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Water reinjection into the formation is an indispensable operation in many energy engineering practices.
This operation involves a complex hydromechanical (HM) coupling process and sometimes even causes
unpredictable disasters, such as induced seismicity. It is acknowledged that the relative magnitude and
direction of the principal stresses significantly influence the HM behaviors of rocks during injection.
However, due to the limitations of current testing techniques, it is still difficult to comprehensively
conduct laboratory injection tests under various stress conditions, such as in triaxial extension stress
states. To this end, a numerical study of HM changes in rocks during injection under different stress
states is conducted. In this model, the saturated rock is first loaded to the target stress state under
drainage conditions, and then the stress state is maintained and water is injected from the top to
simulate the formation injection operation. Particular attention is given to the difference in HM changes
under triaxial compression and extension stresses. This includes the differences in the pore pressure
propagation, mean effective stress, volumetric strain, and stress-induced permeability. The numerical
results demonstrate that the differential stress will significantly affect the HM behaviors of rocks, but the
degree of influence is different under the two triaxial stress states. The HM changes caused by the triaxial
compression stress states are generally greater than those of extension, but the differences decrease with
increasing differential stress, indicating that the increase in the differential stress will weaken the impact
of the stress state on the HM response. In addition, the shear failure potential of fracture planes with
various inclination angles is analyzed and summarized under different stress states. It is recommended
that engineers could design suitable injection schemes according to different tectonic stress fields versus
fault occurrence to reduce the risk of injection-induced seismicity.
© 2021 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

exploitation (Spencer, 1989; Sun et al., 2018; Wan and Liu, 2018),
enhanced geothermal systems (EGSs) (McClure and Horne, 2014;

Most industrial activities associated with energy engineering
are accompanied by the process of reinjecting formation water or
industrial wastewater into deep permeable brine aquifers, where
the rock is almost saturated, such as hydraulic fracturing (Guo et al.,
2014; Vengosh et al, 2014; Diaz et al., 2020), oil and gas
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Olasolo et al., 2016; Gong et al., 2020), and CO, geological seques-
tration (Xu et al., 2019; Rathnaweera and Ranjith, 2020; Wang et al.,
2020a). The purposes of water reinjection are, on the one hand, to
protect the surrounding environment and prevent the pollution of
shallow groundwater or land destruction by wastewater
(Hatzenbuhler and Centner, 2012; Warner et al., 2013), and on the
other hand, to partially compensate for a production-related drop
in formation pressure, thereby avoiding a net increase in formation
pressure (Haddad and Eichhubl, 2020). It has been well accepted
that the original stress field of the formation can be changed by
water reinjection. The injection of a large amount of fluid will
significantly increase pore pressure in the formation, resulting in a
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reduction in effective stress (Zheng et al., 2015). Generally, the in-
situ stress state of the formation is critical for injection activity. A
favorable stress state can ensure the safety and efficiency of pro-
duction, while a poor stress state may greatly hinder production
and even induce disasters such as earthquakes, especially when
there are hidden fractures or faults in the formation. For example,
the Pohang earthquake with moment magnitude My = 5.5 in 2017,
which caused a loss of more than $75 million USD, has been shown
to be induced by the pore pressure of high-pressure injected fluid
activating a previously unmapped fault under a critical stress state
(Ellsworth et al., 2019; Lee et al., 2019; Woo et al., 2019).

Notably, the most relevant role in causing an induced earth-
quake is played by fault orientation versus dominant stress orien-
tation (Lei et al.,, 2020). Anderson (1951) proposed three tectonic
stress states corresponding to different fault types based on the
direction and relative magnitude of initial stresses when the fault
was formed, i.e. the normal faulting stress state (Sy = o1 >
SHmax = 02 > Shmin = 03), the reverse faulting stress state
(SHmax = 01 > Shmin = 02 > Sy = 03) and the strike-slip faulting
stress state (Symax = 01 > Sy = 02 > Shmin = 03), where Sy, Symax and
Shmin are the vertical in situ stress (Pa), the maximum horizontal in
situ stress (Pa) and the minimum horizontal in situ stress (Pa),
respectively; and ¢4, 0, and o3 represent the maximum, interme-
diate and minimum principal stresses (Pa), respectively. How to
choose an appropriate injection strategy is closely related to the
complex hydromechanical (HM) coupling process under different
stress states.

Laboratory rock testing can provide useful insights for under-
standing complex geophysical processes (Wang et al., 2020b; Li
et al,, 2021). At the laboratory scale, the conventional triaxial test
is widely used to study the mechanical characteristics of rocks and
can reflect the influence of differential stress (or deviatoric stress
field). Commonly used conventional triaxial tests can be divided
into triaxial compression tests and triaxial extension tests due to
the different directions of the major and minor principal stresses
(Ignat et al., 2019). Different loading modes correspond to different

Shmin = 03 >

sHmax =0,

Normal faulting stress state

P e R
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/,,
i
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Reverse faulting stress state

tectonic stress states of the formation, as shown in Fig. 1, which will
significantly affect the experimental results.

To simulate the formation injection operation more realistically,
it is necessary to carry out rock injection tests in the laboratory.
Obviously, the injection test has more stringent requirements on
rock properties, equipment and experimental conditions than the
single mechanical tests. The triaxial compression test is the most
widely used method and has accumulated a large amount of
available test data. Recently, Nicolas et al. (2020) conducted fluid
injection tests on low-porosity andesitic rock under triaxial
compression stress to investigate the pore pressure migration law
and rock HM behavior under a differential stress of 356 MPa. Ji et al.
(2020) and Ji and Wu (2020) implemented a series of injection-
driven shear tests under the triaxial compression stress state to
study the development of pore pressure heterogeneity in rock
fractures and its influence on fracture instabilities. Unfortunately,
to the authors’ knowledge, there are currently few laboratory in-
jection tests under triaxial extension stress conditions, probably
due to the operational difficulty and high requirements for exper-
imental equipment (Zoback, 2010). Only some experiments to
determine rock permeability under a triaxial extension stress state
have been reported (Zoback and Byerle, 1976; Zhu et al., 1997; Popp
et al,, 2001; Xing et al., 2013). However, the permeability test does
not involve the injection of large amounts of fluid, which cannot
reflect the dynamic diffusion process of pore pressure during in-
jection and is quite different from the actual formation injection
process. Whether there is a difference in the hydromechanical
behaviors of rocks under triaxial compression and extension stress
states during injection remains to be addressed.

