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Abstract

Induced seismicity associated with underground space creation and resource extraction has become a matter of global concern. How-
ever, our ability to predict and mitigate anthropogenic geohazards is still woefully inadequate. This review provides an overview of
unloading-induced seismicity and highlights the mechanisms behind fault instability from a view of rock mechanics. Based on numerous
fault instability cases, reduction and rotation of in situ stresses on pre-existing faults are possible causes of excavation-induced seismicity.
Fault instability during resource extraction is related to many geological and operational factors, including mining depth, pore pressure,
stress distribution, and production rate. Most of these cases can be explained by the Mohr—Coulomb failure criterion, and some excep-
tional cases could offer us new clues to improve the understanding of the mechanisms behind and the ability to predict and mitigate the
induced seismic events. The current challenges include how to control remote triggering of fault instability and how to manage unseen
threat of undetected faults. Emerging technologies, such as data analytics and machine learning, combining with physical models could

be the next frontier for fault instability research.
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1 Introduction

In the early 20th century, underground mining was rec-
ognized as the main cause of earth tremors (Gane et al.,
1946). A strong correlation between mining rate and rock
burst was observed in Czechoslovakia from 1913 to 1938
(Sebik, 1963). Hundreds of mining-induced earthquakes
were recorded at the gold fields in South Africa, and the
1977 local magnitude (My) 5.2 Klerksdorp earthquake
was known as one of the largest seismic events (McGarr,
Simpson, & Seeber, 2002). Early studies showed that fault
instability significantly influences stress distribution and
rock failure around underground excavation (Cook,
1976). In recent years, anthropogenic earthquakes have
become a major obstacle to underground space creation
and resource extraction. For example, a series of 112
induced earthquakes was monitored during the construc-
tion of the Gotthard Base Tunnel in Switzerland (Husen,
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Kissling, & von Deschwanden, 2013), and the 2015
moment magnitude (Mw) 7.8 Gorkha earthquake in Nepal
was attributed to groundwater extraction (Kundu, Vissa, &
Gahalaut, 2015). These geohazards have attracted wide
media and public attention. However, our ability to man-
age the geohazard risks remains woefully inadequate. We
are still witnessing numerous induced seismic events and
the associated loss of lives and properties annually. Causes
of geohazard occurrence can be revealed in individual
cases, but each case may have specific geological and engi-
neering conditions. Therefore, understanding the common
mechanisms behind unloading-induced seismicity could
provide important clues to mitigate and predict the geohaz-
ard risks.

The condition of fault failure is usually expressed based
on the Mohr—Coulomb failure criterion. Fault instability
occurs when the shear stress (7) on the fault exceeds the
frictional strength, which is the product of the friction coef-
ficient (n) and effective normal stress (o'/n):

= o, = u(on — p), (1)

2467-9674/© 2020 Tongji University. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



W. Wul Underground Space 6 (2021) 528-538 529

where o, is the normal stress, and p is the pore pressure.
Here the cohesive strength of the fault is neglected under
crustal conditions (Ellsworth, 2013).

Decreasing the normal stress in the unloading process is
the primary cause of fault instability. The shear stress can
be amplified in adjacent rocks to promote fault failure
(Lu et al., 2019), but the drainage condition is less signifi-
cant (Ji, Wu, & Zhao, 2019). At the onset of fault instabil-
ity, the reduction rate of normal stress on the fault is higher
than that of shear stress (Wu, Zhao, & Duan, 2017). After
tunnel excavation, the radial stress at the tunnel perimeter
approaches zero, and the vertical stress becomes the maxi-
mum principal stress (Cai, 2008). When the pore pressure is
neglected, the stress changes enlarge the size of the Mohr
circle and lead to a part of the circle exceeding the failure
envelope (Fig. 1(a)). During gas extraction, the unequal
increases in the maximum and minimum principal stresses
seem to stabilize the fault inside a gas reservoir (Fig. 1(b)),
and the difference between the stress changes depends on
the horizontal normalized arching ratio (Soltanzadeh &
Hawkes, 2008). For the fault outside the reservoir, the pres-
sure drop enlarges the difference between the principal
stresses and moves the circle closer to the failure envelope
(van Wees et al., 2014), which is similar to the case shown
in Fig. 1(a). For the same fault under dry and wet condi-
tions, the friction coefficient in the wet case is smaller than
that in the dry case due to water lubrication, and the pres-
ence of water promotes the instability of critically stressed
faults (Dou et al., 2020).

