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Abstract. Understanding the hydromechanical responses of faults during supercritical CO2 fracturing is
important for reservoir management and the design of energy extraction systems. As small faults are widespread in Chang 7 member of the Yanchang Formation, Ordos Basin, China, supercritical CO2 fracturing operation has the potential to reactive these undetected small faults and leads to unfavorable fracking ﬂuid migrate.
In this work, we examined the role of fault slippage and permeability evolution along a small fault connecting
the pay zone and the conﬁning formation during the whole process of fracturing and production. A coupled
hydromechanical model conceptualized from actual engineering results was introduced to address the main concerns of this work, including, (1) whether the existence of a undetected small fault would effectively constrain
the hydraulic fracture height evolution, (2) what the magnitude of the induced microseismic events would be
and (3) whether the permeability change along the fault plane would affect the vertical conductivity of the
conﬁning formation and thus increase the risk for the fracturing ﬂuid to leak. Our results have shown that
the initial hydrofracture formed at the perforation and propagated upward, once it merged with the fault
surface, the existence of an undetected small fault would effectively constrain the hydraulic fracture height
evolution. As fracturing continued, further slippage spread from the permeability increase zone of high permeability to shallower levels, and the extent of this zone was dependent on the magnitude of the fault slippage.
At the end of extraction, the slip velocity decreases gradually to zero and the fault slippage ﬁnally reaches
stabilization. In general, undetected small faults in targeted reservoir may not be the source of large earthquakes. The induced microseismic events could be considered as the sources of acoustic emission events detected
while monitoring the fracturing ﬂuid front. Due to the limited fault slippage and lower initial permeability, the
CO2 fracturing operation near undetected small faults could not conduct preferential pathway for upward CO2
leakage or contaminate overlying shallower potable aquifers.

1 Introduction
The stimulation of hydraulic fractures as a technique used
to enhance hydrocarbon recovery from low-permeability
reservoirs involves pumping fracturing ﬂuids (water, particles and additives) into vertical or horizontal wells drilled
through the formation (Montgomery and Smith, 2010;
Swartz, 2011). The fracturing ﬂuids pumped through the
well create fractures when the ﬂuid pressure exceeds the
tensile strength and the least principal stress of the rock
being fractured (Hubbert and Willis, 1957), and the
* Corresponding author: qli@whrsm.ac.cn

fractures propagate until the stress intensity at the fracture
tip decreases below the critical stress intensity of the fracturing formation (Savalli and Engelder, 2005). Faults are
planar fractures or discontinuities in geological formations
that can have a signiﬁcant impact on the hydraulic fracturing operation (Childs et al., 1996). In many cases, the fault
zone displays a damage zone including secondary fault cores
embedded in a severely fractured zone (Jeanne et al., 2014).
Faults and fractures could signiﬁcantly affect the hydraulic
fracturing process, once the upward-propagating hydraulic
fractures connect with a typical fault, the impermeable fault
core acts as a partial ﬂow barrier while the high-permeability fractured zone acts as a conduit through the formation
(Figueiredo et al., 2015), which could heighten the possible
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environmental and human health implications associated
with the subsurface migration of fracturing ﬂuid and brine
(Vengosh et al., 2014). While it is common sense to keep
away from known major faults to avoid seismic hazards
generated by hydraulic fracturing (Abercrombie, 1995;
Kanamori and Anderson, 1975), the potential hydromechanical responses of undetected faults (i.e., faults that
were not identiﬁed at the screening stage of the project)
to hydraulic fractures and the inﬂuence on the vertical
conductivity of the overlying aquifers have not been thoroughly studied. The fracturing process involves forced
supercritical CO2 injection into hydrocarbon reservoirs
and has the potential to reactive the undetected small
faults, the analysis of low-magnitude microseismic events
induced by fault slippage during the fracturing process gives
insights into the fracturing ﬂuid front and the effective
stimulated reservoir volume (Ishida et al., 2012; Roche
and van der Baan, 2015).
A considerable number of numerical investigations have
been carried out trying to understand the responses of
hydraulic fracture-fault interactions (Figueiredo et al.,
2017; Rutqvist et al., 2013; Zoback et al., 2012). The
research works studied can be categorized into two main
groups (Khoei et al., 2016): the ﬁrst category is concerned
with the mechanical interaction between hydraulic fracturing and natural faults. Dong and Pater (2001) improved
the usual displacement discontinuity method to describe
straight-line and curved cracks, and the fault was found to
have a signiﬁcant effect on crack reorientation. Akulich
and Zvyagin (2008) investigated the interaction between a
pre-existing natural fault and a hydraulic fracture propagating in an inﬁnite impermeable elastic medium, and the
modeling results indicated that the hydraulic fracture-fault
interaction is highly dependent on the ﬂuid viscosity.
Dyskin and Caballero (2009) investigated a tensile crack
approaching a sliding interface without resistance to opening with a ﬁnite element method, and computer simulations
showed that a frictionless interface produces a concentration
of stress at the ends of the interface where no fault slippage
takes place. Dahi-Taleghani and Olson (2011) presented a
complex hydraulic fracturing analysis by using an extended
ﬁnite element model to optimize the operation parameters;
they concluded that hydraulic fracture propagation could
exert both tensile and shear stresses on natural fractures
at the fracture intersections. Rutqvist et al. (2013) assessed
the potential for notable seismic events triggered by shalegas hydraulic fracturing operations, and the modeling simulations indicated that the presence of faults increases the
magnitude of microseismic events due to the larger surface
area available for rupture. Khoei et al. (2016) adopted an
enriched extended ﬁnite element method to expose the
mechanism of interaction between the hydraulic fracture
and a pre-existing natural fault considering several conditions, including the varying levels of friction and fault
angles, but the fault was described by a simple discontinuity
without fault gouge, and the hydromechanical behavior
within the fault was not discussed. Based on the degradation
of material properties, Figueiredo et al. (2017) studied the
inﬂuence of pre-existing faults on the vertical propagation
of a hydrofracture with an elastic-brittle model, and the

