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Abstract: Fluid injection is widely used to enhance permeability in rock formations by creating or dilating transport pathways for resources
such as oil, gas, heat, or CO2. The dynamic propagation of damage induced by fluid injection is governed by fluid flow, dynamic poroelastic
deformation, mixed tensile and shear failure, and damage-induced antipermeability degradation. However, the transition from elastoplastic
deformation to mixed-mode failure, as well as the induced dynamics, remains ambiguous. This study combines the dynamic Biot’s poroe-
lasticity and coupled Drucker–Prager plasticity, Grady–Kipp damage, and antipermeability degradation to simulate dynamic hydraulic frac-
turing. An explicit predictor–corrector scheme was employed to solve the dynamics of saturated porous media and identify the key factors
controlling dynamic damage propagation. The proposed model was tested on soil column consolidation and rock hydraulic fracturing driven
by a pre-existing crack, demonstrating good agreement between the numerical and experimental results. Simulation results indicate that dam-
age zones facilitate preferential flow during fluid injection due to damage-induced degradation. The most extensive damage zone is observed
under strong damage–permeability coupling. Shear plasticity, tensile damage, and induced seismicity are dominated by fracturing dynamics
induced by fluid injection. Oscillations in the temporal–spatial evolution of damaged and plastic points, cumulated potency, and moment
magnitude confirm the fracturing dynamics. Shorter injection times result in stronger dynamics and more significant damage propagation.
The period of oscillations in cumulated potency increases with injection time while their amplitude gradually decreases due to energy release.
These findings highlight injection-induced fracturing dynamics, offering novel insights into the dynamic propagation of damage coupled with
matrix antipermeability degradation. DOI: 10.1061/IJGNAI.GMENG-10274. © 2025 American Society of Civil Engineers.

Practical Applications: The insights gained from this study on dynamic hydraulic fracturing have significant practical implications for
industries utilizing fluid injection to enhance permeability in rock formations. By understanding the factors controlling dynamic damage
propagation, engineers can optimize fluid injection strategies to maximize permeability enhancement while minimizing unintended damage.
The findings regarding the influence of injection time on fracturing dynamics can inform the design of injection protocols to control the extent
and impact of induced seismicity. Moreover, the study’s validation of the proposed model against experimental and numerical results pro-
vides a reliable tool for predicting damage zones and preferential flow paths, which can be used in planning and managing fluid injection
operations. This research contributes to safer and more efficient extraction of subsurface resources and the effective sequestration of CO2,
ultimately aiding in the advancement of sustainable energy practices and environmental protection.

Author keywords: Fluid injection; Coupled plasticity–damage; Antipermeability degradation; Mixed-mode failure; Fracturing dynamics.

Introduction

Hydraulic fracturing is commonly used to enhance the production
of natural gas and oil from shales (Chen et al. 2021;
Rahimi-Aghdam et al. 2019), extract geothermal energy from hot
dry rock (HDR) reservoirs (AbuAisha et al. 2016; Guo et al.
2023; Kruszewski et al. 2021), and sequestrate captured carbon

dioxide (CO2) into underground geological formations such as
deep saline aquifers (Cheng et al. 2022; Raziperchikolaee et al.
2013). This technique injects high-pressure fluid into a wellbore,
which may dilate existing fractures or faults around the wellbore
or create new fractures in subsurface rocks, with the goal of en-
hancing permeability in the target rock formation. Despite the
widespread use of hydraulic fracturing in various applications, it
is crucial to gain a deeper understanding of the underlying dynam-
ics involved in this process for optimizing fracture design and en-
hancing the efficiency of hydraulic fracturing operations. In
dynamic hydraulic fracturing simulations, the stepwise crack tip
advancement and pressure oscillations were confirmed (Cao et al.
2018; Peruzzo et al. 2019; Pizzocolo et al. 2013). The fracturing
dynamics essentially affect crack initiation and propagation and
fracture complexity. To gain insight into these effects, it is neces-
sary to conduct detailed simulations of dynamic hydraulic fractur-
ing induced by fluid injection.