Natural faults evolve in a dynamic and complex envi-
ronment caused by unloading activities. Polymodal fault-
ing, which is known as multiple faults moving
simultaneously, under truly triaxial stresses is common in
the earth (Healy et al., 2015). Unloading perturbation pro-
motes three-dimensional interaction of these faults, which
is beyond the plane strain condition of the Mohr—Coulomb
failure criterion. Additionally, non-uniform fluid pressure
distribution on the fault is not addressed in the failure cri-
terion and may cause the stress state at fault failure over-
shooting the failure envelope (Ji et al., 2019). These
exceptional cases are not predictable by the failure crite-
rion. The mechanisms of unloading-induced fault instabil-
ity are also related to shear stress transfer (Orlecka-Sikora,
2010), rupture initiation and propagation (McKinnon,
2006), overburden compaction and failure (Candela
et al., 2019), as well as extreme temperature and pressure
conditions if the unloading activities occur deep in the
earth. Hence, a review is timely and necessary to summa-
rize these geological and environmental factors and their
influences on the mechanisms of unloading-induced seis-
micity and to spark our creative thinking on rediction
and mitigation of the geohazard risks.

This study first reviews the unloading-induced faulting
cases associated with underground space development
and natural resource extraction. Both rock and fluid mass
removals modify local stresses and may cause fault instabil-
ity. Underground space creation perturbs faults and frac-
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Fig. 1. Changes of principal stresses on the fault before (solid red circle)
and after (dashed black circle) unloading activities (after van Wees et al.,
2014; Duan et al., 2019). (a) Maximum (¢;) and minimum (g3) principal
stresses change to enlarge the Mohr circle, and (b) changes of principal
stresses shift the enlarged circle. Here ¢’ is the effective normal stress, 7 is
the critical shear stress, Ap is the change in pore pressure, yy, is the stress
path parameter, ¢ and ¢ are the cohesion and friction angle of the fault,
respectively.

tures at shallow depths and requires permanent support
for civil uses, whereas resource extraction at great depths
influences mainly on the stability of pre-existing faults if
hydraulic fracturing is not involved. Some unusual cases
are subsequently highlighted, in terms of non-uniform dis-
tribution of shear stress along faults, unexpected geohazard
from undetected faults, and transition between stick slip
and stable sliding. Many theoretical and practical methods
related to seismic moment prediction and geological hazard
mitigation are discussed at the end.

2 Fault instability induced by underground space
development

Fault instability due to tunnel and cavern excavation in
deep rocks has become noticeable due to a rising demand
for subsurface infrastructure as well as energy and waste
storage. In rock engineering, excavation-induced fault slip
is considered as one of the main types of rock burst
(Ortlepp & Stacey, 1994). Particularly, this type of rock
burst may cause larger seismic events than the other types,
probably because the excavation-induced slip of a local
segment perturbs other segments beyond the excavation
disturbed zone. The local segment should approach failure
and favor strain energy accumulation (Manouchehrian &
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Cai, 2018). A sudden release of accumulated strain energy
mainly controls the intensity of seismic waves (Sainoki &
Mitri, 2014) and leads to fault asperity degradation and
dislocation or even catastrophic failure of adjacent rocks
(Zhou et al., 2015). However, large seismic events may
not always be linked to fault slip. Some seismic events
are correlated to stress concentration in fractured rocks
but not to strong faults (Snelling, Godin, & McKinnon,
2013).

Possible causes of excavation-induced fault instability
include reduction and rotation of in situ stresses on a
pre-existing fault. The reductions in normal and shear
stresses on a sheared fault have been observed in many
studies (e.g., Wu, Zou, Li, & Zhao, 2014; Meng et al.,
2017). When the fault approaches failure, both the normal
and shear stresses sharply drop due to interparticle force
reduction and particle contact breakage (Wu et al., 2017).
The fault failure is dependent on in situ stress and unload-
ing process. A higher normal stress and a lower shear stress
provide a favorable environment for strain energy accumu-
lation, and a larger normal stress unloading rate promotes
strain energy release and fault slip displacement. As shown
in Fig. 2, the dramatic reduction in normal stress due to
tunnel excavation is one of the primary reasons for fault
instability during the construction of the Gotthard Base
Tunnel. Moreover, the reduction rate of shear stress on
the fault is lower than that of normal stress to accelerate
the fault failure. The reduction in normal stress is associ-
ated with high and/or unfavorably re-oriented stresses,
geometry of underground openings, as well as excavation
rate and direction relative to principal stresses (Keneti &
Sainsbury, 2018).

