. 7a, an
increase in CFS; takes place not only in an extensive area
above 3000 Level but also in some areas near 3500 Level
as a result of the first mining stage extracting stopes from
3000 Level to 2000 Level. The increase in CFS; indicates
that the possibility of seismic events taking place rises in
the areas. Conversely, CFS; decreases in the lower part of
the fault below 3000 Level, as well as in some areas near
the extracted stopes during the mining sequence. Likewise,
CFS,; increases in extensive areas during the subsequent
mining sequences while showing the most intensive rise
near the extracted stopes. It is to be noted that CFS; takes
positive values in almost the entire fault at the pre-mining
stage. It means that a slight increase in CFS; can cause
shear-failure-induced plastic deformational behaviour to
the fault material, resulting in a large relative shear dis-
placement, although the produced displacements are not
parallel to the fault because the orientation of the maxi-
mum stress acting on the fault is perpendicular to the fault,
as shown in Fig. 6. In terms of the magnitude of CFS;
change, the influence of the mining activities becomes
insignificant as the mining sequence proceeds. This is

because the distance between the orebodies and the fault
increases with mining depth as shown in Fig. 2. The
maximum increase in CFS; due to the first mining
sequence is as much as 0.33 MPa according to Fig. 7a, and
it then decreases to 0.06 MPa when the fourth mining
sequence is completed, referring to Fig. 7d.

Figure 8 shows the change in CFS, for the same stages
as those in Fig. 7. For example, Fig. 8a presents the
increase in CFS2 from the stress state at the pre-mining
stage to that after completing the first mining stage (3000 to
2000 Level). It is interesting that CFS, varies within the
fault in quite a different way from CFS;. For instance,
during the second mining stage, CFS; particularly decrea-
ses in the region between 3500 Level and 3000 Level, as
can be seen in Fig. 7b, whereas CFS, does not decrease in
this region, according to Fig. 8b. Similar phenomena
occur, to some extent, during the other mining stages.
Another important aspect to be discussed is that an increase
in CFS, does not necessarily cause plastic deformations in
the fault material, because CFS, is generally negative at the
pre-mining stage, the exception being the small region
around 2000 Level, as shown in Fig. 5b. Hence, in this
fault, it can be concluded that a large shear displacement
along the fault is unlikely to occur. Areas near the extracted
stopes on 2000 Level have the highest possibility of slip
movements along the fault to take place. However, it
should be noted that shear displacements due to shear
failure, which does not develop along the fault, can occur at
any locations in the fault, as discussed above, due to the
large thicknesses of the fault.

5 Results and Discussion for Static, Elasto-Plastic
Analysis

As mentioned in the previous sections, an elasto-plastic
analysis is performed in order to simulate slip movements
along the fault by means of the ubiquitous joint model.
Note that the simulation procedure for the elasto-plastic
analysis is exactly the same as that for the elastic analysis.
As discussed in the previous section with Figs. 5 and 8§,
shear movements along the fault are most likely to occur in
the fault on 2000 Level during the first mining sequence.
Thus, the shear displacement increments induced by stope
extraction during the mining stage are of particular
importance. Figure 9 shows the maximum shear displace-
ment increments from the pre-mining stage to the end of
the first mining stage. As discussed in Sect. 2.4, the fault
material undergoes shear failure only along the prescribed
plane of weakness, using the ubiquitous joint model. In this
way, shear movements along the fault that are not affected
by failure in other directions can be evaluated.
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Fig. 9 Maximum shear displacement increments induced by mining
activities during the first mining stage

It is found from Fig. 9 that the increments of shear
displacements along the fault are insignificant and no more
than 3 mm, even near the extracted stopes. The magnitude
of the maximum shear displacement increment is consid-
erably smaller, compared to the case where mining activity
with a sublevel stoping method is simulated considering its
influence on a nearby fault (Sainoki and Mitri 2014a).
Sainoki and Mitri (2014a) simulate fault-slip taking place
along a fault running parallel to a steeply dipping, tabular
orebody in a deep hard rock mine and demonstrate that the
maximum shear displacement can exceed 16 cm when the
friction angle of the fault is low. The volume of stopes
extracted during one mining stage in the study is
66,000 m®, while in the present study the total volume of
stopes extracted during the first mining stage is
590,000 m>. In spite of the larger volume of extracted
stopes in the present study, the shear displacements shown
in Fig. 9 are significantly smaller. The following two
aspects help us understand the results: the distance between
the fault and orebody, and the low stress environment in
the fault. First, regarding the distance, it is found from
Fig. 2 that although the stope on 2000 Level is located in
close proximity to the fault, the distance increases with
mining depth. Indeed, the stope on 3000 Level, which is
extracted at the beginning of the first mining sequence, is
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Fig. 10 Maximum compressive stress near and within the fault on
4200 Level