Many studies have sought to simulate hydraulic fracturing in
rock formations. Tang et al. (2002) developed a coupled flow–
stress–damage (FSD) model for heterogeneous rocks to investigate
the hydromechanical coupling process. Shalev and Lyakhovsky
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(2013) studied the processes controlling damage zone propagation
induced by fluid injection using a coupled damage rheology and
Biot’s poroelasticity model. However, the inertia term in the bal-
ance equation of the rock matrix in these studies was neglected. Re-
cently, Parchei-Esfahani and Gracie (2019) filled this gap by
implementing a fully coupled hydroelastodynamic extended FEM
(XFEM) model. Also, Parchei-Esfahani et al. (2020) performed
the dynamic simulation of hydraulic fractures induced by fracturing
from a wellbore using pressure pulsing. In addition to the internal
physical processes mentioned previously, the evaluation of perme-
ability enhancement and dynamic stress drop in rock formations ne-
cessitates the consideration of external conditions, such as loading
conditions and the initial stress state. Cao et al. (2018) studied the
dynamic behavior of fracturing in saturated porous media under
different loading conditions, such as fluid injection velocity.
Parchei-Esfahani and Gracie (2019) showed that the hydraulically
induced fracture trajectories are significantly affected by the direc-
tion of pre-existing fracture and the intensity of in situ stress anisot-
ropy. Lyakhovsky and Shalev (2021) considered the pre-existing
faults while simulating injection-induced seismicity. Keilegavlen
et al. (2021) improved seismic interpretations for understanding
injection-induced fault reactivation using a hydromechanical and
faulted geothermal reservoir simulation model. Due to the com-
plexity involved, there are only limited studies that consider all as-
pects of the simulation, including the coupled multiphysical
processes and the critical external conditions (Lepillier et al.
2020; Li et al. 2023b; Wang et al. 2009; Zhao and Young 2011).
The mechanisms involved in hydraulic fracturing are intricate,
probably encompassing fluid injection and flow, dynamic poroelas-
tic deformation, mixed-mode failure composed of plastic shear and
tensile damage (resulting in stress drop and seismicity), and
damage-induced antipermeability degradation. Incorporating
these processes, particularly the mixed tensile-shear fracture con-
sidering dynamic effects, is essential to accurately simulate the
complete process caused by fluid injection in rocks.

Numerous researchers have pursued the coupled plasticity–
damage model to capture shear plasticity and tensile damage
using continuum-based methods such as the FEM, smoothed parti-
cle hydrodynamics (SPH), and material point method (MPM).
Chen (1999) first developed a microcrack-based continuum dam-
age model by coupling Drucker–Prager plasticity and Grady–
Kipp damage in the FEM framework to study the nonlocal effects
on dynamic damage accumulation in brittle solids. The Grady–
Kipp damage model was modified by Das and Cleary (2010),
where only the tensile components of stress are reduced due to ten-
sile damage, and the Drucker–Prager plasticity model for shear fail-
ure was then coupled within the SPH framework by Pramanik and
Deb (2015). Douillet-Grellier et al. (2016) demonstrated the accu-
racy of the resulting coupled plasticity–damage model by simulat-
ing the initiation and propagation of Mode I, Mode II, and
mixed-mode failure under uniaxial compression. After this, the
coupled Drucker–Prager and modified Grady–Kipp model was in-
corporated into the MPM framework to simulate the failure of ag-
gregate materials (Raymond et al. 2019) and then the shearing of
polycrystalline materials (Raymond et al. 2021). Additionally,
some studies have attempted to simulate the hydraulic fracturing
process using the continuum-based plasticity–damage model
(Chen and Shen 2021; Pan et al. 2016). Therefore, the fluid–solid
coupling is modeled by the interfacial interaction between fluid-
free surface and solid fracture, which leads to limited application
in large-scale engineering due to the extremely high computational
cost. The combination of dynamic Biot’s poroelasticity and cou-
pled plasticity–damage–permeability should be a reasonable choice
for the simulations of hydraulic fracturing induced by fluid

injection; however, to the best of our knowledge, there is no evi-
dence that such a multiprocess coupling system has been performed
to investigate hydraulic fracturing dynamics in the existing
literature.

In this study, we aim to explore the mechanical mechanisms that
control the dynamic propagation of damage induced by fluid injec-
tion in rock formulations. To achieve this, we employed the mod-
eling and the simulations of coupled multiprocesses that occur
during the injection. Specifically, we combined dynamic Biot’s po-
roelasticity and coupled plasticity–damage–permeability to model
the hydromechanical coupling. We validated the proposed model
through testing in scenarios involving soil column consolidation
and rock hydraulic fracturing driven by a pre-existing crack. Fur-
thermore, we examined the factors influencing fluid transport, dam-
age evolution, and induced seismicity propagation, such as the
damage–permeability coupling coefficient, the anisotropic in situ
stress field, and the loading rate of fluid injection pressure.

Model Formulation

In this section, we first utilize a set of two-phase Biot’s equations to
model the initiation and propagation of fluid injection-induced
damage over time as an evolutionary outcome of the interaction
between fluid flow and porous rock matrix deformation (Chan
et al. 2022; Lewis and Schrefler 1998; Navas et al. 2022;
Parchei-Esfahani et al. 2020). In the modeling, the plasticity–dam-
age constitutive model used for capturing the mixed tensile-shear
fracture behavior of the solid phase is coupled to the matrix perme-
ability that may significantly influence the fluid flow in saturated
porous media (Douillet-Grellier et al. 2016; Picandet et al. 2001).
We then numerically solve the coupled system of nonlinear govern-
ing equations using the standard central difference explicit New-
mark time integration scheme (Navas et al. 2022). We finally
describe the model configurations employed for studying the dy-
namic propagation of damage induced by fluid injection.