Stress rotation has been identified as a possible reason
for the instability of natural faults (Hardebeck &
Michael, 2004) and mainly influences the strength of unfa-
vorably oriented faults (Faulkner, Mitchell, Healy, &
Heap, 2006). In rock engineering, fault instability due to
stress rotation has been rarely reported (e.g., Snelling
et al., 2013). However, in some cases, the concept of stress
rotation well interprets the occurrence of fault instability,
such as one of the largest fault slip events in the Jinping
IT hydropower station project in China (Duan, Ji, Xu,
Wan, & Wu, 2019). Figure 3 illustrates a possible change
in stress orientation along a pre-existing fault from the
far field to an excavated tunnel. The minimum principal
stress at the tunnel perimeter approaches zero, and the
maximum principal stress is vertical. The radius of the
Mohr circle is thus enlarged, resulting in the circle partially
exceeding the failure envelope (Fig. 1(a)). Therefore, the
fault most likely becomes favorably oriented, because the
fault orientation readily falls in the damage zone above
the failure envelope.

Few studies have reported detailed observations of
excavation-induced fault instability in the field (e.g., Xu
et al., 2016). Laboratory studies are commonly used as
analogs to explore the mechanisms behind fault instability,
but a handful of such studies consider stress unloading
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Fig. 2. Possible changes of normal and shear stress magnitudes on the
fault (a) before and (b) after tunnel excavation (after Wu et al., 2017).

conditions (Table 1). Also, it is critical to understand sim-
ilarities and differences between the field and laboratory
investigations. McGarr (1994) compares the mining-
induced and laboratory seismic events and reveals similar
slip behaviors, in which released strain energy is mostly
consumed to overcome friction. However, a small-scale
fault in the laboratory exhibits a homogenous slip over a
decreasing area between two overlapped surfaces, whereas
a large-scale fault in the field appears an inhomogeneous
slip containing aseismic slip and no slip on some local seg-
ments. The seismic efficiency for a laboratory seismic event
is approximately constant and independent of seismic
moment, while that for a field seismic event is strongly
related to seismic moment. Therefore, multi-scale slip
heterogeneity should be taken into account when labora-
tory results are used to explain field observations.

3 Fault instability induced by natural resource extraction

Fault instability can be induced by stress perturbation
due to the extraction of natural resources, such as coal,
groundwater, hydrocarbons, and geothermal fluid. These
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Fig. 3. Possible changes of principal stress orientations of the fault from
the far-field to periphery of an excavated tunnel (after Duan et al., 2019).

anthropogenic seismic events have been reviewed by
Foulger et al. (2018), and a comprehensive summary can
be found in the HiQuake database (Wilson, Foulger,
Gluyas, Davies, & Julian, 2017). This study sheds light
on a few key factors controlling unloading-induced fault
instability, such as mining depth, pore pressure, stress dis-
tribution, and production rate from a view of rock mechan-
ics (Table 2).

Mining depth significantly influences the occurrence and
consequence of unloading-induced fault instability. The
1994 My 4.3 earthquake at the Cacoosing Valley in south-
eastern Pennsylvania, the United States occurred at a shal-
low depth (<2 km) below a quarry. The removal of
overburden caused a reverse fault dictating with joint sets
in shallow rocks and approaching failure (Seeber,
Armbruster, Kim, Barstow, & Scharnberger, 1998). This
earthquake resulted in serious damage to surface infras-
tructures because of the shallow source depth. The dis-
turbed range of deep mines is found between the floor
lower bound depth and floor upper bound depth (Fig. 4).
Rock burst most likely occurs between the bound depths,
and fault instability can be induced readily within this
range (Li, Cai, & Cai, 2007). However, it is very difficult
to estimate the bound depths, which depend on rock
strength and in situ stress. For example, the Taiji coal mine
in Liaoning Province, China initiates from 0.5 km deep and
finally reaches 7 km, and the floor lower bound depth is
about 6 km.

