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1. Introduction 

Induced seismicity during reservoir pressurization or depletion has become a widespread issue 
(Ferronato et al., 2010; Ellsworth 2013) as a result of the proliferation of geo-energy projects 

(Foulger et al., 2018). Faults intersecting the injection/pumping formation undergo pore 
pressure and stress changes, affecting their stability. The hydraulic properties of faults (e.g., 

permeability) control the pore pressure change which, through poromechanical effects, 
increases the total stress in the rock. Faults cause additional stress change (Gheibi et al., 2017) 

that is further enhanced by fault offset (Buijze et al., 2017), which can increase the frequency 
of induced earthquakes. Thus, predicting the stress variation in presence of displaced faults is 

particularly relevant in order to minimize the induced seismicity risk. 
Analytical solutions provide accurate and fast predictions and are well suited to gain insights 

into the physical mechanisms. For the problem of reservoir pressurization/depletion, Eshelby’s 
inclusion theory (Eshelby, 1957) is at the heart of several existing analytical solutions that either 

assume non-displaced faults (e.g., Segall, 1992; Soltanzadeh and Hawkees, 2008; Wang et al. 
2016) or displaced but permeable faults (Jansen et al., 2019). Since no solution existed for low-

permeable faults that cross the reservoir with an offset, we have developed one (Wu et al., 
2020). In this paper, we analyse the difference in terms of induced seismicity potential in 

response to injection/pumping into a reservoir crossed by a displaced fault that could be either 
permeable or impermeable.  

2. Methods  

We compute the stress changes arising in a deep reservoir crossed by a displaced fault 

(considered in the limiting cases of being either fully permeable or impermeable) as a result of 
fluid injection or production through the inclusion theory (Eshelby, 1957; Rudnicki, 2011). The 

stress variation σij in the reservoir as a result of pore pressure changes is (Wu et al., 2020) 
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where Ω is the inclusion domain, Gij represents the surface integral of Green’s function for 
stress, x and y are the Cartesian coordinates, α is the Biot’s coefficient, ν is the Poisson’s ratio, 

Δp is the pore pressure change, δij is the Kronecker delta, and δΩ is the modified Kronecker 

delta, which equals 1 if (𝑥, 𝑦) ∈ Ω or 0 if (𝑥, 𝑦) ∉ Ω . We adopt the sign convention that 
negative stress denotes compression and a negative pore pressure change refers to depletion.  

The difference between permeable and impermeable faults is the surface integral Gij. While for 
the former case, pore pressure changes on both sides of the fault within the reservoir, it only 

changes on the side of the fault where injection or depletion takes place for the latter case. After 



solving the induced stress, we apply the mobilized friction coefficient μmob to assess fault 
stability  
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where σn and τ are the induced normal and tangential stress components on the fault plane, 
respectively, superscript 0 represents the initial state and the normal stress with a superscript ’ 

means the effective normal stress. Thus, the fault is stable for μmob < μst, critical for μmob = μst, 

while unstable for μmob > μst, in which μst is the static friction coefficient. The initial mobilized 

friction coefficient 𝜇mob
0  to can be calculated using Eq. (2). 𝜇mob

0  only depends on the initial 

stress state and the fault dip. 

The dimensionless maximum fault slip size SDmax is adopted to quantitatively evaluate the fault 
slip potential, and thus, the induced seismicity potential 

 Dmax max( ) /iS h , (3) 

where ℓ𝑖  is a continuous interval in coordinate y with μmob > μst (the unstable patch), which is 
normalized by the reservoir thickness h. We assume SDmax = 0.01 as the threshold for fault slip.  

We consider a base case scenario for a pressurized reservoir whose properties are derived from 

laboratory measurements on Berea sandstone (Makhnenko et al., 2015; Wu et al., 2020) (Table 
1). We perform a parametric space analyses to explore the effects of the initial stress state and 

pore pressure changes on the stress variation and the induced seismicity potential. We compare 
the results for the two cases of permeable and impermeable faults with fluid injection into the 

hanging wall of the fault to understand the influence of the hydraulic properties of faults. 
 

Table 1: Properties of Berea sandstone and the initial stress state of the reservoir 

Parameter Physical meaning Value Unit 

𝜃 Fault dip 60  

h Reservoir thickness 300 m 

E Young’s modulus 11.87 GPa 

𝜈 Poisson’s ratio 0.29 - 

𝛼 Biot’s coefficient 0.7 - 

Δp pressure buildup 20 MPa 

p0 Initial pore pressure 35 MPa 

𝜎𝑦𝑦
0  Initial vertical stress -70 MPa 

𝑘0 Stress ratio of horizontal to vertical stress 0.6 - 

𝜇st Static friction coefficient 0.6 - 

 

3. Results and Discussion 

We evaluate the induced shear and normal stress components on the fault plane for a permeable 
(Fig. 1a and 1b) and an impermeable fault (Fig.1c and 1d). For the permeable fault, the induced 

stress is symmetrical with respect to y = 0. The corner points that arise due to fault offset are 

singular, such that the induced shear stress tends to infinity. The induced normal stress has a 
reverse behavior with respect to the induced shear stress (compare Fig. 1a and 1b). The entire 

fault plane, except for a small vicinity at the corners P2 and P3, shows a negative induced 
normal stress, which implies an increase in slip resistance, i.e., the destabilizing effect of pore 

pressure within the reservoir is compensated by an increase in the total normal stress. 
Unlike the permeable case, the induced shear and normal stress components are not 

symmetrical with respect to y = 0 for the impermeable fault, but the feature of reverse behavior 
for shear and normal stress components still holds (compare Fig. 1c and 1d). The induced shear 

and normal stress components also tend to infinity at the corners of the pressurized reservoir as 



a consequence of injecting on the left-hand side of the fault. These stress singularities in both 

the permeable and impermeable faults are unrealistic for faults in nature because they are not 
produced by the physical properties of faults but by the integration of the Green’s function.  