Conservation of Mass and Linear Momentum

Here, we follow the formulation in Lewis and Schrefler (1998) for
multiphysics and multiphase flow in a nonisothermal unsaturated
porous medium. The porous rock matrix deforms due to the cou-
pling interaction between the fluid, solid, and thermal fields. The
macroscopic mass conservation for fluid and solid phases is then
given as follows:

α− n

Ks
S2w +

nSw
Kw

( )
∂pw
∂t

+
α− n

Ks
SwSg

( )
∂pg
∂t

− βsw
∂T
∂t

+αSw∇ · vs

+
α− n

Ks
Swpw −

α− n

Ks
Swpg + n

( )
∂Sw
∂t

+
1

ρw
∇ · (nSwρwvws)=−

ṁe

ρw
(1)

where fluid (usually water) and gas saturations satisfy Sw+ Sg= 1
because the pore volume in the porous medium is fully occupied
by water and gas; pw, pg, and T= pore-water pressure, gas pressure,
and temperature, respectively; α= 1−KT/Ks=Biot’s coefficient,
which is approximately equal to one in hydromechanical applica-
tions as the solid grains are much more rigid than the fluid–solid
mixture; KT, Ks, and Kw= skeleton, solid, and fluid bulk moduli,
respectively; n= porosity; βmt= Sw[(α− n)βs+ nβw]= thermal
expansion coefficient of the mixture as a combination of the solid
βs and the fluid βw; ṁe =mass rate of water lost through evaporation
per unit volume; and vs and vws= solid velocity and water relative

© ASCE 04025019-2 Int. J. Geomech.

 Int. J. Geomech., 2025, 25(4): 04025019 

 D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

So
ut

he
rn

 U
ni

ve
rs

ity
 o

f 
Sc

ie
nc

e 
an

d 
T

ec
hn

ol
og

y 
on

 0
1/

16
/2

5.
 C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.

 



velocity with respect to the solid, respectively; water, solid, and
mixture densities satisfy ρ= nSwρw+ (1− n)ρs.

Within this study, the following assumptions are made: (1) the
fluid–solid mixture is assumed to be fully water saturated; conse-
quently, Sg= 0, Sw= 1, ∂Sw/∂t= 0, and ∂pg/∂t= 0; (2) the two-phase
media is assumed to be isothermal, which results in ∂T/∂t= 0; (3)
the spatial variation of the fluid density is neglected, which leads
to ∇ρw= 0; and (4) the pore-water phase change including evapo-
ration and condensation is not be considered, i.e., ṁe = 0. Under the
aforementioned assumptions, the mass conservation equation [Eq.
(1)] can be simplified as follows:

1 − n

Ks
+

n

Kw

( )
∂pw
∂t

+ ∇ · vs + ∇ · (nvws) = 0 (2)

Let u and U, respectively, denote the displacement of the solid
skeleton and the absolute displacement of the fluid such that the rel-
ative displacement of the fluid with respect to the solid in the
mixture is formulated as w= nSw(U− u)=uws. Let Q= (1− n)/
Ks + n/Kw denote the volumetric compressibility of the porous mix-
ture, then Eq. (2) can be rewritten as follows (Navas et al. 2022):

ṗw
Q

+ ∇ · u̇ + ∇ · ẇ = 0 (3)

Considering the conservation of linear momentum for the fluid
phase, the generalized Darcy law is derived by Lewis and Schrefler
(1998), and thus, the Darcy velocity is defined as follows:

ẇ = nSwv
ws =

krwk

μw
[−∇pw + ρw(g − ü − ẅ)] (4)

where ü and ẅ= acceleration of the solid skeleton and the relative
acceleration of the fluid phase with respect to the solid phase; g=
gravity acceleration; μw= dynamic viscosity of the water; krw=
water relative permeability coefficient (usually equal one); k= in-
trinsic permeability tensor of the fluid–solid mixture; and k= kI
for the case of isotropic permeability in which the intrinsic perme-
ability k is replaced by the hydraulic conductivity κ by k= μwκ/
(ρwg). Substituting Eq. (4) back into Eq. (3) while the fluid accel-
eration with respect to the solid is disregarded (i.e., ẅ = 0) (Cao
et al. 2018), the mass balance equation for the isothermal fully sat-
urated porous medium is obtained as follows:

ṗw = −Q∇ · u̇ + Q
kI

μw
∇ · (ρwg − ρwü − ∇pw) (5)

In addition, the linear momentum balance equation for the solid
phase can be expressed as follows:

∇ · (σ′ − pwI) − ρü + ρg = 0 (6)

where σ′ = effective stress tensor and is defined as σ′ =σ+ pwI
based on Terzaghi’s effective stress theory, which is negative in
compression other than the pore fluid pressure in this study. To
sum up, Eqs. (5) and (6) represent the final u− pw formulation in-
volving two primary unknowns (i.e., the solid displacement and
pore fluid pressure) for dynamic saturated flow problems in a po-
rous medium.