HM coupling is fundamental knowledge underlying the physical
process of water reinjection into the formation, which can be
described by various numerical simulation methods (Rutqvist et al.,
2016; Rathnaweera et al., 2020). Different from hydraulic fracturing
or other technologies to reconstruct reservoirs, water reinjection is
not designed to increase production and does not pay attention to
either hydraulically induced rock failure or fracture development

Triaxial extension stress state

(b)

Fig. 1. Field-scale tectonic stress state versus laboratory-scale conventional triaxial stress state: (a) Normal faulting stress state versus triaxial compression stress state; and (b)

Reverse faulting stress state versus triaxial extension stress state.
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for improving permeability. Therefore, it is reasonable and feasible
to use the finite element method (FEM) to simulate this process,
which has advantages in solving continuous medium problems. In
this study, simulations with FEM were used to investigate the HM
behavior and the shear failure potential for rock under different
stress states during injection in terms of the coupling mechanisms.
The general governing equations of the HM coupling model were
first derived. Then, according to experimental data obtained from
the literature, HM coupled models corresponding to different stress
states were established, including the hydrostatic stress state,
triaxial compression stress state and triaxial extension stress state.
The validity of the numerical model was verified by hydrostatic test
results from Nicolas et al. (2020). Finally, the numerical results
under different stress states were presented and discussed.

2. General governing equations

The FEM is used to analyze the coupled HM process of rock
during fluid injection using the multiphysics coupling simulator
COMSOL Multiphysics®. Here, the governing equations for the
coupling mechanisms of poroelastic media are presented.

2.1. Coupled poroelastic flow model

In the COMSOL Multiphysics® platform, the fluid mass conser-
vation of the linear elastic material can be expressed as (Li et al.,
2009):

Oey

% <¢Pf> +V- (Pfu) = Qm — appror (1

where ¢ is the effective porosity of the rock; ps is the fluid density
(kg/m3); ag is the Biot's coefficient; e, is the injection-induced
volumetric strain; Qp, is the source term of mass (kg/(m?> s)); and
u is the Darcy’s velocity of the fluid (m/s), which is derived from
Darcy’s law (Lapwood, 1948; Whitaker, 1986):

u=—£ (v pre) )

where k is the rock permeability (m?), 7 is the coefficient of dy-
namic viscosity of the fluid (Pa s), and Py, is the pore pressure (Pa).

The momentum conservation equation can be depicted as (Li
et al.,, 2009):

0*V,
V0'/+Fv = pSTZS (3)

where F, is the body force vector (N); ps is the rock density (kg/m?);
Vs is the velocity of the solid (m/s); and ¢’ is the effective stress (Pa),
which is related to the total stress o, pore pressure Pp, and Biot's
coefficient ag, i.e. Terzaghi’s effective stress law (Hu and Rutqvist,
2020) (with compression positive):

o' =0—agPp (4)

In the experiment, the strain can be measured directly, while the
stress needs to be transformed by strain. The relationship between
stress and strain can be expressed as (Rice and Cleary, 1976):

_Av_ A7 (5)

&
M vo Ks

where vg is the initial volume (m?); Av is the volume increment
(with tension positive) (m3); @ is the effective mean stress (Pa),
which can be calculated as @ = (07 + 03 +03)/3 — agPp (with

compression positive); and Ks is the drained bulk modulus (Pa),
which can be calculated as (Delle Piane and Sarout, 2016; Wang
et al., 2020c):

E;

&:3afy)

(6)
where E; is the Young’s modulus (Pa) and » is the Poisson’s ratio.

2.2. Porosity and permeability models

Currently, there are various models of porosity and perme-
ability. In this context, a porosity model related to effective stress is
used (Rutqvist and Tsang, 2002; Rinaldi et al., 2015):

¢ = (¢o— dr)e 107 L g, 7)

where ¢y is the initial porosity, and ¢, is the residual porosity.
The permeability dependent on porosity is expressed as
(Rutqvist and Tsang, 2002; Rinaldi et al., 2015):

k = k0e22-2(¢/¢o—1) (8)

where kg is the initial permeability (m?).

3. Modeling hydromechanical behaviors of rocks under
different stress states

3.1. Model description

Partial data from pore pressure pulse experiments of micro-
cracked andesite under hydrostatic stresses according to Nicolas
et al. (2020) were used to build a series of two-dimensional (2D)
finite element axisymmetric models. In this experiment, a low-
permeability andesite of 100 mm in length and 50 mm in diam-
eter was subjected to a pressure pulse to investigate the pore
pressure distribution during injection recorded by fiber optic sen-
sors. The sample was first saturated (initial pore pressure of
approximately 0.2 MPa) and maintained under the hydrostatic
confining pressure (40 MPa), and a pressure pulse maintained at
20 MPa was then injected from the sample top to the downstream
dead volume composed of the tubing and the pump (see Fig. 10 in
Nicolas et al. (2020)).

Based on this experimental process, the simulation protocol
presented herein involves the following two phases (Fig. 2a):

(1) Phase 1: Pre-injection phase. The core is saturated with
deionized water and first subjected to a hydrostatic pressure
of 40 MPa under drained conditions. Then, the loads are
elevated to reach the target differential stress. The internal
fluid pressure is uniformly distributed and kept constant at
0.2 MPa, but the stress state is varied.

(2) Phase 2: Injection phase. Under different stress states,
deionized water is evenly injected downward from the top of
the core at a controlled pressure of 20 MPa. During injection,
water can flow from the bottom of the core into the down-
stream dead volume. To ensure that the hydraulic connection
between the two ends of the rock is fully established, the
injection pressure is first set to 0.2 MPa and is then increased
to 20 MPa at 2.667 min after water injection. The pressure
was maintained until the end of injection at 60 min.

The initial and boundary conditions of the model are consistent
with the experiment, as shown in Fig. 2b. The axial rotating faces of
the model are no-flow boundaries, and the upstream and
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Fig. 2. Schematic representation of the numerical simulation scheme: (a) The protocol devised for conducting injection simulations (modified from Velcin et al. (2020)); and (b)

Geometry of numerical model with initial and boundary conditions.

downstream boundary conditions satisfy following equations
(Nicolas et al., 2020):

Py(z = I.t > ty) = 20 MPa

[y 9Pgown +E % -0
A\ ), m\oz),

where ty is the start time of injection (min); z = O represents the
bottom (downstream), and z = [ represents the top (upstream);
Pgown is the downstream pressure (MPa); A is the injection area
(m?); and Sq is the storage capacity of downstream dead volumes
(Pa~1), which can be calculated as Sq = V4/K; (Pimienta et al., 2016).
The parameters used in the simulation are shown in Table 1.