fracture propagation was found to decrease with the shear
failure of the fault.
The second category is focused mainly on the propagation of hydraulic fracturing when the fracture tip
approaches the material interfaces in layered formations
or interlayers. In early studies, the capability of material
interfaces to contain or deﬂect fractures was usually
analyzed by comparing the ratio of the energy release rates
or material toughness (He and Hutchinson, 1989), and
stress contrasts were regarded as the predominant inﬂuence
on hydraulic fracture containment (Warpinski et al., 1982),
while material contrasts did not directly control fracture
height (Smith et al., 2001). Cleary described a generalpurpose numerical scheme to analyze the conditions and
possibilities for fractional interfacial slippage leading to
interface separation (Cleary, 1978). Jia (2000) studied
interface debonding when a crack normally approaches a
perfectly elastic-plastic interface and concluded that the
interface toughness is the most signiﬁcant factor in interface
debonding. Brenner and Gudmundsson (2004) highlighted
that the overpressure within the fracture together with
the mechanical properties of the host rock controls the
growth of the fracture. Zhou et al. (2008) concluded that
the fracture might escape from the interface under speciﬁc
conditions and that the change in the fracture propagation
direction would result in various fracture and ﬂuid ﬂow
patterns.
Above all, introducing a mechanistic model that promotes the understanding of fault slippage and permeability
evolution is a key step to bridge both reservoir characterization and risk management. The main emphases of this work
are (1) whether the existence of an undetected small fault
would effectively constrain the hydraulic fracture height
evolution, (2) what the magnitude of the induced microseismic events would be and (3) whether the permeability
change would affect the vertical conductivity of the conﬁning formation and thus increase the risk for the fracturing
ﬂuid to leak. To address these questions, we ﬁrst introduce
a numerical model conceptualized from actual engineering
results and evaluate the hydrofracture fracture propagation. Then, considering the fracturing ﬂuid diversion into
the fault gouge, we investigate the hydromechanical
response, including fault slippage and permeability evolution during the whole process of hydraulic fracturing and
production. Finally, the roles of the fracturing ﬂuid ﬂow
rate, initial fault permeability and fault stiffness in the
reference model are separately explored by parametric
analyses.