located 130 m away from the fault. In the case analysed by
Sainoki and Mitri (2014b), fault-slip does not occur when
the distance between the fault and orebody is more than
40 m. Thus, although the volume of extracted stopes dur-
ing the first mining stage is large, the stope extraction is
assumed to have a lesser influence on the fault, compared
to the case (Sainoki and Mitri 2014a) where the distance
between the orebody and the fault is 30 m. Regarding the
stress environment, an example of the maximum com-
pressive stress near the fault on 4200 Level is shown in
Fig. 10. The figure shows that the fault material carries
lower stresses than the surrounding host rock because of
the low stiffness of the fault material, which is approxi-
mately 1% of that of the host rock. At a rough estimate
from Fig. 10, the maximum compressive stress within the
fault is one-half of that of host rock situated sufficiently
away from the fault. It is concluded that these two aspects
predominantly contribute to the small shear movements
along the fault, and the result indicates that the possibility
of large seismic event taking place on this fault is minor.
Thus, seismic events that may occur on this fault would be
characterized as the aggregation of small seismic events
due to the low stress environment and the minor influence
of mining-induced stress.

6 Results and Discussion for Elasto-Plastic
Analysis Under Dynamic Conditions

The elasto-plastic, static analysis shows that the potential
for fault-slip is positive on the fault. The next step is to
estimate the severity of the seismic activities due to fault-
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slip. To do so, the present study performs a dynamic
analysis to estimate slip rate, which pertains to the near-
field peak particle velocity of a rockmass representing the
severity of ground motions. There are numerical and
empirical approaches for the estimation of fault-slip rate
(McGarr 2002; Cappa and Rutqvist 2012). The present
study adopts the numerical approach as the stress drop
caused by the transition from static to dynamic frictional
resistance can be explicitly taken into consideration in the
numerical simulation, while the empirical approach relies
on selecting a value from several past case studies (Hedley
1992; McGarr 2002).

6.1 Procedure of Dynamic Analysis

As discussed in previous sections, the largest slip move-
ments along the fault are most likely to occur during the
first mining stage. Thus, the dynamic, elasto-plastic anal-
ysis is performed based on the stress state immediately
after the first mining stage, i.e. the initial stress state for the
dynamic analysis is obtained from the static, elasto-plastic
analysis. After completing the stope extraction of the first
mining state, the boundary conditions are changed to the
viscous boundary condition (Lysmer and Kuhlemeyer
1969), which prevents seismic waves caused by fault-slip
from reflecting on the model outer boundaries. In order to
consider the attenuation of kinetic energy, local damping,
which is embedded in FLAC3D, is employed, assuming
5% of critical damping. According to (ABAQUS 2003), the
damping coefficient of rock ranges from 2 to 5%, which
was employed in some studies (Van Gool 2007). Consid-
ering the estimate, the present study assumes 5% for the
damping coefficient of the rockmass. Detailed description
of the damping system is found in the FLAC3D user
manual. Although the local damping system cannot capture
energy loss accurately when the stress waveforms are
complex, the damping system is deemed sufficient as the
damping mainly affects the attenuation and propagation of
stress waves, which are not the focus of the present study.
A timestep used in the dynamic analysis is automatically
optimized based on the volume of each zone of the model,
P-wave velocity derived from the rockmass mechanical
properties, and the face area of each zone. The actual time
step used during the dynamic analysis is approximately
49 x 1077 s,

At the beginning of the dynamic analysis, the stress state
in the fault is examined, and for the area where the dif-
ference between the maximum shear strength and the
maximum shear stress along the fault is less than 1 MPa,
the cohesion and friction angle of the fault material are set
to zero and the dynamic friction angle, respectively, as
listed in Table 3. Fault-slip is driven by the excess shear
stress (Ryder 1988) defined as the difference between static

and kinetic friction laws. In reality, the instantaneous
decrease in friction angle does not occur; the change from
static to the dynamic friction is associated with an increase
in a shear displacement along the fault (Ida 1972; Okubo
and Dieterich 1984), which is generally referred to as a
slip-weakening distance. Slip rate increases with a decrease
in the slip-weakening distance, since the shear stress acting
on the fault is instantaneously released when the slip-
weakening distance approaches zero. The instantaneous
change from static to dynamic friction law corresponds to a
zero slip-weakening distance. Hence, it should be noted
that the slip rate obtained from the dynamic analysis in the
present study is the maximum value that can occur under
the stress state.