Additionally, similar to Nicolas et al. (2020), three observation
points (OP-1, OP-2 and OP-3) are placed at 3/4,1/2, and 1/4 of the
height of the core to simulate fiber optic sensors.

(9)

(10)

3.2. Stress states

According to the classification pattern proposed by Anderson
(1951), the hydrostatic stress state without differential stress and

the triaxial stress state with differential stress are considered. The
in situ stress, principal stress, and loading pressure corresponding
to the three stress states are shown in Table 2. Note that S, and Sy
are the vertical and horizontal in situ stresses, respectively; while
P.xi and Pop are the axial and confining pressures, respectively.

To ensure no shear failure of the rock during loading, it is
necessary to determine the limit value of differential stress, which
can be obtained by the Coulomb failure criterion (Al-Ajmi and
Zimmerman, 2005; Shen et al., 2020):
1| = C+ud (11)
where |7] is the shear strength (Pa); C is the internal cohesion (Pa);
and u, is the internal friction coefficient, which can be written as
us = tane (12)
where ¢ is the internal friction angle (°).

Assuming that the minimum principal stress g3 is known, the
maximum principal stress ¢; can be derived when the rock is in a
critical stress state. As shown in Fig. 3, when the Mohr circle is tangent
to the failure envelope, the right-angle side of the shadow triangle is

Table 1
Parameters used in the model.
Material Parameter Symbol Value Unit Source
Porous medium Average density Ps 2210 kg/m> Tang et al. (2019)
Average Poisson’s ratio v 0.25
Internal cohesion C 14.29 MPa Sofranko et al. (2020)
Internal friction angle @ 50.8 °
Internal friction coefficient s 1.2261
Residual porosity o 13 %
Initial porosity® bo 1.5 % Nicolas et al. (2020)
Initial permeability” ko 10718 m?
Average bulk modulus K 9.5 GPa
Fluid Density or 1000 kg/m>
Dynamic viscosity n 1.002 mPa s
Bulk modulus K¢ 2.2 GPa
Other Downstream dead volume Va 50 mL
Gravitational acceleration g 9.8 m/s?
Injection start time to 2.667 min

@ The initial porosity ¢o and permeability ko were measured under a hydrostatic pressure of 40 MPa, corresponding to a differential stress of 0 MPa.
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(71 — 03)/2, and the hypotenuse of the triangle is C/tang +
(01 + 03)/2.Then, (61 — 03)/2 = [C/tang + (01 + 03)/2]sing canbe
derived by the trigonometry. Combined with Eq. (12), the maximum
principal stress g1 under the critical stress state can be expressed as

2C + (\/1 + u2 +,u5>03
g1 =
1 \/1+ﬂ§_#s

In our simulation, the g3 value is always fixed at 40 MPa;
according to Eq. (13), o1 under the critical stress state is
approximately 395.73 MPa, and the maximum differential stress
o4iff = 01 — 03 is 355.73 MPa. Based on this, six different differ-
ential stresses are set, i.e. 0 MPa, 71 MPa, 142 MPa, 213 MPa,
284 MPa, and 355 MPa, where 0 MPa corresponds to the hy-
drostatic stress state, and the others correspond to different
triaxial stress states.

(13)

3.3. Basic assumption

To reduce unnecessary numerical calculations, the following
basic assumptions were made before modeling:

(1) Note that in the experiment conducted by Nicolas et al.
(2020), the sample remained within the elastic domain un-
der the differential stress of 356 MPa (greater than the
maximum differential stress set in the simulation); therefore,
the rock is assumed to be a homogeneous, isotropic, and
elastic porous medium in modeling.

(2) The experiment was carried out under quasi-static condi-
tions, and the pressure pulse was constant, thus Qn, in Eq. (1)
and Vs in Eq. (3) were both equal to 0 in numerical modeling
(Fan et al., 2019; Ma et al., 2020).

(3) Since the sample was always saturated throughout the
experiment, the interaction between two-phase fluid (i.e.
water and air) could be ignored in the simulation.

(4) The experiment was conducted at constant temperature,
thus the effect of temperature change was not taken into
account.

Table 2
Different stress states and corresponding loading modes.

T

C/tan g

(o +63)/2

Fig. 3. Schematic diagram of the critical stress state based on the Mohr-Coulomb
criterion.

3.4. Hydromechanical coupling process in simulation

The response of rock under different stress states during the
whole process of HM coupling is illustrated in Fig. 4. Before the
pulse (Phase 1), different stress loading paths will produce different
effective stresses, resulting in differences in volumetric strain and
permeability. These parameters are used as the initial values for the
next phase. The fluid is then injected. In this phase, due to the
different initial permeabilities of rocks under different stress states,
the diffusion and migration of pore pressure will also be different.
The different distributions of pore pressure can further lead to
differences in effective stress, which in turn have an impact on
volumetric strain and permeability. Then, the pore pressure dis-
tribution will change again. In this way, the entire coupling process
can be completed, and the cycle repeats.

4. Results

This section mainly reports the key results obtained during the
two important phases of the simulation, especially the results

Stress state In situ stress

Principal stress Loading pressure Schematic diagram

Hydrostatic stress state Sv=35n
Triaxial stress state Compression Sv>Sh
Extension Sv < Sh

15\=03=Pmi

Paxi = Pcon

<
Sy =03= Py,

01> 02 =03 Paxi > Pcon

01=02>03 Paxi < Pcon
S,=06,=0,=P,

con
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corresponding to different triaxial stress states in the injection
process. Note that the compressive stresses and expansive strains
are defined as positive.

4.1. Verification of the coupled numerical model

The validity of the HM coupled model is verified by comparing
the simulation results and the experimental results under a 40 MPa
hydrostatic stress state.