2 Numerical approach
The oil and gas resources of the Yanchang Formation of the
Mesozoic in the Ordos Basin have great potential for development. In this work, we focus on Fuxian area that locates
in the central area of the oil and gas system in the Ordos
Basin (Fig. 1a). As shown by the logging data and lithological proﬁle of one well within the study zone (Fig. 1b), reservoirs of thin sand and mudstone interbedding were
developed in Chang 7 member of the Yanchang Formation.
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Fig. 1. (a) Location of the study zone and the thickness of isoline of Chang 7 oil shale in Ordos Basin and (b) the logging data and
lithological proﬁle of one well within the study zone.

During reservoir stimulation with supercritical CO2, once
the hydrofracture connects with a small natural fault, the
fracturing operation has the potential to reactive the fault
and leads to unfavorable fracking ﬂuid migrate.
To study in detail the mechanical and hydraulic
response of a natural fault to the reservoir stimulation in
the thin sand and mudstone interbedding, we choose a
small-scale perforation interval in a horizontal fracturing
well from the study zone in Figure 1. As shown in Figure 2a,
three geological structural features are generated, and the
overlying conﬁning formation is composed of mudstone at
depths from 1000.0 m to 1005.0 m, while the pay zone is
composed of conglomerate at depths from 1005.0 m to
1007.5 m with an internal horizontal fracturing well. The
vertical hydraulic fracturing is initiated by fracking ﬂuid
injection into the pay zone at the perforation. By considering the model as vertically symmetrical, the conceptual
model of 15 m  7.5 m shown in Figure 2b is generalized
from the geologic structural features. The small fault zone,
with a dip angle of 60°, a length of 4.6 m and width of
0.3 m, is assumed to penetrate the two layers with its
centroid located on the stratigraphic boundary. The mesh
consists of 81 472 nodes and 80 243 elements, and the
elements are more reﬁned near the fracture and the fault.
The Vertical Stress (Sv) component is provided by the
weight of the overburden and at 1000 m depth below the
surface is 26 MPa. The geostress inversion results show that

the regional stress ﬁeld is normal fault, and the horizontal
stresses do not show signiﬁcant tendency to change from
layer to layer near 1000 m. Thus, for simpliﬁcation the magnitude of the Horizontal Stress (Sh) component is given by
the lateral pressure coefﬁcient Sh/Sv = 0.6. As the model is
considered saturated, the initial pore pressure is set to linear
with a gradient of 10 MPa/km. This condition results in a
pore pressure of 10 MPa at the top of our model (1000 m).
Supercritical CO2 is deﬁned with density of 1.1 g/cm3 and
viscosity of 0.02 MPa s, as the temperature and pressure fall
into the critical condition for supercritical CO2, it is reasonable to neglect the phase change in this work (Ilieva et al.,
2016). The displacements of the left/right boundaries and
the bottom are ﬁxed to the normal directions, and the
friction coefﬁcient between the fault and the surrounding
formation is set to 0.6. In this work, the rock properties
are supported by logging data from a practical engineering
project. Usually, fault zones are simpliﬁed to the formation
of a damage zone where the most fractured region appears
(Billi et al., 2003), but in this work, the fault zone is subdivided into the fracture zone and the fault core characterized
by well-deﬁned planes. The fault zone architecture is shown
in Figure 2b, where the properties of the fault fracture zone
are inﬂuenced by the hydromechanical properties of the surrounding rock. The Young’s modulus of the fault is reduced
by a factor of 1.5 relative to that of the conglomerate, while
the permeability increases ﬁve times. In the low-porosity

4

X. Wei et al.: Oil & Gas Science and Technology - Rev. IFP Energies nouvelles 74, 76 (2019)

Fig. 2. (a) The generalized geologic structural features and (b) the initial/boundary conditions.

