
Introduction

In hydro-mechanical coupling analysis for the fractured

medium, driving mechanisms for the induced seismicity are

the diffusion and the stress perturbation. According to the

diffusion theory, Shapiro (2015) suggested the way to

estimate the reservoir diffusivity from the envelope for the

seismicity distance and time plot. By using the poroelasticity

including the effect of pore pressure push, Segall and Lu

(2015) analytically modeled the post-injection seismicity. On

the other hand, fault slip induces significant stress perturbation

around events so subsequent events can be triggered. The

stress perturbation by fault slip could be assessed by

calculating Coulomb Failure Stress (CFS) change from the

field data. (Steacy et al, 2005; Catalli et al., 2013). This

mechanism can be more significant due to the aseismic slip.

Guglielmi et al. (2015) observed that substantial portion of

aseismic slip among the total slip during the fluid injection,

and Louis De Barros et al. (2017) concluded that the stress

transfer by the aseismic slip could be the reason for the

following induced seismicity.

In this study, the stress perturbation by fault slip was

compared with the stress perturbation by pore pressure push

in the generic cases. Determination of dominance between

fault slip and pore pressure push will give the rigorous

background for the current analysis of induced seismicity and

help the simplification of the seismicity problems

numerically and analytically.

Method
Comsol Multiphysics is Continuum-based finite element

method (FEM) code. To model the fracture, I assumed the

fracture zone with 1m thickness and applied the plasticity.

The Mohr-Coulomb criterion for the fracture slip was applied

as the user defined yielding function (Equation 2). By

modifying the poisson’s ratio and the elastic modulus to

make the equivalent model under no lateral displacement

condition (Equation 1), the normal opening by the joint

normal stiffness was reflected in the fracture zone. Input

parameters are based on Chang and Segall (2016) shown in

Table 1. Fixed and zero stress boundary were applied because

this study focused on the change of CFS, and CFS change

was calculated on the left lateral slip of the given fault

orientation (60˚ from x axis).
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𝑇
𝑣 ∶ Poisson′s Ratio, 𝛼 ∶ Biot′s Coefficient , 𝐸: Young′s Modulus,
𝑇: Thickness of Fracture Zone, 𝐾𝑛: Joint Normal Stiffness,
𝑒 ∶ Aperture, 𝑛 ∶ Porosity ′: Equivalent 𝑚:Matrix, 𝑓 : Fracture Zone

For the fast computation, the plasticity was calculated every

interval during short duration. The purpose of this study was

the stress perturbation by the poroelasticity and following slip,

so the precise time-dependent behavior by fully coupled

model was out of the scope.

-Calculating Process

i th step : calculate 𝜎𝑛,𝑒𝑓𝑓
𝑖 , 𝜏𝑖

i+1 th step : calculate plastic strain by making yielding

function (F) as 0

F =
τi+1

𝜇
− σn,eff

𝑖 …… 2

τ ∶ shear stress, σn,eff ∶ effective normal stress, μ ∶ friction coefficient

And calculate 𝜎𝑛,𝑒𝑓𝑓
𝑖+1 , 𝜏𝑖+1

Table 1 . Input Parameters for numerical modeling

Figure 1. Model Diagram of (Right) Case 1 and (Left) Case 2

Result
- Case 1 : Single fracture model

To determine the dominance of the stress perturbation by

fault slip and pore pressure push in actual situation, the

seismic data from Basel EGS site was used. The wellhead

pressure reached 29.6 MPa and the seismic events reached

approximately 500m from the injection point during the

injection stage (Figure 2, Right). In contrast, the ML3.4

earthquake had the source radius of 101m (Häring et al.,

2008), which can be linked to approximately stress drop

larger than 10 MPa under circular crack model by

considering 2.95 moment magnitude measured by

Deichmann et al. (2014) (Figure 2, Left). Except for the

largest earthquake, the stress drop on average was around 2.3

MPa in Basel (Goertz‐Allmann et al., 2011), so the effect of

Mw1.5 earthquake can be plotted in the center of Figure 2.

According to the Figure 2, the largest magnitude earthquake

forms the dominant stress change comparing to the pore

pressure push, but the Mw1.5 earthquake effect is minor and

less dominant. However, earthquakes over Mw1.5 occurred

many times in Basel as time passed, so the cumulative effect

may be comparable with the effect of pore pressure push.

Figure 2. (a) Coulomb stress change distribution by fault slip with (stress

drop)=10 MPa, L=200 m and (b) with (stress drop)=2.3 MPa, L=70 m. (c)

Coulomb stress change distribution by pore pressure push with

(overpressure)=29.6MPa, L=1km. Numbers mean the CFS change.

To assess the total stress perturbation by fault slip, an

aseismic slip should be considered in addition to seismic slip.