Fig. 5 compares the numerical results with experimental results
at different locations of the rock during the pulse. Note that in the
experiment, fiber 2 might not be reliable; therefore, the data
measured by this fiber could not be considered (i.e. the red solid
line with a hollow square in Fig. 5¢). In addition, the orange dashed
lines in Fig. 5 represent the simulation results of Nicolas et al.
(2020) wusing the one-dimensional (1D) diffusion equation,
without considering the permeability sensitivity to effective pres-
sure. The comparison results indicate that compared with the 1D
diffusion model, the HM coupled model considering the poroelastic
effect agrees better with the experimental results. However,
neither the 1D diffusion model nor the HM coupled model can
predict the sudden increase in pore pressure at the fiber positions
well. This may be due to the low compressibility of water causing an
instantaneous compressive stress on the rock before it penetrates
into the sample. This stress can be captured by the sensitive optical
fiber but cannot be quantified by numerical simulation. Despite
this, the coupled numerical model can also be considered reliable
for the analysis of the HM response of rock during fluid injection.

4.2. Before the pore pressure pulse

In this phase, a steady-state calculation was adopted to obtain
HM parameters under different triaxial stress states as initial values
of the next phase. Due to drained boundary conditions during
loading, the initial pore pressure of all calculation cases remained
unchanged at Py. The initial values are listed in Table 3. Note that
the volumetric strain e,y here is caused by external stress
compression and is independent of the pore pressure pulse.

Phase 1: Pre-injection phase

Loty (i

Pore pressure
diffusion

4.3. During the pore pressure pulse

4.3.1. Pore pressure distribution

In triaxial stress states, the distribution of pore pressures at
three observation points (i.e. OP-1, OP-2 and OP-3) as a function of
time during pulse is shown in Figs. 6 and 7. When a pressure pulse
was applied to the top of the core at approximately 2.667 min after
water injection, the local pore pressures along the core changed
sequentially. They first increased rapidly, then gradually slowed
down and tended to smooth and steady.

The distribution of local pore pressure is related to location. In
the combined data in Fig. 6a—c, it can be seen that under the triaxial
compression stress state, the local pore pressures of the three
observation points were not the same. The relationship was OP-
1 > OP-2 > OP-3, indicating that the pressure was greater nearer to
the upstream, which was consistent with the triaxial compression
experimental results of Nicolas et al. (2020). Similarly, the local
pore pressure under the triaxial extension stress state showed the
same law (Fig. 7a—c).

Additionally, the change in differential stress has a significant
impact on the distribution of local pore pressure. Take the pressure
of OP-1, OP-2 and OP-3 at 50—60 min as an example. As the dif-
ferential stress loading increased from 71 MPa to 355 MPa, the pore
pressure of the three observation points continued to decrease, and
the gradient of pressure also decreased with increasing differential
stress.

To quantify the effect of differential stress on local pore pressure,
the pore pressure increment AP, is defined as

APp = Pigo — Pro (14)

where Py and Pygp represent the pore pressures P, at the beginning
and end of injection, respectively. Table 4 lists the pore pressure
increment AP, of OP-1, OP-2 and OP-3 under distinct differential
stresses. Compared with the pore pressure under the differential
stress of 71 MPa, when the differential stress reached 355 MPa, the
pore pressures of OP-1, OP-2 and OP-3 under the triaxial
compression stress decreased by 1.001%, 1.857% and 2.431%,
respectively, while the pore pressures under triaxial extension
stress decreased by 0.409%, 0.753% and 0.997%, respectively.

Porosity
Permeability
L]

I
=
Permeability :

I

I

I

|

Fig. 4. Schematic diagram of the whole hydromechanical coupling process of the numerical model. The red rectangles represent mechanical properties, and the blue rectangles

represent hydraulic properties.
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Fig. 5. Comparison of the results of experiments (Nicolas et al., 2020) with numerical simulation along the sample for a pore pressure pulse sent under a hydrostatic pressure of
40 MPa: (a) Upstream pore pressure (z = I); (b) Pore pressure at OP-1 (z = 31/4); (c) Pore pressure at OP-2 (z = 1/2); (d) Pore pressure at OP-3 (z = I/4); and (e) Downstream pore
pressure (z = 0). The red solid lines represent the experimental results, the orange dashed lines represent the numerical results of the 1D diffusion model presented by Nicolas et al.

(2020), and the blue dotted lines represent the numerical results of the HM coupled model. Note that the red solid line with a hollow square in Fig. 5c¢ represents the unreliable
experimental measurement data of fiber 2.
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Initial hydromechanical parameters before injection.

Differential
stress, aqir (MPa)

Triaxial compression

Triaxial extension

Effective mean stress, Volumetric strain, Permeability, Effective mean stress, Volumetric strain, Permeability,
1o (MPa) evo (%) kio (WD) 1o (MPa) evo (%) kig (WD)

71 63.467 —-0.668 0.7332 87.134 —-0.931 0.6728

142 87.134 -0.914 0.6728 134.467 —1.441 0.65

213 110.8 -1.16 0.6553 181.8 -1.951 0.648

284 134.467 —-1.405 0.65 229.134 —2.46 0.6478

355 158.134 —1.651 0.6484 276.467 —2.969 0.6477

2 Negative values here mean that the volumetric strains e, are the compressive strains.

b 1uD = 107 m?

Obviously, the closer the observation point to the upstream, the
greater the influence of differential stress on pore pressure;
moreover, under the triaxial compression stress state, the effect of
differential stress on pore pressure is greater than that of the
triaxial extension stress state.

4.3.2. Volumetric strain increment

Note that the concern is only the core deformation caused by
injection; thus, the initial values of volumetric strains under
different stress states need to be unified, i.e. the volumetric strain
eyo caused by external stress before pulse should be deducted. For
this reason, the volumetric strain due to the increase in pore
pressure during the pulse is defined as &y. In the experiment, the
volumetric strain ey is usually denoted as ey = eax + 2¢;5q (Delle
Piane and Sarout, 2016; Ni et al.,, 2018; Nicolas et al., 2020)
(where e3¢ and e,q are the axial and radial strains, respectively).

As shown in Figs. 8 and 9, during pulses, the changes in volu-
metric strain ey kept pace with the evolution trend of pore pressure.
Obviously, e, increased with injection, and the value of OP-1 was
the largest, while that of OP-3 was the smallest. With all the
volumetric strain values of the final state (i.e. the increase in
volumetric strain during injection) listed in Table 5, &, under
different stresses showed a decreasing trend with increasing o ;-
Similar to the distribution law of pore pressure, the differential
stress has a greater impact on the increase in volumetric strain
under the triaxial compression stress state. For observation points
OP-1, OP-2 and OP-3, under the triaxial compression stress state,
the volumetric strains corresponding to the differential stress of
355 MPa increased by 1.011%, 1.842% and 2.432%, respectively,
compared to that of the differential stress of 71 MPa, while the
increments under the triaxial extension stress state were 0.436%,
0.748% and 1.037%, respectively.