mudstone layer, the Young’s modulus is reduced by a factor
of 5, and the permeability is increased by 10 times with
respect to the mudstone layer (Jeanne et al., 2014). The
fault core embedded in the fracture zone is represented by
constant hydromechanical properties with E = 2 GPa
and K = 1017 m2; thus, the fault acts as both a conduit
through the caprock and a partial ﬂow barrier within the
reservoir (Fig. 3).
We introduce a linear elastic traction-separation law,
including a damage initiation criterion and a damage evolution law (Othmani et al., 2011), to deﬁne the degradation
and eventual failure of a mixed-mode fracture in layered formations. A Mohr-Coulomb constitutive model is adopted to
describe the interaction of the fracture propagation and the
fault. To simulate the whole process of hydraulic fracture
and production, the analysis consists of four steps. In the
geostatic step, in order to eliminate the displacement generated by gravity and the initial conditions, the internal
forces at the centroid of each element are speciﬁed as the
initial stress condition. In the subsequent “Pump” step, a
Newtonian ﬂuid is injected from the horizontal fracturing
well, which is located at the center of the bottom of the
model for 80 min. An initial injection rate per unit volume
of 4 m3/min is applied. The fracture is described by an
embedded cohesive zone without initial separation along
the entire fracture path, and the fracturing ﬂuid injection
drives the initiation and hydraulic extension of the fracture.
Following the “Pump” step, the “Hold” step is conducted to
analyze the closing in process for ﬁve days. The ﬂuid injection is terminated, and the previously built-up pore pressure
in the fracture is allowed to spread into the surrounding formation. An additional zero-velocity boundary condition is
applied to the fracture surface to simulate the effect of
the proppant material within the fracture. In the ﬁnal
“Extraction” step, an extraction rate per unit volume of
0.4 m3/min is applied to the fracture opening for 30 days
to simulate exploitation.
In fractured rock masses, effective stresses (which
include the effect of ﬂuid pore pressure) induce changes in
hydraulic properties such as permeability and porosity,
and the initial values of porosity and permeability are

Fig. 3. Hydromechanical properties of a discontinuous damage
zone.

corrected by taking into account changes in volumetric
strains (Rinaldi et al., 2014). The elastic part of the volumetric behavior of porous materials is modeled accurately
by assuming that the elastic part of the change in volume
of the material is proportional to the logarithm of the pressure stress:


K
p0 þ pelt
ln
ð1Þ
¼ J el  1;
ð1 þ e0 Þ
p þ pelt
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where K is the logarithmic bulk modulus, e0 is the initial
void ratio, p is the equivalent pressure stress deﬁned by
p = (r11 + r22 + r33)/3, p0 is the initial value of the
equivalent pressure stress, Jel is the elastic part of the volume ratio between the current and reference conﬁgurations and pelt is the elastic tensile strength of the material.
The constitutive behavior for pore ﬂuid ﬂow is governed
either by Darcy’s law or by Forchheimer’s law. Darcy’s law
is generally applicable to low ﬂuid ﬂow velocities, whereas
Forchheimer’s law is commonly used for situations involving higher ﬂow velocities. Darcy’s law can be thought of
as a linearized version of Forchheimer’s law. Darcy’s law
states that under uniform conditions, the volumetric ﬂow
rate of the wetting liquid through a unit area of the medium, snVw, is proportional to the negative of the gradient
of the piezometric head (Chapelle et al., 1999):
snV w ¼ k

ou
;
ox

ð2Þ

where k is the permeability of the medium and u is the
piezometric head, Vw is the wetting liquid is that ﬂow
through the volume, deﬁned as (Thomas and Kitanidis,
1989):
uw
;
ð3Þ
u def¼ z þ
gqw
where z is the elevation above some datum and g is
the magnitude of the gravitational acceleration, which
acts in the direction opposite to z. On the other hand,
Forchheimer’s law states that the negative of the gradient
of the piezometric head is related to a quadratic function
of the volumetric ﬂow rate of the wetting liquid through a
unit area of the medium (Fiori et al., 1998):
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ou
;
ð4Þ
snVw ð1 þ b v w v w Þ ¼ k
ox
where b is a velocity coefﬁcient. This nonlinear permeability can be deﬁned to be dependent on the void ratio of the
material in equation (5), where ui and ki is the void ratio
and permeability in the former i step, and n is the constant term (Bloch and Helmold, 1995). As the ﬂuid velocity tends to zero, Forchheimer’s law approaches Darcy’s
law. Additionally, if b = 0, the two ﬂow laws are identical:

k iþ1 ¼

ui
u iþ1

n
ki :

ð5Þ

3 Results and parametric analyses
3.1 Mixed mode hydrofracture propagation and pore
pressure evaluation
With the mechanical characteristics and geometry deﬁned
above, we use this model to investigate the effect of injection on fault activation and seismicity during hydraulic
fracturing; comparative analyses such as fault slip, injection
pressure distribution, and magnitudes of seismic events are
conducted. The mixed-mode hydrofracture propagation