6.2 Near-Field Ground Motion (a Half of Slip Rate)
Estimated from Dynamic Analysis

Figure 11 shows the maximum slip rate of the fault patches
during the dynamic analysis. The maximum slip rate is
computed as twice near-field ground motion, i.e. the peak
particle velocity of grid points (McGarr 1991). As expected
from the stress state and shear displacements shown in
Figs. 5 and 9, the region where shear movements take
place during the dynamic analysis is limited to around 2000
Level. More importantly, Fig. 11 clearly shows that the
maximum slip rate is no more than 0.3 m/s, which is
comparable to the lowest slip rate among mine tremors

m/s
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Fig. 11 Maximum particle velocity within the fault during fault-slip
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reported by McGarr (1991). Furthermore, as discussed
above, the simulation procedure for dynamic fault-slip
adopted in the present study gives the highest slip rate that
can be induced in the simulated stress regimes because of
the instantaneous stress drop. Thus, slip rates during fault-
slip would be less than the simulated values shown in
Fig. 11 when fault-slip occurs in dynamic conditions. In
addition, the peak particle velocity is far below the
threshold of peak particle velocity that causes severe
damage to rockmass (Hedley 1992; Brinkmann 1987).
These results imply that the seismic activity of the fault is
considerably low.

7 Validation of Results Obtained from the Static
and Dynamic Analyses with In Situ Monitoring
of Seismicity in the Copper Cliff Mine

The results obtained from the static and dynamic analyses
strongly suggest that the possibility of large, intense seis-
mic events taking place along the fault ought to be low. To
validate the results, actual seismic events that took place at
the Copper Cliff Mine are investigated. The Copper Cliff

Mine is equipped with seismic-monitoring systems
Near-fault event
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composed of 44 accelerometers including both the uniaxial
and triaxial sensors to detect seismic events and develop a
microseismic database, which can be utilized for improving
the safety of working conditions. The seismic wave forms
recorded with the sensors are analysed, using ESG software
(ESG 2011), and then the source location and seismic
source parameters such as seismic moment and seismically
released energy are estimated. The possible error with
respect to the location of seismic events ranges from 10
feet (3 m) to 50 feet (15 m).

7.1 Comparison with Large Seismic Events

Figure 12 shows locations of relatively large seismic
events with My, > 0.1 that occurred during the period of
time from 2006 to 2014. During this period, 39 large
seismic events took place near the geological structures
that are the focus of the present study, with magnitudes
ranging from 0.1 to 3.8, as can be seen in the figure. It is to
be noticed from the figure that major seismic events pre-
dominantly took place near the orebodies, especially
between 4200 Level and 3500 Level. Indeed, 87% of those
seismic events are located in these regions. Only one of
them took place near the fault or within the fault. Herein,

Near-fault event
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Fig. 12 Location of large seismic events that took place during the period from 2006 to 2014. The region surrounded by the broken line is
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seismic events that take place within a distance of 15 m
from the fault are regarded as near-fault events, considering
the possible error. Importantly, the only one near-fault
event shown in Fig. 12 took place immediately after the
large seismic event with M,, of 3.8, indicating that it was an
aftershock of the M,, 3.8 event, i.e. the near-fault event was
possibly induced by transient stress caused by the M,, 3.8
event.