Extensive groundwater extraction unloads the crustal
stress and causes fault instability and ground subsidence.
A possible mechanism of the 2017 My 7.3 Iran-Iraq bor-
der earthquake is shown in Fig. 5. The water depressuriza-
tion induces an extra horizontal stress on the fault, which is
about 10% of the secular interseismic stress change and

accelerates reverse faulting (Kundu et al., 2019). Similarly,
the 2015 My, 7.8 Gorkha earthquake in Nepal is attributed
to an additional component of horizontal compression at
the hypocentral depth (Kundu et al., 2015). Another exam-
ple is the 2011 My 5.1 Lorca earthquake in Spain, which is
due to crustal unloading associated with groundwater
extraction (Gonzalez, Tiampo, Palano, Cannavo, &
Frenandez, 2012). The fault rupture may nucleate owing
to the unloading stress at the upper frictional transition
of a seismogenic layer and extend into a velocity-
strengthening zone near the surface.

Extraction of natural oil and gas modifies the in situ
stresses within and beyond the reservoirs, leading to fault
formation and seismic deformation. As shown in Fig. 6,
reverse faulting occurs above and below the reservoirs,
and normal faulting develops on the reservoir flanks
(Segall, 1989). The 1983 Mw 6.5 Coalinga, 1985 My, 6.1
Kettleman North Dome, and 1987 My, 5.9 Whittier Nar-
rows earthquakes that occurred below the major oil fields
in California, the United States are attributed to stress
imbalance on the upper crust caused by oil production,
which is linked to the total seismic moment (McGarr,
1991). Figure 7 depicts that the vertical stress imbalance
results in fault formation/extension and seismic/aseismic
deformation. Additionally, oil and gas extraction reduces
pore pressure and amplifies effective normal stress, which
should not directly induce fault instability but perturb
regional stress fields. Hence, the seismic events can be trig-
gered at large distances from the reservoirs (Grasso, 1992).
At the Lacq gas field in France, over 2000 seismic events
with My <4.2 due to natural gas extraction were recorded
from 1974 to 1997 (Bardainne, Dubos-Sallée, Sénéchal,
Gaillot, & Perroud, 2008). The gas pressure reduced from
66 MPa in 1957 to 2.3 MPa in 2008, accompanied by sur-
face subsidence up to 6 cm. The surface subsidence and
faulting process can be explained by Odonne, Ménard,
Massonnat, and Rolando (1999) in which the steep nodal
planes extend from the reservoir to the ground surface to
promote surface subsidence (Fig. 8). The 1992 My ~ 5.4
earthquake that occurred at the Groningen gas field in
the Netherland is attributed to the interaction between
the initial stress and differential compaction (van Wees
et al., 2014). The differential compaction due to gas deple-
tion can also explain the delay of earthquake occurrence
and the increase in seismic moment. Based on the reservoir
and seismic data from the Netherlands, van Eijs et al.
(2006) identify three key parameters, including pressure
drop, fault density, and stiffness ratio between seal and
reservoir rocks, which correlate well with the occurrence
of induced earthquakes. One of the largest induced seismic
events associated with the extraction of natural gas
occurred at the Gazil Reservoir, Uzbekistan (Simpson &
Leith, 1985). The 1984 surface wave magnitude (Mg) ~
7.0 and two former earthquakes with similar magnitudes
were induced by fault rupture extending downward, which
may interact with blind faults mainly controlled by the tec-
tonic stress. The complex faulting process could explain the
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Table 1

Experimental studies on unloading-induced fault instability.

Reference

Failure mechanism

Unloading condition

Rock type and fault Initial stress condition
property

Experimental
setup

(Odonne et al.,
1999)

Gravity of sand layers Deflation of balloon Development of steep reverse faults

Dry sand

Analog model

(Wu et al.,

Both normal and shear stresses drop when the fault

approaches a critical stress state

Normal stress unloading rate

0.04-1.98 MPa/s

Normal stress 2-6 MPa and shear

Norite, quartz sand gouge
stress 0.25-0.75 MPa

Direct-shear

2017)

setup
Triaxial shear-

2019)

(Jietal.,

Relationship between the test system stiffness and fault slip

weakening rate controls fault instability

Normal stress unloading rate

0.005-0.05 MPa/s

Normal stress 26 MPa and shear

stress 0.25-0.75 MPa

Granite, smooth and
natural fractures

flow setup
Direct-shear

(Mei & Wu,

2021)

Transition between stick slip and stable sliding

Reduction in normal stress

0.2 MPa/step

Normal stress 2.5 MPa and shear

velocity 10 pm/s

Polycarbonate, smooth and

rough fractures

setup
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occurrence of three major earthquakes and the geometry
of an immature fault network (Bossu et al., 1996).