5

and the corresponding horizontal stress distribution are
shown in Figure 4. The horizontal stress distribution within
the rectangular region in the model is shown in Figure 4a,
and the width of the hydrofracture is magniﬁed 120 times
for clear visualization. The fracture extension is parallel to
the maximum principal stress direction, and before the
hydrofracture connects with the natural fault at about
2200 s, the horizontal stress induced in front of the
hydrofracture tip is tensile. Further fracturing allows the
hydrofracture tip to propagate upward and merge with
the natural fault, as the tensile stress concentration on
the opposite side of the fault plane is insufﬁcient to initiate
a new fracture that leading to fracture crossing, the natural
fault arrests the fracture propagation and leads to permanent termination of the fracture at the fault plane. Afterward, as shown in Figure 4b, this tensile stress results in
an opening mode on the natural fault in the vicinity of
the intersection, and thus, at this stage, the high-permeability fault fracture zone acts as a conduit connecting deep
permeable regions. In the subsequent “Hold” stage, the fault
surface opening decreases gradually and ﬁnally vanishes at
the end of the “Extraction” stage.
The pore pressure evolution at the perforation is
recorded in Figure 5a, where I, II and III represent the
“Pump” stage, the “Hold” stage and the “Extraction” stage,
respectively. Pore pressure initially builds at the perforation
and only migrates upward as ﬂuid diffusion occurs; following this movement, the pore pressure increases sharply to
17.4 MPa (Fig. 5a) and decreases after the fracture reaches
the fault. The rapidly growing pore pressure increase zone
with the upward propagation of the hydrofracture in the
fracturing stage is shown in Figures 5b–5d; after the
hydrofracture tip merges with the natural fault, instead of
penetrating the natural fault, the stress distribution results
in an opening mode of the fault (Fig. 5b); this effect occurs
because the fracture is inclined to the minimum principal
stress direction, and after the fracture reaches the fault,
the pore pressure near the fracture tip decreases to less
than the minimum pressure necessary to continue propagating the fracture. In the “Hold” stage (Fig. 5e), the previously built-up pore ﬂuid near the fracture diffuses into the
surrounding formations, the pore pressure near the perforation starts to decrease while the pore pressure increase zone
expands with time and reaches a maximum at the end of
this stage (5 days), and the pore pressure diffusion is significantly blocked by the property differences between the
conglomerate layer and the overlying mudstone. Afterward,
the exploitation results in a remarkable pore pressure
decrease near the hydrofracture during the ﬁnal stage; after
30 days of extraction, the pore pressure near the perforation
decreases to 10.8 MPa.
As the maximum pore pressure appears in the “Pump”
stage, here, we illustrate the pore pressure evolution at different locations along the fault surface during this stage in
Figure 6. As shown, after the fracturing starts, the scope of
the pore pressure increase zone extends gradually with time,
and thus, the pore pressure in the lower portion of the fault
fracture zone (in the conglomerate) increases accordingly.
However, due to the relatively lower permeability of the
mudstone and the longer seepage path for the fracturing
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Fig. 4. The mixed-mode hydrofracture propagation and the corresponding horizontal stress distribution at different times.

ﬂuid to reach this layer, the pore pressure in the mudstone
is not signiﬁcantly affected until 2400 s. Then, after the
fracture tip merges with the fault plane, the pore pressure
along the fracture zone sees a simultaneous increase. At this
time, the formerly unaffected pore pressure within the fault
fracture zone surrounded by mudstone is enhanced by the
ﬂow of fracturing ﬂuid into the fault fracture zone.
3.2 Fault slippage and induced microseismicity
According to the mechanisms of how elevating the pore
pressure can bring the fault to slippage illustrated by
(Ellsworth, 2013), a fault remains locked as long as the
applied shear stress is less than the strength of the contact.
During the stimulation injection, the shear stress evolves
simultaneously with tensile failure; the activation of the
fault is usually initiated by the increase in the shear stress
and the decrease in the normal stress that can bring the
fault to failure and trigger the nucleation of microseismic
events (Wei et al., 2015, 2016). The variations in the