In case of Basel, the sum of moments in seismic event list in

Deichmann et al. (2014) was around Mw 3.19 corresponding

to the circular rupture with 244m radius and 2.3 MPa stress

drop (G = 30 GPa). However, the seismic cloud had almost

two times larger radius and the wellhead pressure reached

almost 30 MPa. Under the assumption of the single fault and

the same average stress drop over this fault, 8 times of

moment were expected comparing to the seismic moments.

Therefore, the considerable aseismic slip and much larger

stress perturbation than Figure 2(a&b) were expected.

- Case 2 : Fluid injection to the permeable matrix

containing critically oriented fracture

Chang and Segall (2016) conducted numerical simulation to

analyze the poroelastic effect to the seismicity at the reservoir.

In Case 2, the poroelastic effect was assessed with the fault

slip induced by the fluid injection.

Figure 3. (Top) CFS change distribution after 24-hour injection. (Bottom)

CFS change histories at different points below injection point. X marks are

the locations of history plots.

The stress perturbation by the fault slip increased gradually

as time passed. In the scale of current simulation, the fault

slip generally induced less stress perturbation than the

poroelastic effect did, but Figure 3 shows that the effect of

fault slip is relatively larger in farther area.

Figure 4. CFS change histories at different points with shut-in.

Figure 4 shows exceptions for the poroelastic analysis by

Segall and Lu (2015) due to the dominance of stress

perturbation by fault slip near the fault. It was plotted under

the assumption of no slip occurring after shut-in.

Conclusions
When the stress perturbation is reflected in physical analysis,

the pore pressure push can be ignored comparing to the fault

slip by the large magnitude event over 3, but the detailed

determination of the dominance has better to be based on the

site specific data. The aseismic slip should be considered in

addition to the seismic slip if the fault slip should be assessed

properly. Even for the permeable reservoir, the critically

oriented faults induced the moderate shearing effect.

As a limitation, every numerical analysis was based on 2D

simulation, so the stress perturbation can be exaggerated. Due

to the singularity around the shearing surface, the numerical

instability were unavoidable, but it did not make significant

change in the large scale result. Those limitations had better

to be fixed for precise modeling, not for this study.
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Abstract
In hydraulic stimulation, fault slip and pore pressure push are competing mechanisms for stress perturbation which contributes to induced seismicity. Since the fault slip is the irreversible mechanism

distinguished from the pore pressure push, considering both mechanisms are difficult numerically and analytically. Interestingly, each mechanism was used independently and gave theoretical insights for

various observation related to the seismicity (Segall and Lu, 2015; Steacy et al., 2005). To verify those approaches, the detailed comparison between fault slip and pore pressure push will give the concrete

theoretical background. In addition, ignoring the minor mechanism will contribute to the high performance of the numerical simulation and the rigorous simplification for the analytic prediction.

Comsol Multiphysics was used to model the poroelasticity and the fault slip at the same time. To overcome the limitation of continuum-based modeling, the plasticity module was adopted with the Coulomb

Failure Criteria as a yield function. The equivalent poisson’s ratio and elastic modulus was applied to the fracture zone to model the normal opening of the fracture by the pore pressure.

In this study, fault slip and pore pressure push were compared in two generic cases of the fluid injection into impermeable and permeable matrices. All cases were assumed to contain a single fracture with

the aseismic slip. The Coulomb stress changes were calculated on hypothetical fractures parallel to the defined fracture. As a result, the conditions for the dominance of one effect against the other effect

were suggested.
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Coulomb Stress Changes by Fault Slip and 
Pore Pressure Push due to Fluid Injection

Case 1 Case 2

Basement Fault Reservoir Fault

α, Biot's Coefficient 0.2353 1 0.2667 1

E, Young Modulus (MPa) 60000 - 24000 -

ν, Poisson's ratio 0.2 - 0.2 -

n, Porosity 0.05 0.02 0.25 0.02

ρ, Density (kg/m3) 2740 2500 2500 2500

k, Permeability (m2) 2.00E-17 6.67E-13 5.00E-15 6.67E-13

Kn, Joint Normal Stiffness

(MPa/m)
- 50000 - 50000

L, Fracture Length (m) - 500 - 500

T, Fracture Thickness (m) - 1 - 1

e, Fracture Aperture (m) - 0.0003 - 0.0003

Friction Angle (degree) - 30 - 30

Cohesion (Mpa) - 0 - 0

Pcri, Critical Pore Pressure (MPa) - 10 - 0.1

Q, Flow Rate (kg/m/s) 1 0.1

X (100,-50)
- : Slip
- : No slip

Time(h)

Δ
C

F
S

X (270,250)
- : Slip
- : No slip
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F
S

Time(h)

+1e3

+1e4

-1e4

-1e3

24h Injection

HM Analysis

Diffusion

Stress 
Perturbation

Pore Pressure 
Push

Fault Slip

Poroelastic

Effect