4.3.3. Permeability evolution

Let us consider the permeability evolution with differential
stress. Fig. 10a and b reports the evolution of permeability k and
differential stress o4y under triaxial compression and extension
stress states during injection, respectively. The injection of fluid led
to an increase in permeability. However, when the differential
stress was increased from 71 MPa to 355 MPa, the permeability of
both the compression and extension stress states gradually
decreased, and the gradient of permeability also decreased. The
evolution law of permeability with differential stress under triaxial
compression matches the conclusions of Heiland and Raab (2001)
and Wang and Park (2002). Especially for the triaxial extension
stress state, permeability hardly changed when the differential
stress reached 213 MPa. Furthermore, the local permeability values
were not the same when the pulse stopped, which was similar to
the law of pore pressure distribution, manifested as OP-1 > OP-
2 > OP-3.

Similarly, to understand the evolution law of permeability
variation with differential stress, the permeability variation during
injection is defined as

Ak = ktGO — ktO (15)
where ki and kg represent the permeability k at the beginning
and end of injection, respectively. The permeability increments Ak
under different stresses are listed in Table 6. It can be found that the
increase in differential stress will lead to decreases in Ak under
both compression and extension stress states, but not by the same
amount.

Next, the differences in the HM characteristics induced by in-
jection under the two triaxial stress states will be discussed in
detail.

5. Discussion

5.1. Differences in the hydromechanical response caused by stress
states

5.1.1. Difference in pore pressure

According to the results shown in Section 4.3.1, the pore pres-
sure variation trends under triaxial compression and extension
stresses during injection are almost the same, but the pore pressure
under compressive stress is greater than that under extension, i.e.
Pcom > Pext-

At the end of the pulse, the distribution of the pore pressure
difference dPp along the pulse direction under different stresses is
shown in Fig. 11.
5Pp = APcom — APext (]6)
where APcom and APex represent the pore pressure increments AP,
under triaxial compression and extension stress states, respectively.
NOtethataPp=APcom_ APext = (Pcom — Po) — (Pext — Po) = Pcom — Pext.
Along the direction of pressure diffusion, 3P, progressively increased,
reaching its maximum value at the downstream end (z = 0 mm).
Furthermore, as the differential stress increased, 6P, decreased. The
maximum values of 3P, were 0.315 MPa, 0.184 MPa, 0.066 MPa,
0.023 MPa and 0.008 MPa, corresponding to differential stresses of
agiff = 71 MPa, 142 MPa, 213 MPa, 284 MPa and 355 MPa. In other
words, with the increase in differential stress, the influence of the
stress state on the propagation of pore pressure decreased.

5.1.2. Difference in volumetric strain

As mentioned in Section 4.3.2, different stress states also
affected volumetric strain during injection. The volumetric strain
difference corresponding to triaxial compression and extension is
(17)

6&’v = €com — €ext
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Fig. 6. Evolution of pore pressure under the triaxial compression stress state during
injection: (a) Pore pressure at OP-1; (b) Pore pressure at OP-2; and (c) Pore pressure at
OP-3. Different colored lines represent different values of differential stress.

where ecom and eext are the volumetric strains under triaxial
compression and extension stress states, respectively. Fig. 12 shows
the volumetric strain differences d¢y of the three observation points
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Fig. 7. Evolution of pore pressure under the triaxial extension stress state during in-
jection: (a) Pore pressure at OP-1; (b) Pore pressure at OP-2; and (c) Pore pressure at
OP-3.

under different differential stresses (1 pe = 10~6). The volumetric
strain difference dey decreased with increasing differential stress.
Moreover, dey at point OP-3 was significantly greater than those at
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Table 4
Pore pressure increment under different stresses during injection.

Differential stress, o4;r(MPa) Pore pressure increment, AP, (MPa)

Triaxial extension

OoP-1 OP-2 OP-3 OP-1 OP-2 OP-3

Triaxial compression

71 19.693 19.603 19.542 19.573 19.379 19.251
142 19.573 19.38 19.251 19.502 19.249 19.081
213 19.519 19.282 19.124 19.494 19.236 19.063
284 19.502 19.249 19.081 19.493 19.233 19.059
355 19.496 19.239 19.067 19.493 19.233 19.059

the other two points. These characteristics of volumetric strain
under different stresses were similar to the variation trend of pore
pressure.

5.1.3. Difference in permeability

Table 6 shows that when the differential stress was constant,
fluid injection increased the permeability k of the core, and when
the differential stress changed, the permeability increment Ak also
changed. Analogously, the difference between the permeability
variation caused by different stress states can be calculated as

Ok = Akcom — Akext (18)
where Akcom and Akex: represent the permeability variations Ak
under triaxial compression and extension stress states,
respectively.

The local permeability increments of three observation points
with differential stress under different stress states are presented in
Fig. 13 (1 nD = 1073 puD). The evolution law of the permeability
increment Ak was mainly manifested in two aspects: (1) for a fixed
a4iff, the permeability k under compression stress increased more
than that under extension (3k > 0), and Ak decreased sequentially
along the direction of pore pressure diffusion, i.e. Ak of OP-1 was
greater than that of OP-2, and Ak of OP-2 was greater than that of
OP-3; (2) with the increase in o4jsr, Ak values of OP-1, OP-2 and OP-3
in both stress states decreased; however, Ak dropped faster in the
triaxial compression state, and 3k also decreased (see the length
and number of the red dashed arrow in Fig. 13). Interestingly, this
variation rule is also consistent with the evolution of 4P,

5.2. Reasons for the difference in hydromechanical response

5.2.1. Pore pressure vs. effective stress

To simplify the analysis, the global concept is now adopted, i.e.
the mean values of the local HM parameters of the three observa-
tion points (OP-1, OP-2 and OP-3) are approximated as that of the
whole core.

First, the relationship between pore pressure and effective stress
under different stress states was investigated. According to the
previous analysis of the volumetric strains under different stress
states, the evolution of effective mean stress during injection can be
obtained by combining Egs. (4) and (5). Table 7 lists the effective
mean stress & corresponding to differential stresses in the
compression and extension stress states at the beginning and end
of injection.