Most of the seismic events that occur in the geothermal
fields are related to fluid injection associated with hydrau-
lic fracturing (Ji & Wu, 2020; Schultz et al., 2020). In con-
trast to fluid injection, the extraction of hot fluids not only
decreases pore pressure in geothermal reservoirs but also
induces thermal stress due to temperature drop. Both fluid
injection and extraction are possible to cause an increase
in seismic rate. The anthropogenic seismic events at the
Cerro Prieto geothermal field in Mexico show a strong
correlation between the seismic moment and production
increase (Glowacka & Nava, 1996). The geothermal field
is located between two critically stressed faults in a tecton-
ically active area. The production increase thus readily
produces significant stress changes in this area, such as a
dramatic decrease in pore pressure, causing a high proba-
bility of earthquake occurrence. Meanwhile, the coupled
thermo-hydro-mechanical-chemical process can modify
the stresses on these faults through pore pressure diffu-
sion, temperature alteration, and stress-aided corrosion
to promote the earthquake occurrence (Rathnaweera,
Wu, Ji, & Gamage, 2020).

4 Lessons from unusual cases

Many cases in previous sections have shown that stress
evolution is accompanied by unloading-induced fault
instability and can be explained by the Mohr—Coulomb
failure criterion. These cases can be reproduced and ana-
lyzed using numerical models, such as finite and discrete
element models (Table 3). However, some cases may not
be well interpreted according to our current knowledge
and models, and further investigations are needed to
improve our understanding of the mechanisms behind.
This section highlights three such cases, including non-
uniform distribution of shear stress along faults, unex-
pected geohazard from undetected faults, and transition
between stick slip and stable sliding.

When unloading activities influence local stresses on a
fault segment, the shear stress along the fault can evolve
non-uniformly to induce fault rupture in the near field.
The fault rupture may propagate subsequently beyond
unloading-disturbed rocks and perturb other segments
tectonically controlled in the far field, resulting in damag-
ing earthquakes. The mine-induced fault instability at the
Sudbury Structure in Canada was triggered remotely by
underground excavation, which was located beyond criti-
cally stressed faults and caused intermittent slip to activate
the faults (McKinnon, 20006). For the Craig Haulage Drift
at Strathcona Mine in Canada, fault creep occurred due to
an elevated shear stress and induced rock buckling and
violent burst (Ortlepp & Stacey, 1994). At the Rudna cop-
per mine in Poland, a positive stress change of over 5 kPa
can contribute to the seismic generation process and influ-
ence the future seismic rate (Orlecka-Sikora, 2010). The
non-uniform distribution of shear stress along the fault
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Table 2
Typical fault instability cases induced by natural resource extraction.
Target Magnitude Depth Location Time Failure mechanism Reference
resource type (km)
Coal and My 2.5 33 Boksburg, South Africa 1972 Tremors due to normal faulting (McGarr,
gold 1976)
My 4.3 0.6 Beipiao, China 1977 Mining-induced fault slip (Li et al.,
2007)
My 4.3 2 Reading, the United States 1994 Shallow fault dictates with joint sets (Seeber et al.,
1998)
My 2.7 1 Yima, China 2010 Mining-induced fault slip burst (Lu et al.,
2019)
Groundwater My 5.1 2-4 Lorca, Spain 2011 Crustal stress unloading due to groundwater (Gonzalez
extraction et al., 2012)
My 7.8 15 Gorkha, Nepal 2015 Overburden unloading due to groundwater  (Kundu
extraction amplifies horizontal compression et al., 2015)
My 1.3 19 Iran-Iraq border 2017 Similar to Gorkha, Nepal (Kundu
et al., 2019)
Oil and gas My 4.2 3.2 Lacq, France 1974 Faults well oriented to achieve stress (Bardainne
1997 perturbation during gas extraction et al., 2008)
My 6.5, 10 Coalinga, Kettleman North Dome, and 1983, Earthquake sequences attributed to stress (McGarr,
6.1,59 Whittier Narrows, the United States 1985, imbalance due to oil production 1991)
1987
Ms 7 9 Gazil, Uzbekistan 1984 Blind fault intersects with Gazil gas field (Simpson &
Leith, 1985)
My 5.4 17 Groningen, the Netherlands 1992 Differential compaction of faulted reservoirs (van Wees
et al., 2014)
Geothermal My 6.6 10 Imperial Valley, Mexico 1979 Strong correlation between geothermal (Glowacka &
production and seismic events Nava, 1996)
o2
A4 NV oo Extensive groundwater
o z
. Floor Subsidence :3‘ PEIpIng
Initial depth
3 upper
— Rock bound => <= Compression
e e agies o, gy depth
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\