contact stress and shear stress along the fault plane at the
ends of the “Pump” stage (green line), the “Hold” stage (blue
line) and the “Extraction” stage (black line) are shown in
Figure 7. The pore pressure increase at the fault surfaces
results in contact stress decrease, and the shear stress
increases accordingly within the lower portion of the fault
fracture zone in the conglomerate. Then, the pore pressure
diffusion increases the magnitude of the stress variation
until the end of the “Hold” stage.
In the “Extraction” stage, the extraction effect decreases
the magnitude of the stress variation, and reduces the area
of the stress change portion on the fault surface. In particular, due to the tensile stress in front of the hydrofracture
tip, the opening mode (Fig. 4b) results in a concentration
of the contact stress and shear stress in the vicinity of the
fault-fracture intersection.
Fault slippage is a key factor in quantitatively evaluating the response of fracture propagation to fault activation
(Chong et al., 2017). To illuminate the pattern for the fault
to slip, two monitoring points M and N are set, with M
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Fig. 5. (a) The pore pressure evolution at the perforation and (b)–(f) the pore pressure increase zone at different times.

Fig. 6. Pore pressure evolution along the fault surface during
the fracturing stage at different times.

located in the middle of the fault portion in the mudstone
and N located in the middle of the fault portion in the conglomerate. Figure 8 displays the evolution of the fault slip
velocity and slip displacement at monitoring points M
and N through the whole Pump–Hold–Extraction process.
According to the slippage rate and time, the curves can
be split into three stages. Stage I is the rapid slippage

build-up stage; this stage is consistent with the “Pump”
step. Since there is a distance of 2.5 m between the perforation and the fault, before the hydrofracture tip merges
with the fault zone, the fault stabilization is only affected
by the stress perturbation induced by the fracturing operation. When the hydrofracture tip merges with the fault
after 2200 s, the pore pressures at the monitoring points
change dramatically, and the corresponding induced
slippages increase rapidly. The fault mechanical response
is sensitive to pore pressure changes, and an increase in pore
pressure tends to signiﬁcantly increase fault slippage during
the “Pump” stage in both scenarios; due to the difference in
lithological characteristics along the fault, the relatively
lower pressure build-up at monitoring point M results in a
smaller fault slip velocity and slip displacement than at
monitoring point N. After the rapid fault slip stage I, in
stage II, which corresponds to the “Hold” stage, the previously built-up pore pressure near the fracture diffuses into
the surrounding formations, and the slippage distance
decreases with pore pressure dissipation. At this stage, the
permeability of the host rock determines the speed at which
the trapped fracturing ﬂuid spreads, and the slip rate at
motoring point M is obviously smaller than that in
stage I. Stage III is the transition stage of the fault from
activation to a stable state; the stress balance is restored,
and the slip velocity decreases gradually to zero by the
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Fig. 7. Variations in contact stress and shear stress along the fault plane at the end of the “Pump” stage (green line), the “Hold” stage
(blue line) and the “Extraction” stage (black line).

Fig. 8. Evolution of the fault slip velocity and slip displacement at monitoring points M and N through the whole Pump–Hold–
Extraction process.

end of extraction; thus, the fault slippage ﬁnally reaches
stabilization.
In the “Pump” stage, the fault slippage evolution along
the fault surface presented in Figure 9a shows similar trend
to the pore pressure variation. The maximum slippage is
located in the conglomerate before 2200 s and then transfers
to the fracture-fault plane intersection after the fracture tip
merges with the fault zone. The interplay of the von Mises
stress, pore pressure and fault slippage is illustrated in
Figure 9b; as shown, the pore pressure change is not the
only mechanism for the fault to slip (Davies et al., 2013);
the slippage at monitoring point N experiences a two-stage
increment. The reservoir rock formation around the fault is
in a state of unbalanced stability before fault activation,

and the ﬁrst stage of fault reactivation is triggered by the
stress disturbance caused by hydrofracture propagation
and occurs at 1200 s (red line in Fig. 9b). Shortly after
the stress dissipation at N, the hydrofracture tip merges
with the fault zone, the fracturing ﬂuid can enter the fault,
and a ﬂuid pressure pulse can be transmitted to the fault.
As a result of poroelasticity, the deformation or “inﬂation”
of the rock due to injection can increase the ﬂuid pressure
at monitoring point N (blue line in Fig. 9b). Thus, the maximum fault slippage at N is higher than that at M, where
the fault stabilization is only affected by a much lower pore
pressure increase (Fig. 6).
Considering layered formations, the magnitude of a
seismic event quantiﬁed by the scalar seismic moment is
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Fig. 9. (a) Fault slippage evolution along the fault surface and (b) the interplay of von Mises stress, pore pressure and fault slippage.