The differences between the two stress states are compared.
Here, the effective mean stress variation caused by injection is
defined as

ATy = [o10 — Ty (19)

where @, and Tg, represent the effective mean stresses ¢ at the
beginning and end of injection, respectively. Table 7 shows that the
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Fig. 8. Evolution of volumetric strain under a triaxial compression stress state during

injection: (a) Pore pressure at OP-1; (b) Pore pressure at OP-2; and (c) Pore pressure at
OoP-3.

@ value was reduced during the pulse. Therefore, Ag; represents
the reduction of @ (with compression positive).

Fig. 14 illustrates the reduction in effective mean stress with
differential stress under different stress states. First, regardless of the
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Table 5
0.20 4 Volumetric strain values under different stresses at the end of injection.
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Fig. 9. Evolution of volumetric strain under the triaxial extension stress state during
injection: (a) Pore pressure at OP-1; (b) Pore pressure at OP-2; and (c) Pore pressure at
OP-3.

triaxial compression or extension stress state, the effective mean
stress reduction Ag; decreased with increasing differential stress and
decreased more in the triaxial compression stress state. For example,
compared with Ag; corresponding to a differential stress of

stress is reduced, and the reduction is more significant under triaxial
compression than extension. Then, from Table 7, it can be concluded
that under the same differential stress, the effective mean stresses
Ty and Ty, in the triaxial compression stress state were smaller, but
the stress reduction Ag; was greater than that of extension. More-
over, the difference in Ag; between the two states decreased as the
differential stress increased. These differences were 0.212 MPa,
0.124 MPa, 0.045 MPa, 0.015 MPa and 0.005 MPa, corresponding to
differential stresses of o4i = 71 MPa, 142 MPa, 213 MPa, 284 MPa
and 355 MPa. It is shown that during fluid injection, the influence of
the stress state on the effective stress decreases with increasing
differential stress. In other words, under high differential stress, the
effects of triaxial compression and extension stress states on the
effective stress and pore pressure distribution are almost the same.

5.2.2. Effective stress vs. permeability
For the relationship between permeability and effective stress,
substituting Eq. (7) into Eq. (8) yields

k:koexp{22.2{{¢r+(¢o—¢r)exp [5 x 10*8(—(—;’)] }/¢0—1 }}
(20)

Obviously, permeability k is negatively related to effective mean
stress @ (with positive compression). With the propagation of the
pore pressure pulse, the effective stress in the core continued to
decrease, and the permeability gradually increased. In addition, due
to the pressure difference between the upstream and downstream,
the local permeability increment near the upstream is larger.

5.2.3. Permeability vs. pore pressure

To understand the difference in pore pressure distribution
caused by permeability, the 1D version of the diffusion equation
(Rice and Cleary, 1976; Yang et al., 2015; Nicolas et al., 2020) is used
to roughly describe the process of pore fluid migration:
OPp(z,t)  8?Pp(z,t)

oc D 0z2 @1

where D is the hydraulic diffusivity coefficient (m?/s), also known
as the flood wave attenuation factor (Palu and Julien, 2020). D is
related to permeability k, uniaxial storage coefficient Sg and fluid
intrinsic viscosity 7 and can be calculated as (Hummel and Shapiro,
2013; Pimienta et al., 2016):

k

D—=_"
nSs

(22)

The uniaxial storage coefficient S is a complex physical quantity
(Pa~1), which is a function of Biot's coefficient, porosity and various
bulk moduli (Hummel and Shapiro, 2013). Cheng (1997) defined it
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as the volume of fluid released from a unit volume of porous me-
dium frame per unit drop of pore pressure under the conditions of
uniaxial strain and constant “overburden” stress. Hummel and
Shapiro (2013) argued that under stress, permeability k has a
stronger influence on D than that of the uniaxial storage coefficient
Ss; therefore, Sg can be assumed to be constant. In addition, the
fluid’s dynamic viscosity 7 is also constant in this paper; therefore,
D can be considered proportional to k.

Next, let us check the initial and boundary conditions of the

Pp(z,t) =

where the downstream pressure Pgown Satisfies Eq. (10).

Py
P down
Pyp
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(z>0,t =0)
(z=0,t>0)
(z=1t>0)

(23)

The solution of pore pressure can be obtained by separating
variables (see Appendix A for the derivation process):

upstream and downstream:

+ 2
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Fig. 10. Evolution of permeability under triaxial stress states during injection: (a) Triaxial compression stress state; and (b) Triaxial extension stress state. Different types of lines
represent different observation points, and different colored lines represent different differential stresses.



Table 6

Permeability values under different stresses during injection.

OP-3

OP-2

OP-1

agifr (MPa)

Triaxial extension

Triaxial compression

kio (uD)
0.7332
0.6728
0.6553
0.65

Triaxial extension

kio (uD)
0.6723
0.65

Triaxial compression

kio (uD)
0.7332
0.6728
0.6553
0.65

Triaxial extension

ko (D)
0.6723
0.65

Triaxial compression

kio (uD)
0.7332
0.6728
0.6553
0.65

Ak (uD)
0.0426
0.0037
0.0003

kiso (1D)

0.7154
0.6537
0.6483
0.6478
0.6477

kto (D)
0.6723
0.65

Ak (uD)
0.1671
0.0426
0.0123
0.0037
0.0011

kiso (1D)

0.9003
0.7154
0.6676
0.6537
0.6496

Ak (uD)
0.0431
0.0038
0.0003

kiso (1D)
0.7159
0.6538
0.6483
0.6478
0.6477

Ak (uD)
0.168
0.0431
0.0125
0.0038
0.0011

kiso (1D)
0.9012
0.7159
0.6678
0.6538
0.6496

Ak (uD)
0.0438
0.0038
0.0004

kiso (1D)

0.7166
0.6539
0.6483
0.6478
0.6477

Ak (uD)
0.1693
0.0438
0.0127
0.0038
0.0012

kiso (1D)
0.9025
0.7166
0.668

142
213
284
355

0.648
0.6478
0.6477

0.648
0.6478
0.6477

0.648
0.6478
0.6477
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32 x107°
3x10°°

33 x 10°°

34 x107°

0.6539
0.6496

0.6484

3.1 x10°°

0.6484

3.1 x10°®

0.6484

Note that Pyp > Pdown > Po; thus, for certain z and t, Py, is positively
correlated with D, i.e. Pp and k are also positively correlated. There-
fore, the difference in permeability under the two triaxial stress
states is the reason for the different pore pressure distributions.