Fault
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Fig. 4. Floor upper and lower bound depths above and below deep mines
(after Li et al., 2007).

can also be promoted by rock mass creep (e.g., relaxation
deformation of faults) and influence the long-term stability
of underground structures (Song, Cai, Feng, Chen, &
Wang, 2011).

Perturbation of undetected faults is often encountered in
rock engineering, and the cases with minor faults are
mostly negligible. However, the unloading-induced insta-
bility of major faults close to project sites may lead to

Aquifer

”

L
—p|—
<= => Tension = b=
—

/

~ . p
==> <= Compression T_—:\&__
: Fault

Fig. 5. Crustal unloading, surface subsidence, and fault instability due to
groundwater extraction (after Kundu et al., 2019).

destructive geohazards. In the Jinping II hydropower sta-
tion project in China, an extremely intense fault slip burst
occurred in 2009 during the construction of a drainage tun-
nel, and a tunnel boring machine was fully destroyed due to
rock collapse (Zhang, Feng, Zhou, Qiu, & Wu, 2013). An
undetected fault near the tunnel roof was recognized after
the rock collapse, and the failure process associated with
the presence of the fault was confirmed by
Manouchehrian and Cai (2018). The seismic events
induced by the instability of undetected faults have not
been thoroughly studied because of challenges in model
setup and calibration. Adequate geological and geophysical
investigations at project sites, particularly accurate identifi-
cation of nearby major faults, are thus critical to ensure the
safety and success of rock engineering projects.
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Reservoir

Fig. 6. Surface deformation and formations of normal and reverse faults
due to fluid withdrawal (after Segall, 1989).
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Fig. 7. Fault instability in seismic layer and surface uplift in aseismic layer
due to fluid removal (after McGarr, 1991).

Fig. 8. Steep fault planes extend from the reservoir to the ground and
cause surface deformation due to fluid withdrawal (after Odonne et al.,
1999).

Stick slip and stable sliding are the most commonly
observed behaviors of a pre-existing fault. Stick slip occurs
when the elastic stiffness of surrounding rocks is less than a
critical rheologic stiffness of the fault, whereas stable slid-
ing appears in stiffer surrounding rocks (Leeman, Saffer,
Scuderi, & Marone, 2016). Stick slip has been recognized
as a mechanism of earthquakes (Brace and Byerlee, 1996)
and detected readily using microseismic monitoring (Cali,
Kaiser, & Martin, 2001). However, the fault may slide
silently and be accompanied by undetectable strain energy
release. Recent observations on the San Andreas Fault in
California reveal that a transition between stick slip and
stable sliding (Shelly, 2010; Veedu & Barbot, 2016), which
may be a clue in predicting the occurrence of stable sliding.
A series of direct-shear experiments on a simulated, sawcut
fault in polycarbonate was conducted to reproduce a

transition from stick slip to stable sliding under decreasing
normal stress at a constant slip velocity (Mei & Wu, 2020).
The transition is characterized by the alternative occur-
rence of small and large shear stress drops and attributed
to the distinct evolution of asperity contacts under a nar-
row range of normal stress (Fig. 9). However, detection
of this transition could be challenging in nature, as the unu-
sual slip behavior may be difficult to isolate from complex
slip behaviors of heterogeneous faults.

5 Prediction and mitigation of fault instability

Many theoretical and practical methods have been pro-
posed to predict and mitigate fault instability during under-
ground space creation and resource extraction. However,
most of these methods are derived from specific laboratory
and field cases, and assumption and applicability should be
further checked for other cases with different geological
and engineering settings.

A well-known relationship between the total seismic
moment (XMy) and volume change (AV) (e.g., rock and
fluid mass removals) is proposed by McGarr (1976):

> My =GAV, (2)

where G is the modulus of rigidity.