The fact that large seismic events barely take place near
or within the fault verifies the results obtained from the
numerical analysis. First, CFS, shown in Fig. 5b indicates
that in extensive areas within the fault, the shear stress
acting along the fault does not reach the maximum shear
strength. Next, Fig. 8§ reveals that the magnitude of
increase in CFS, is not significant, considering negative
values of CFS,; at the pre-mining stage shown in Fig. 5b,
and the influence of the mining activities on the stress state
of the fault decreases as the mining stage proceeds. Sub-
sequently, the static, elasto-plastic analysis demonstrates
that the maximum shear displacement taking place during
fault-slip is no more than 3 mm in static conditions, even
immediately after the first mining stage in which stopes
close to the fault are extracted. Lastly, the dynamic anal-
ysis conducted using the stress state after the first mining
stage shows that the maximum slip rate during fault-slip is
30 cm/s at most, which is a considerably low value as a
mine tremor and far below the threshold of peak particle

Fig. 13 Microseismic activities that took place from 2004 to 2007

100 Orebody

velocity that inflicts damage to the rockmass (Hedley 1992;
Brinkmann 1987). All the results are in agreement with the
fact that the fault is not seismically active.

7.2 Comparison with Microseismic Events

To further verify the postulation made in the previous
sections, microseismic activities with moment magnitude
down to —4 are investigated and analysed. Figure 13
shows locations of one hundred thousand microseismic
events that took place during the period from 2004 to 2007.
Due to the limitation of the software used, it was impos-
sible to show all the seismic events (350,000) that took
place from 2007 to 2014. As can be seen in the figure,
microseismic events occur in the entire mine, and there are
clusters of microseismic events. Obviously, locations of
several clusters coincide with the orebodies modelled in the
present study. Locations of the other cluster are associated
with orebodies that are not the scope of the present study
and/or locations of large seismic events that took place
away from the active mining area (Sainoki et al. 2016).
Figure 13 clearly shows that although microseismic events
take place around the mine due to ore extraction, the
rockmass near or within the fault is still seismically non-
active. To verify the non-seismic activity, various seismic
data analyses and comparison with the numerical analysis
results are performed in what follows.

900 Orebody
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Figure 14 shows plan views of intensity of microseismic
activity as well as maximum shear strain increment for
3000 and 3500 Levels. In the figure, “intense” denotes that
the number of microseismic events is greater than 10 in an
area of 20 m x 20 m x 20 m. As can be seen, seismic
activity is quite dense near the orebodies, while seismic
intensity is low near or within the fault. In contrast, the
maximum shear strain increment is clearly large within the
fault, indicating large deformations taking place in the fault
due to elasto-plastic behaviour caused by ore extraction.
Similar tendency is observed in Fig. 15 that shows the
same data as in Fig. 14, but in cross sections in the y-di-
rection. Figures 14 and 15 indicate that the shear defor-
mations taking place in the fault do not release intense
seismic energy, thus not contributing to the generation of
severe seismic activity.

Figure 16 depicts the relation between the cumulative
number of seismic events and time. According to Hudyma

Intensity of
seismic activity

Low

Moderate

.

I Intense w
3000 Level

Maximum shear

strain increment
0

0.5x103

>1.0x 103

3000 Level

and Beneteau (2012), when seismic source mechanism
driven by geological structures is dominant, the cumulative
number continuously increases, giving a constant event
rate. On the contrary, when seismic events are caused by
rock fracturing in response to production blasts, the
cumulative number of events line shows a stepwise
increase. As can be seen in Fig. 16, when considering near-
fault events within 15 m, the increase in the cumulative
number of seismic events is generally stepwise, implying
that it is the result of production blasts, although at an early
stage from 2004 to 2005, the cumulative number of events
steadily increases. This may indicate that only in that short
period, the fault was seismically active. When considering
all seismic events, the number of seismic events start to
exponentially increase from 2011, implying that seismic
events caused by shearing of rockmass or other geological
structures become dominant. Even then, the seismic
activity in the fault is basically quiet.

3500 Level

Fig. 14 Plan views showing the intensity of microseismic events and shear strain increment: a seismic intensity on 3000 Level, b seismic
intensity on 3500 Level, ¢ maximum shear strain increment on 3000 Level, and d maximum shear strain increment on 3500 Level
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Fig. 15 Cross sections in the y-direction showing the intensity of
microseismic events and shear strain increment: a seismic intensity on
the cross section at x = 24,000, b seismic intensity on the cross

Figure 17 shows the results of time-between-events
(TBE) analysis proposed by Hudyma and Beneteau (2012).
The plots represent time between events for each event
magnitude. As can be seen, the analysis was performed for
near-fault events as well as the whole events. According to
Hudyma and Beneteau (2012), high TBE rates denote
seismic events driven by geological structures. As can be
seen in Fig. 17, TBE rates of the fitted lines are in the range
from 0.5 to 1.0. Obviously, the line for seismic events that
took place within 15 m from the fault has the lowest TBE
rate, implying that the events were caused by production
blasts. Sainoki and Mitri (2016) conducted TBE analysis
for a different underground hard rock mine in Canada,
which showed that a TBE rate of 1.0 for seismic events

Cross section at

Cross section at
x=23750

Cross section at
x=23750

section at x = 23,750, ¢ maximum shear strain increment on the cross
section at x = 24,000, and d maximum shear strain increment on the
cross section at x = 23,750

took place in a shear zone. These results further indicate
that the fault in this mine is seismically non-active,
although large shear deformation took place within the
fault in response to ore extraction.