5.3. Shear failure potential under different stress states

Although the experiment of Nicolas et al. (2020) and our
simulation were both carried out in the elastic domain and did not
involve rock failure or fracture slip, the trend and potential of rock
shear failure under different stress states during the injection can
still be discussed by the analytical method. To generalize the re-
sults, it is assumed that there is an inclined fracture in the core with
an angle 6 (0° < # < 90°) to the horizontal plane, as shown in some
experiments (Jia et al., 2019, 2020; Ji et al., 2020; Ji and Wu, 2020).

According to the three-dimensional stress theory, the effective
normal stress (o},) and shear stress (t) on the inclined fracture can
be determined as (Jaeger et al., 2009):

/ /102 ! 12 ! 12
0, = 09N + 055 + 03135 (25)

2 2 2
T= \/(0’1 —07) n%n% + (09 — 03) n%n% + (03 — 01) n%n% (26)

where nq, n, and ns are the normal vector components along the
principal stresses a1, o, and o3, respectively, and n? + n + n3 = 1.

The Coulomb failure stress (CFS) based on the Mohr-Coulomb
theory is commonly used to determine whether the rock has
shear failure and can be defined as (He et al., 2020):

CFS=1—|1| = 17— (usop, +C) (27)

When CFS is greater than 0, rock shear failure occurs.

In the triaxial compression stress state, ¢;>0,03, 1; = cos 6,
andn2+n% = 1—n? = sin? 6. Substitute them into Egs. (25) and
(26) to obtain

/ ! 102 / 2 / / / 2
On—com = 0111 + 03 (1 —“1> = 05+ (07 —o5)ny

= 0% + agjrcos 2 0 (28)

Tcom = \/(‘7] - 0'3)2’1%”% + (03 — 0'1)2n%n%

= \/(01 —03)%n2(1 —n2) = o sin 0 cos 4 (29)

Similarly, in the triaxial extension stress state, the effective normal
stress and shear stress can be expressed as (¢1=0,>03, n3 = cos
andn?+n3 =1-n} =sin?0):

Ohoext = 01 (1-13) +04nd = 0} — (o) — o)
= 0'% + adiffsin 29 (30)
- — g)2n2n2 — g2n2n2
Text = \/ (01 — 03)°n5n3 + (03 — 01) 5Ny
= \/(01 —03)*n2(1 — n2) = o sin 0 cos (31)

By substituting Eqs. (28)—(31) into Eq. (27), CFS under two stress
states can be obtained (see Appendix B for the derivation process):

1 .
CFScom = 3 [\/1 +pZsin(20 — @) — ug |ogir — ps05 —C  (32)
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1 .
CFSext = ) {\/ 1+ p2sin(20 + ¢) — s ] gifr — Ms03 — C (33)
and the difference of CFS under two stress states is
ACFS = CFScom — CFSext = —0gifry/ 1 + u2sing cos(20) (34)

Fig. 15 presents the variation of CFS with failure inclination 4
under two different stress states at the end of injection. For the
triaxial compression stress state, CFS gradually approaches 0 with
increasing 6, which means that the failure potential of the fracture
surface increases. In addition, the greater the differential stress is,
the greater the amplitude of the CFS changes with §. When 4 is
between 67.5° and 78.75°, shear failure occurs under differential

stresses of 284 MPa and 355 MPa. When 26 — ¢ is closer to 90°, the
risk of failure is greater. However, the variation of CFS with 6 under
the triaxial extension stress state is just opposite to the triaxial
compression stress state, and the CFS values of both are almost
symmetric at approximately § = 45° (where ACFS = 0). For the
triaxial extension stress state, as f decreases, CFS approaches 0.
Similarly, the amplitude of the CFS change increases with
increasing differential stress. When @ is 11.25°—22.5°, shear failure
occurs under differential stresses of 284 MPa and 355 MPa. The risk
of failure increases as 26 + ¢ approaches 90°.

Combining Eq. (34), it can be concluded that when § < 45°, the
fracture surface under triaxial compression stress will not undergo
shear failure, and the greater the differential stress is, the smaller
the potential for failure is. In contrast, when # > 45°, the fracture
surface under the triaxial extension stress state will be more stable
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than that under triaxial compression stress, and the failure po-
tential is lower.

5.4. Significance and enlightenment for engineering practices

It was shown feasible to use numerical simulations to under-
stand the HM behavior of permeable porous materials. In this study,
the HM responses of rocks under different stress states were
investigated, and the shear failure potential of fracture surfaces
with different inclination angles was also analyzed. Even though
our simulation is performed at the core scale, it can provide help
and enlightenment for site-scale engineering practices, especially
those furthering the understanding of the mechanism of injection-
induced seismicity, which are discussed below.

Extending the concept, the two stress states represent
different tectonic stress fields. The triaxial compression stress
state corresponds to the normal faulting stress field, and the
triaxial extension stress state corresponds to the reverse faulting
stress field (Fig. 1). The fracture inclination represents the fault
occurrence.

For the formation in the normal faulting stress field, when the
dip angle of the pre-existing fault exceeds 45°, the fault is a
favorably oriented fault. In this case, a fault in a critical stress state
has a greater potential to be reactivated by fluid injection, even at a
low level of differential stress. However, when the dip angle is less
than 45°, the fault has high stability and is not easily affected by
overpressurized fluid. The greater the structural difference stress is,
the more stable the fault is. Conversely, a reverse fault with a dip
below 45° is a favorably oriented fault. This is consistent with the
features of injection-induced seismicity in the southern Sichuan
Basin investigated by Lei et al. (2020).

Therefore, blindness must be avoided in industrial activities.
Before the injection operation, it is necessary to conduct a detailed
investigation of the geological conditions of the target area, espe-
cially the size and occurrence of the main faults and the tectonic
stress field in which they are located. The injection scheme must be
designed reasonably according to different geological conditions.
The depth, pressure, rate and volume of fluid injection need to be
strictly controlled to ensure the safety and efficiency of engineering
practice.

6. Conclusions

In this study, the HM response induced by different stress states
during injection and the associated mechanism were quantitatively
investigated by numerical simulation methods. The simulation
protocol designed for this purpose involved two key phases, i.e.
putting initial stress before fluid injection and injecting fluid under
different stress states. Based on a comparative analysis of rock pore
pressure, effective stress, volumetric strain, permeability and the
shear failure potential of fracture surfaces with arbitrary inclination
in the case of different stress state settings, the main conclusions of
this work can be drawn as following:

(1) The injection of fluid can produce a HM response in rocks.
The distribution of the pore pressure in the hydrostatic stress
state and the triaxial stress state is uneven, and the local pore
pressure increases as it becomes closer to the pressure up-
stream, which is closely related to the change in stress-
induced HM permeability in the coupling process.