Pn
deﬁned as M 0 ¼ A  i G i d i , where A is the ruptured
area, di is the mean slip over the ruptured area, and Gi is
the rock shear modulus. The moment magnitude Mw of
the fault evolution with time is shown in Figure 10. The
simulated moment magnitude of the induced microseismic
events generally ranges between Mw = 1.8 and 2.6 that
could be considered as the sources of acoustic emission
events detected while monitoring the fracturing ﬂuid front.
The largest events occur within the “Pump” stage when the
hydrofracture tip penetrates the conglomerate and merges
with the fault surface. Afterward, the microseismicity continues during the “Hold” and “Extraction” stages at decreasing magnitudes.
3.3 Permeability evolution
The permeability evolution of faults is known to be sensitive
to dynamic and static stress perturbations as a result of
hydraulic fracturing (Mukuhira et al., 2017). Shear dilation
together with fault slippage contributes to increases in permeability by breaching the mated contact surface. Here, we
record the void ratio change along the fault surface at different times (Fig. 11a) within the “Pump” stage; the void ratio
along the fault surface increases with time but decreases at

Fig. 10. Moment magnitude Mw evolution of the fault with
time.

the end of the “Hold” stage, and continues to decrease until
the end of the “Extraction” stage. Because of the limited
fault slippage and lower initial permeability, the void ratio
change within the upper portion of the fault in the
mudstone is relatively insigniﬁcant. Figure 11b presents
the permeability evolution at monitoring points N and M
continuously throughout the whole process. The early-stage
response illustrates that the initial permeability increase
immediately follows the initiation of shear slippage. The
permeability at monitoring point N increases sharply to a
peak during fracturing; afterward, during the “Hold” and
“Extraction” stages, the permeability exhibits a slow but
continuous decrease, it indicates that the exploitation
would ﬁnally reduce the hydraulic conductivity of the fault.
However, due to the low initial permeability at monitoring
point M, the aggregated pore pressure within the lower
fault portion in the conglomerate continues to spread
upward and results in the continuous permeability increase
during the “Hold” stage, and then it decreases accordingly in
the “Extraction” stage.
3.4 Parametric analyses
The prior observations represent the hydromechanical
responses of the fault for speciﬁc fracturing ﬂuid ﬂow and
material properties; these responses deﬁne the crucial feedback of stress and ﬂuid pressures on fault slip and permeability evolution. The parametric analyses are carried out
by varying a sequence of three conditions while all other
conditions remain constant with those of the reference
model. Through this analysis, the roles of the (1) fracturing
ﬂuid ﬂow rate, (2) initial fault permeability and (3) fault
stiffness are separately explored.
The fracturing ﬂuid ﬂow rate is one of the most important factors inﬂuencing the evolution of the fault mechanical responses and the permeability features. As the
fracturing rate increases, more accumulated pore ﬂuids are
able to dissipate along the permeable portion along the fault
and even dissipate upward into the low-permeability portion
of the fault in the mudstone; the pore pressures increase
accordingly. In this case, due to the fault slippage–pressure
dependency, the slipped portion of fault is much larger with
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Fig. 11. (a) The void ratio changes along the fault surface at different times and (b) the permeability evolution at monitoring points
N and M continuously throughout the whole process.

increasing fracturing ﬂuid ﬂow rate, and the fault portion in
the mudstone experiences relatively slight slip (Fig. 12a).
The enhanced fracturing ﬂuid ﬂow rate causes the zone of
fault slippage concentration to migrate upward. This uniform distribution of fault slippage results in heterogeneous
permeability increases along the fault, which consequently
change with the fracturing ﬂuid ﬂow rate (Fig. 12b).
To examine the sensitivity of the results to the parameterization of the permeability, we vary the magnitude of the
initial permeability of the fault fracture zone from a factor
of 1/2 to a factor of 2 with respect to the reference model.
When the initial permeability of the fault fracture zones is
doubled, since the permeability within these zones is higher
than that in the surrounding material, they act as drains
connecting the pay zone to the conﬁning formation; the
ﬂuid liberated by the enhanced permeability is redistributed
hydrostatically; this process dilates the lower portion of the
fault, and if the ﬂuid dissipates insufﬁciently quickly, it
leads to permeability change, while the magnitude of the
fault slippage remains at the same level (Figs. 12c and
12d). Similarly, we vary the magnitude of the Young’s modulus in the fault fracture zone from a factor of 1/2 to a factor of 2 with respect to the reference model. As shown, the
reduced Young’s modulus redistributes an increasing injection-induced load to the fault and thus decreases both stresses and volumetric compaction within the fault and
accordingly reduces the ﬂuid volume available for expulsion
through the fault; thus, the decreased pore pressure leads to
an insigniﬁcant permeability change (Figs. 12e and 12f).