Table 4 lists the number of seismic events, cumulative
seismic moment, and moment magnitude for near-fault
events as well as the whole event. A comparison of the
values with the numerical analysis result is also made. As
mentioned above, 350,000 seismic events took place
between 2004 and 2014. However, the number of seismic
events that took place in the fault and within 15 and 30 m
from the fault are merely 28, 87, and 201, respectively. In
Table 4, the seismic moment computed from the numerical
analysis is based on the deformation of the fault, meaning
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Fig. 17 Time-between-events (TBE) analysis for seismic events in
the fault and in the whole region

that the value should be compared to cumulative seismic
moment of seismic events in the fault. The comparison
reveals that the computed seismic moment is 16 times
higher than the measured cumulative seismic moment, thus
strongly suggesting that the deformation of the fault did not
release seismic energy, most likely because of the low slip

rate estimated with the dynamic analysis and the ductile
behaviour of the fault material.

7.3 Discussion

The aforementioned results and discussion lead to the
conclusion that a large seismic event associated with
intense fault-slip is unlikely to occur along the fault. The
slip caused by the mining activities is most likely aseismic
and static. Furthermore, due to the low stress environment
within the fault, the possibility of a large amount of seismic
energy being released is considerably low. It should be
noted, however, that it is not beyond the realm of possi-
bility that a large seismic event occurs if severe strength
heterogeneity is locally present within the fault. As
demonstrated by Sainoki and Mitri (2016), the hetero-
geneity of shear stiffness within a shear zone can generate
slip potential that is high enough to cause a large seismic
event. Therefore, if such a condition had been present
within the fault before the mining activities were started, a
large seismic event may occur due to the induced stress
concentration and the mining-induced stress re-distribu-
tion, i.e. the increase in CFS,. However, as no large seismic
event took place within the fault in the past nine years in
spite of the mining activities, the possibility that the
noticeable heterogeneity of stiffness exists within the fault
is presumably low. If such anomalies had been scattered
within the fault, relatively large seismic events would have
taken place during the past mining stages.

Regarding the shear failure examined with CFS;, the
following conclusion can be drawn. Figure 5a indicates
that the fault material had undergone shear failure in the
plane of principal stresses at the pre-mining stress state,
and Fig. 7 shows that the post-peak shear behaviour had
taken place in the plane of principal stresses due to past
mining sequences, due to the increase in CFS;. Notwith-
standing these results, major seismic events did not occur
within the fault. Furthermore, microseismic database
analysis using 350,000 events that took place between 2004
and 2014 shows that only less than 100 seismic events did
occur near or within the fault, and the events were caused
by production blasts rather than active fault behaviour. It is
thus reasonable to postulate that the post-peak shear
behaviour does not contribute to the generation of major
seismic events. The post-peak shear behaviour may

Table 4 Comparison of
measured seismic parameters

Seismic events Seismic moment Moment magnitude

with numerical analysis Events within the fault

Near-fault events within 15 m
Near-fault events within 30 m
Numerical analysis

28 1.0 x 10" 0.64
87 2.1 x 10'° 0.85
201 1.0 x 10! 1.31
N/A 1.6 x 10" 1.46
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produce minor seismic events with small magnitude, but
such seismic events would not pose serious risks to
underground openings and be characterized as steady fault
activity, as shown by Naoi et al. (2015). From the results
and discussion, it can be concluded that the post-peak shear
behaviour of the fault material is aseismic and static shear
movements with a low slip rate that do not generate intense
seismic waves, even if sudden slip-weakening entailing a
decrease in the friction angle takes place, because of the
low stress environment in the fault and fractured rockmass.