To estimate the total seismic moment using this relation-
ship, changes in shear stress must exceed some thresholds
associated with notable ground deformation before the
occurrence of the seismic events (McGarr, Spottiswoode,
& Gay, 1975). Also, the permeability of rocks should be
very low and not be disturbed by fluid withdrawal. The
total seismic moments estimated from the volume of rocks
mined in the East Rand Proprietary Gold Mine in South
Africa agree well with those measured from mine tremors
(McGarr, 1976).

The total seismic moment due to mass removal (Am) can
be estimated as (McGarr, 1991):

ZMO =2GAmy/p,, (3)

where y is the fraction of the upper crust that is seismo-
genic, and p, is the average crustal density.

The Coalinga, Kettleman North Dome, and Whittier
Narrows earthquakes caused by oil production validate
the applicability of this equation and the mechanism
described in Fig. 8. The interaction between the seismic
layer and ductile substrate controls the seismic deforma-
tion, but the corresponding response of the substrate to
the stress imbalance is not verified in this study.

Given the fact that the critical shear stress () of a nor-
mally unloaded fault is equal approximately to the residual
shear strength of a constantly sheared fault observed from
a series of triaxial shear experiments, Ji et al. (2019) derive
the normal stress reduction (Ag,) required to activate the
fault and the maximum seismic moment (M) as a function
of normal stress reduction:



Table 3

Numerical studies on unloading-induced fault instability.

Reference

Failure mechanism

Initial stress condition Loading/ unloading condition

Rock type

Numerical
method

(McKinnon, 2006)

Remote triggering of seismicity from relatively minor

disturbance

Boundary gridpoint velocity

vector < 107> m/step

Hard rock (granite and ~ Major principal stress

metasedimentary

rocks)

Ore

Finite difference

47.9 MPa and minor stress

2.1 MPa

method

(FLAC2D)
Finite difference

(Sainoki & Mitri,

2014)

Intense shock pulses from unloading of fault asperities

Normal stress release rate 0.001-0.1

Vertical stress 79-87 MPa

method

(FLAC3D)

Discrete element

(Wu et al., 2017)

Stress reduction due to interparticle force decrease and

Normal stress 2-6 MPa and ~ Upper wall moving velocity 0.0005—
particle contact breakage

Norite, quartz sand

gouge

0.005 m/s

shear stress 0.25-0.75 MPa

method

(PFC2D)
Finite element

(Manouchehrian &

Cai, 2018)

Critically positioned and oriented faults promote fault

slip burst occurrence

Reduction of contact stiffness

Vertical stress 60 MPa and
horizontal stress 30 MPa

Marble

between element from 20 GN/m to 0

in 10 steps

method

(Abaqus2D)
Discrete element

2019)

(Duan et al.,

Change of the angle between maximum principal stress
orientation and fault orientation from far field to

tunnel periphery

Confining pressure 20 MPa  Axial displacement rate 0.001 mm/s

Granite
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method

(PFC2D)
Boundary element

(Yang et al., 2020)

Arrest and runaway ruptures from a near-excavation

fault

Angle of the position for slip

initiation

Vertical stress 20 MPa

Hard rock

method
Finite difference

(Rinaldi & Urpi,

2020)

Runway rupture extending to the entire fault

Reduction in effective normal stress

Vertical stress 13.24 MPa
and horizontal stress

7.95 MPa

Granite/gneiss

method

(FLAC3D)

At 1, — T,

Aa, _—, 4

T @
16uR’

my =M o, (5

where At is the shear stress drop, 7 is the shear strength,
and R is the radius of the fault.

Equation (5) can well predict the maximum seismic
moments of the dry and saturated faults with known
fault sizes in the laboratory. However, in the field, the
reliability of this equation depends highly on accurate
estimation of fault size, which can be evaluated from
microseismic monitoring (Kuang, Zoback, & Zhang,
2017).