 
Figure 1: Comparison of the induced (a) shear stress and (b) normal stress for a permeable 

fault, and (c) shear stress and (d) normal stress for an impermeable fault on the fault plane for 
different dips and a fault offset of 100 m. The color lines range from light to dark, indicating 

the dip angle, which changes from 15 to 90 with an increment of 15. A schematic of the 
reservoir geometry, with the four corners, is indicated by the grey background. 

 
We explore the influence of the initial stress state by applying different values of the initial 

mobilized friction coefficient because 𝜇mob
0  monotonically increases with the initial deviatoric 

stress under a given fault dip, and of the operational aspects by applying different pressure 

build-up as ∆p strongly depends on the injected volume and injection rate (Wu et al., 2018). 

The dimensionless maximum fault slip size SDmax increases with 𝜇mob
0  and ∆pD for both 

permeable and impermeable faults (Fig. 2), which indicates that (1) the larger the initial 
deviatoric stress, the more critical the fault; (2) a larger pressure build-up is more likely to 

induce seismicity and thus the maximum sustainable injection pressure (Rutqvist et al., 2007) 
should be calculated to minimize the risk of inducing seismicity. 

For a given pressure build-up, the rate of increase in SDmax with increasing 𝜇mob
0  is not steady 

and is controlled by the failure process of the formation (Fig. 2). The fault is stable while 𝜇mob
0  

is smaller than its critical value, which corresponds to the threshold for fault slip (here assumed 

as SDmax = 0.01). Once 𝜇mob
0  is larger than its critical value, the fault will slip and SDmax increases 

up to SDmax≈0.25. Then, for a certain interval in 𝜇mob
0 , the increasing rate in SDmax decreases, 

and finally such rate sharply increases (Fig. 2). These three phases of the increasing rate in 

SDmax correspond to the progressive failure of the pressurized reservoir, the initiation of failure 
in the caprock or bedrock and the asymptotic failure of the caprock or bedrock, respectively. 

The critical value of 𝜇mob
0  linearly decreases with increasing ∆pD. Similarly, for a given initial 

mobilized friction coefficient, the fault always remains stable when ∆pD is lower than its critical 

value, which also corresponds to SDmax = 0.01 in this case. The fault begins to slip when ∆pD 

exceeds its critical value, and the increasing rate in SDmax with ∆pD is also similar to the case of 

increasing 𝜇mob
0 , which is controlled by the identical failure process of the formation. The 

critical value of ∆pD also linearly decreases with the increase in 𝜇mob
0  (Fig. 2). 

Comparison between the permeable and impermeable cases shows that SDmax in the 
impermeable case is always larger than the one in the permeable case under any initial and 

injection conditions. Generally, the magnitude of SDmax for the former is 3 to 5 times greater 
than the one for the latter, and thus, the induced seismicity potential, for a given initial 



mobilized friction coefficient and pressure build-up (or pressure depletion). Moreover, both the 

critical values of  𝜇mob
0  and ∆pD are smaller for an impermeable fault than for a permeable one, 

which implies that the former would rupture at a lower 𝜇mob
0 , i.e., less deviatoric stress, and at 

a smaller pressure buildup than the latter. 

 
Figure 2: Dimensionless maximum fault slip size (SDmax) as a function of the initial mobilized 

friction coefficient 𝜇mob
0  and the dimensionless pressure build-up ∆pD normalized by the 

initial pore pressure for (a) permeable and (b) impermeable faults. The numbers on the 

contours denote the values of SDmax. The maximum of 𝜇mob
0  is limited by 𝜇st to ensure the 

fault is stable at the initial state. 

4. Conclusions 

We analyse the induced seismicity potential of permeable and impermeable faults as a result of 
reservoir pressurization using a recently developed analytical solution that is based on the 

inclusion theory. The induced seismicity potential of impermeable faults is always larger than 
that of permeable faults under any initial and injection conditions. The maximum size of the 

fault undergoing slip for the former is 3 to 5 times greater than that for the latter under a given 
initial mobilized friction coefficient and pressure build-up. An impermeable fault would rupture 

at a lower deviatoric stress, and at a smaller pressure build-up than a permeable one. Thus, 
geological sites with a lower initial deviatoric stress are intrinsically less prone to fluid 

injection-induced seismicity. This finding is useful for site selection in geo-energy projects. 
Our results support the pressure managing strategy of controlling the wellhead injection 

pressure below the maximum sustainable pressure.  
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