(2) The variation in differential stress will affect the HM prop-
erties of rocks. Although the HM behavior under the two
triaxial stress states is affected by the differential stress to
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Table 7
Effective mean stress values under different stresses during injection.

Differential stress, o4 Triaxial compression

Triaxial extension

(MPa) Start injection, ay, Stop injection, 7yg Reduction, A} Start injection, aj Stop injection, dyg Reduction, Agy
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

71 63.467 43.854 19.613 87.134 67.733 19.401

142 87.134 67.733 19.401 134.467 115.19 19.277

213 110.8 91.492 19.309 181.8 162.536 19.264

284 134.467 115.19 19.277 229.134 209.872 19.262

355 158.134 138.866 19.267 276.467 257.205 19.262

—=— Triaxial compression stress state
- #- - Triaxial extension stress state

0.212 MPa

19.6 H

19.5 4

0.124 MPa
19.4 4

0.045 MPa
0.015 MPa : 0.005 MPa

Effective mean stress reduction Ag/ (MPa)

19.3 i

T T T T T T T T T
71.0 1065 142.0 177.5 213.0 2485 284.0 319.5 355.0

Differential stress oy (MPa)

Fig. 14. Variation in effective mean stress reductions with differential stress under
triaxial compression and extension stress states. The red dashed arrows represent the
differences in effective mean stress reduction under triaxial compression and exten-
sion stress states.
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Fig. 15. Variation in the Coulomb failure stress (CFS) with failure inclination ¢ under
triaxial compression and extension stress states at the end of injection. The solid lines
represent the triaxial compression stress state (com), and the dashed lines represent
the triaxial extension stress state (ext). Different colors represent different values of
differential stress.

different degrees, whether under triaxial compression or
extension, the pore pressure, volumetric strain and perme-
ability of the rocks decrease with increasing differential
stress, and the gradients also decrease. This implies that the

effect of differential stress on the HM changes is not
unlimited.

(3) The difference in stress state also affects the HM behaviors of
rocks, even under the same differential stress. For a fixed
differential stress, the HM parameters under triaxial
compressive stress are generally greater than those under
extensive stress. However, the difference between the two
also decreases with increasing differential stress, indicating
that the increase in the differential stress will weaken the
impact of the stress state on the HM response.

(4) The favorable failure inclination of the fracture surface is not
the same under different stress states. In the triaxial
compression stress state, the fracture surface is relatively
stable when 6 < 45° and is prone to failure when § > 45°.
When 20 — ¢ = 90°, it is most likely to fail. However, the
triaxial extension stress state is the opposite, and the
maximum failure potential appears when 26 + ¢ = 90°. The
failure potentials of the two stress states are the same at
0 = 45°.

In future work, the influence of rock heterogeneity and anisot-
ropy on HM behaviors under different stress states requires more
in-depth sensitivity analysis. They may cause uneven pore pressure,
which is critical in injection-induced seismicity issues.
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List of symbols

>~

bo
ér
P
ap
€vo
Ev
€ax
€rad
ko
ko
kiso
Ak
Akcom

Akext

ok

Pcom

Pext
APCOm

APext
dPp
€com

Eext

Length of the core (mm)

Diameter of the core (mm)

Injection area (i.e. the bottom area of the rock) (m?)
Injection start time (min)

Initial porosity of the rock

Effective porosity of the rock

Residual porosity of the rock

Fluid density (kg/m>)

Biot’s coefficient

Volume strain caused by external stress compression
before injection

Injection-induced volumetric strain

Axial strain

Radial strain

Source term of mass (kg/(m> s))

Darcy'’s velocity of the fluid (m/s)

Initial permeability (m?)

Rock permeability (m?)

Permeability k at the beginning of injection (m?)
Permeability k at the end of injection (m?)
Permeability increment during injection (m?)
Permeability increment under the triaxial compression
stress state (m?)

Permeability increment under the triaxial extension
stress state (m?)

Permeability difference between triaxial compression
and extension (m?)

Coefficient of dynamic viscosity of the fluid (Pa s)
Initial pore pressure (Pa)

Pore pressure (Pa)

Upstream pressure (Pa)

Downstream pressure (Pa)

Pore pressures P, at the beginning of injection (Pa)
Pore pressures P, at the end of injection (Pa)

Pore pressure increments during injection (Pa)

Pore pressure under the triaxial compression stress state
(Pa)

Pore pressure under the triaxial extension stress state (Pa)
Pore pressure increments under the triaxial compression
stress state (Pa)

Pore pressure increments under the triaxial extension
stress state (Pa)

Pore pressure difference between triaxial compression
and extension (Pa)

Volumetric strain under the triaxial compression stress
state

Volumetric strains under the triaxial extension stress
state

Volumetric strain difference between triaxial
compression and extension

Body force vector (N)

Rock density (kg/m?)

Velocity of the solid (m/s)

Maximum principal stress (Pa)

Intermediate principal stress (Pa)

Minimum principal stress (Pa)

Effective stress (Pa)

Effective mean stress (Pa)

Effective mean stress at the beginning of injection (Pa)
Effective mean stress at the end of injection (Pa)
Effective mean stress reduction during injection (Pa)
Effective mean stress under the triaxial compression
stress state (Pa)

[ Effective mean stress under the triaxial extension stress
state (Pa)

0 diff Differential stress (Pa)

on Effective normal stress (Pa)

T Shear stress (Pa)

7| Shear strength (Pa)

C Internal cohesion (Pa)

U Internal friction coefficient

1) Internal friction angle (°)

Sv Vertical in situ stress (Pa)

Sumax  Maximum horizontal in situ stress (Pa)

Shmin Minimum horizontal in situ stress (Pa)

Vo Initial volume of the rock (m?)

Va Downstream dead volume (mL)

Av Volume increment (with tension positive) (m?)

Ks Drained bulk modulus (Pa)

Es Young’s modulus (Pa)

v Poisson’s ratio

D Hydraulic diffusivity coefficient (m?/s)

Sd Uniaxial storage coefficient (Pa™!)

Ss Storage capacity of downstream dead volumes (Pa~!)

g Gravitational acceleration (m/s®)

CFS Coulomb failure stress (Pa)

ACFS Coulomb failure stress difference between the two stress
states (Pa)
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