Many field studies have identified the characteristics of
fault instability based on microseismic measurement. For
instance, if the ratio of the S-wave energy to P-wave
energy is larger than 10, fault slip likely occurs
(Gibowicz, Young, Talebi, & Rawlence, 1991; Dai, Li,
Xu, Fan, & Zhang, 2016). Prior to fault instability,
decreases in b value and energy release are observed in
a few cases (Zhang et al., 2015; Liu et al., 2020), which
are attributed to relatively large seismic events occurring
along the fault and less damage in adjacent rocks. Also,
the dominant frequency of microseismic signals becomes
lower, and the apparent stress is higher (Lu, Dou, Liu,
Xie, & Liu, 2012; Zhang et al., 2015). Some of these
changes are recognized as precursors in post-data analy-
ses. However, under extremely complex engineering con-
ditions, it is still challenging to correlate such changes
with coming geohazards and to rule out other factors that
also link to these changes. Some changes may appear
before, during, and after the geohazards in different
cases. Hence, our ability to predict fault instability
remains inadequate, and our understanding should be
improved further to establish reliable early warning sys-
tems. To mitigate the seismic events, some options could
be usable, including releasing strain energy using precon-
ditioning techniques (Toper, Kabongo, Stewart, &
Daehnke, 2000), constraining fault slip using reinforce-
ment structures (Zhang, Feng, Zhou, Qiu, & Wu,
2012), and maintaining fluid pressure in hydrocarbon
reservoirs (Rutledge, Phillips, & Schuessler, 1998). A list
of mitigation measures (e.g., sealing of the face with steel-
fiber shotcrete, face anchors with large anchor plates) is
used during the construction of the Gotthard Base Tun-
nel (Rehbock-Sander & Jesel, 2018). Alternatively, uncer-
tainties (e.g., degree of belief) and indicators (e.g., surface
distortion) can be used to analyze the probability of the
geohazard risks (Einstein, 1996).

Recent advances in data analytics and machine learn-
ing offer us robust tools to mitigate the geohazard risks. A
traffic light system has been used successfully to monitor
and control the induced seismic events during hydraulic
fracturing and wastewater disposal (Bommer et al.,
2006; Walters, Zoback, Baker, & Beroza, 2015). The
real-time, forward-looking and probabilistic system
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Fig. 9. (a) Direct-shear experiments on a simulated fault with a thickness
of 9.3 mm, and (b) transition stage between stick slip and stable sliding
highlighted in orange background (after Mei & Wu, 2020).

includes three hazard levels based on the seismic event size,
ground velocity magnitude, and public response, and pro-
vides reliable references for earthquake forecast and deci-
sion making (Kirdly-Proag et al., 2016). This system can

Data driven models
Little or no physics

Volume of data

F=ma

Introductory knowledge
First order

Analytic physical models

Peter M. Shearer :

be used readily to predict the occurrence of the induced
seismic events in other underground projects (e.g., tunnel
and cavern excavation), in which the seismic sensors have
been installed for rock burst monitoring. The poorly sam-
pled, massive amount of seismic data can be processed effi-
ciently and used effectively through machine learning to
improve the early warning of induced earthquakes and to
extract useful data from unseen signals. Machine learning
has been used successfully for earthquake detection and
location in Oklahoma, the United States (Perol, Gharbi,
& Denolle, 2018), especially for small earthquakes based
on a low signal-to-noise ratio in data (Zhang et al.,
2020). As shown in Fig. 10, the future application of
machine learning should combine with physical modelling
to develop a hybrid approach for data-driven insights
(Kong et al., 2019).

6 Concluding remarks

Unloading-induced fault instability is a traditional topic
in rock engineering but attracts more attention when deep
underground space and resource become our emerging
needs in recent years. At great depths, large-scale faults
could play more important roles in rock instability, as
small-scale fractures are less encountered and their move-
ments can be restricted under high stress conditions. Fault
activation induced by rock and fluid removals can be
mostly explained by the Mohr—Coulomb failure criterion,
but some cases are exceptional, such as polymodal faulting.
Excavation-induced fault instability can be caused by
reduction and rotation of in situ stresses on pre-existing

Hybrid model, combining
machine learning and physics

Nonlinear
Numerical physical models

Amount of knowledge

Fig. 10. Development of hybrid model by combining physical, machine learning-based and data-driven models (after Kong et al., 2019).
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faults, and fault instability due to resource extraction can
be related to mining depth, pore pressure, stress distribu-
tion, and production rate. Some challenges remain, like
how to control remote triggering of fault instability and
how to manage unseen threat of undetected fault. Emerg-
ing technologies, such as data analytics and machine learn-
ing combining with physical and data-driven models, could
provide new avenues for predicting and mitigating the
anthropogenic geohazards. Moreover, multi-scale slip
heterogeneity should be considered when laboratory simu-
lations are used to interpret field observations.
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