4 Discussion
The analyses discussed in the preceding section examine the
role of fault slippage and permeability evolution along the
fault surface in connecting the pay zone and the conﬁning
formation during the whole process of hydraulic fracturing
and production. Early in the evolution, hydrofractures only
form near the perforation, and later, they may fully develop
and merge with the fault surface. Once they have merged,
the tensile stress in front of the hydrofracture tip results

in a concentration of contact stress and shear stress in the
vicinity of the fault-fracture intersection, and thus, fault
slippage is concentrated there due to the presence of
elevated pore pressures generated by the hydrofracturing
operation. Further slippage spreads from the zone of high
permeability to shallower levels; consequently, the slippages concentrate in the high-permeability fault portion
in the conglomerate rather than in the mudstone. The role
of the static elastic stress perturbation and the effect of
pre-existing faults in the rock volume are consistent with
the work of Roche et al. (2018) in isotropic formation.
The fault experiences the strongest pore pressure migration
and induced fault slippage in the “Pump” stage, and afterward, the slip velocity decreases gradually to zero by the
end of extraction; thus, the fault slippage ﬁnally reaches
stabilization.
When the permeability evolves with fault slippage, the
upward migration of the permeability-enhanced zone
enables the capped pore water within the high-permeability
fault portion in the conglomerate to diffuse into the
surrounding formation, and even promotes upward migration of the fracturing ﬂuid into the low-permeability fault
portion in the mudstone, which increases the risk of fracturing ﬂuid leakage. As a mechanism for the escape of high
pore pressures that cannot be accommodated, the permeability evolution is formed naturally as a result of both fault
slippage generated by excess pore pressures within the
fault and stress disturbance caused by hydraulic fracturing.
The permeability-enhanced zone is concentrated at the
fracture-fault intersection and mainly localized in the highpermeability fault portion in the conglomerate, and the
extent of this zone depends on the magnitude of the fault
slippage. However, due to the limited fault slippage and
lower initial permeability, the change in conductivity within
the upper portion of the fault in the mudstone is relatively
insigniﬁcant.
Mazzoldi et al. (2012) use geological observations and
seismological theories to estimate the magnitude of seismic
events generated by geological carbon sequestration, the
fault is assumed to be circular with radius of 500 m, and
the average displacement across the fault surface during
a single event is 0.1 m, and the calculated maximum
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Fig. 12. Fault slippage and permeability contours at 80 min for parametric studies: (a, b) fracturing ﬂuid ﬂow rate, (c, d) initial fault
permeability and (e, f) fault stiffness.

magnitude of a seismic event is 3.9. In this work, as the size
of undetected fault is limited, the magnitude of a seismic
event is signiﬁcantly reduced. Moreover, the results of
parametric analyses indicate that the enhanced fracturing
ﬂuid ﬂow rate increases the magnitude and slipped portion
of the fault, that the enhanced fracturing ﬂuid ﬂow rate
causes the zone of fault slippage concentration to migrate
upward and ﬁnally to near the fault-fracture intersection,
and that the uniform distribution of fault slippage results
in accordingly heterogeneous permeability increases along

the fault. In addition, the permeability change of the fault
portion in the pay zone is positive relative to the initial permeability and fault stiffness, while the fault slippage
remains at the same level. Consequently, even though the
hydraulic fracturing operation enhances the vertical conductivity of the pay zone by increasing the permeability
of its integral fault, due to the insigniﬁcant permeability
change of the fault portion within the mudstone, the vertical conductivity of the conﬁning formation is almost
unchanged.
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5 Conclusion
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