Figure 18 summarizes the numerical and data analyses
as a simplified flowchart. The data analysis starts with
examining the occurrence of seismic events in a fault zone.
Provided that there are near-fault events, TBE and time
history analyses can be performed to determine whether or
not the fault is seismically active. As for numerical anal-
ysis, CFS and shear strain increment are investigated.
Then, if CFS > 0 and there are certain shear strain incre-
ments in the fault, dynamic analysis should be performed
to quantitatively evaluate the dynamic behaviour of the
fault in terms of slip rate. A low slip rate less than 0.3 m/s
is indicative of aseismic behaviour of the fault. However,
when there is strong heterogeneity in terms of shear

Seismic database

re there

Seismic events in
or near the
fault?

stiffness within the fault, a large seismic event could occur
due to stress concentration that evolves in the stiff inclu-
sion within the fault. In this way, fault behaviour charac-
terization and risk analysis for a large seismic event can be
performed.

As the shear movements within and along the target
fault do not contribute to the generation of major seismic
events, the exclusive use of seismic moment computed
from the shear movement leads to unnecessary precautions,
as suggested by Sjoberg et al. (2012). Instead of seismic
moment, stress re-distribution near the stopes induced by
the aseismic slip movements should be considered and
examined when dynamic slip rates are predominantly
aseismic and do not cause severe seismicity. This is
because there is a possibility that the induced slip move-
ments have an influence on the stress state in the vicinity of
stopes and may trigger seismic events as reported by White
and Whyatt (1999). The present study suggests that the use
of static and dynamic analyses in conjunction with seismic
database gives more appropriate suggestions that consider
aseismic fault-slip. However, it is to be noted that although
the present study implies that fault-slip is aseismic or does
not lead to a large seismic event when the slip rate of a

Numerical analysis

v

Compute CFS1 and/or CFS2
Examine shear deformation of the fault

FS > 0 and large shea

TBE and time
history analyses

Is TBE rate high?
the increment step wise

Aseismic fault-slip

There is potential

seismic event

there potential for stres
Qncentration on the faul

for fault-slip related

The fault is unaffected by
deformation? mining activity

Dynamic analysis

Is a slip rate
igh? (0.3 m/s

Fig. 18 Flowchart to assess the degree of seismic activity in a fault and to distinguish aseismic fault-slip with numerical analysis and seismic

database analysis
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fault during fault-slip is estimated to be less than 0.3 m/s,
more evidence from seismic field studies is required to
ascertain the level of slip beyond which the fault-slip may
be considered seismic. The numerical analyses and dis-
cussion conducted in this study contribute to developing a
methodology for distinguishing aseismic from seismic
fault-slip, consequently helping mining engineers propose
more appropriate support designs for fault-slip.

8 Conclusions

In the present study, the stress state and behaviour of the
900 Orebody Cross fault in Copper Cliff Mine are exam-
ined through back analysis for developing a methodology
to distinguish aseismic from seismic fault-slip. Aseismic
fault-slip is characterized as the static shear movement of a
fault with a low slip rate that does not generate intense
seismic waves, while seismic fault-slip could generate
intense seismic waves with high slip rates that might cause
severe damage to underground openings. A 3D numerical
model encompassing major geological structures in the
region of interest is first constructed. Subsequently, three
types of analyses are performed, namely elastic and elasto-
plastic analyses in static conditions and elasto-plastic
analysis in dynamic conditions. The results obtained from
the elastic and elasto-plastic analyses in static conditions
indicate the possibility of shear failure taking place along
the fault or in the plane of principal stresses. Notwith-
standing these results, in situ seismic-monitoring system
detected no major seismic events within the fault, with the
exception of one event that took place in the footwall rock
immediately after a large seismic event with M, of 3.8.
This suggests that the shear movements taking place along
and within the fault are aseismic and static. Furthermore,
microseismic database analysis using 350,000 events that
took place between 2004 and 2014 indicates that the fault is
not seismically active. The -elasto-plastic analysis in
dynamic conditions confirms that the slip rate of the fault is
at most 0.30 m/s, even when the fault-slip is driven by an
instantaneous stress drop due to the transition from static to
kinetic friction. These results indicate that relying on
seismic moment alone for assessing fault-slip potential is
not appropriate. The present study sheds light on the
importance of distinguishing aseismic from seismic fault-
slip for optimizing underground support systems. It is
believed that this work has contributed to better under-
standing of fault behaviour and its consequence during the
ore extraction process.
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