Coupling between Plasticity–Damage and Permeability

We employed the continuum plasticity-damage model proposed by
Douillet-Grellier et al. (2016) to account for mixed tensile–shear
failure in an FEM framework. In this section, we describe sequen-
tially the constitutive theory and implementation of the classical
Drucker–Prager model for plastic shear failure and the Grady–
Kipp damage model for tensile failure. The implementation

includes elastic prediction, plastic correction, and damage calcula-
tion. This is then followed by a description of the coupling between
plasticity–damage and permeability in the dynamic hydromechan-
ical regime.

First, we consider the case of plane strain deformation for the
porous medium. Hence, the yield surface of the Drucker–Prager
model usually passes through the inner apexes of the Mohr–Cou-
lomb model in the π-plane. Under the trial elastic stress state, it
is formulated as follows:

Φtrial
n+1 = ‖strialn+1 ‖ + 3αFptrialn+1 − βcn

αF =
������������������������
2tan2ϕ/(9 + 12tan2ϕ)

√
αQ =

������������������������
2tan2ψ/(9 + 12tan2ψ )

√
βC =

�������������������
18/(9 + 12tan2ϕ)

√

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

(7)

where strialn+1 and p
trial
n+1 = trial deviatoric and volumetric stresses at the

time step n+ 1, respectively; αF, αQ, and βC= constitutive param-
eters; cn= cohesion or tensile strength related to the plastic state;
and ϕ and ψ= internal friction and dilatancy angles, respectively.
The resulting trial yield function Φtrial

n+1 determines the real stress
state at the current time step n+ 1. When Φtrial

n+1 > 0, the material
is under plastic deformation and plastic correction is required.
Since the yield surface of the Drucker–Prager model is nonsmooth
as a circular cone and usually divided into the smooth and apex por-
tions, consequently resulting in the corresponding two return map-
ping algorithms, it behooves us to decide in advance which
algorithm to employ according to the trial stress before the plastic
return procedure. The critical value of the volumetric stress
ptrial(limit)
n+1 provided by Navas et al. (2022) precisely works, which

is given as follows:

ptrial(limit)
n+1 =

3αQK

2G
‖strialn+1 ‖ +

βC
3αF

‖strialn+1‖
2G

Hn

���������
1 + 3α2Q

√
+ cn

( )
cn = c0(1 − �εpn/ε0)

1/N ε

, Hn =
∂cn
∂�εp

=
c0

N εε0
(1 − �εpn/ε0)

(1/N ε−1)

⎧⎪⎪⎨
⎪⎪⎩

(8)

where K and G= bulk and shear moduli of the material, respec-
tively; c0= initial tensile strength that reduces based on the afore-
defined exponential softening law (Camacho and Ortiz 1997)
when plastic deformation measured by the equivalent plastic strain
�εpn begins; ε0= reference plastic strain; Hn= generalized hardening
modulus similarly related to the plastic state; and Nε= softening ex-
ponent that is taken as one in this study. When ptrialn+1 ≤ ptrial(limit)

n+1 , the
return to the smooth portion algorithm is performed to fulfill the
consistency requirement (i.e., Φsmooth

n+1 = 0). The same goes for
the case of returning to the apex. The nonlinear yield functions
for the two cases are given as follows (Sanavia et al. 2006):

Φsmooth
n+1 =‖strialn+1‖−2GΔγn+1+3αF (ptrialn+1 −3αQKΔγn+1)−βCcn+1

Φapex
n+1 =

βC
3αF

cn+Hn

�����������������������������������
(Δγ(1)n+1)

2
+3α2Q(Δγ

(1)
n+1+Δγ(2)n+1)

2
√[ ]

−ptrialn+1 +3αQK(Δγ(1)n+1+Δγ(2)n+1)

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

(9)

where Δγn+1= plastic multiplier using the Newton–Raphson
method for the smooth returning; and Δγ(1)n+1 and Δγ(2)n+1 = plastic
multipliers for the apex returning; and Δγ(1)n+1 = ‖strialn+1 ‖/(2G).
Such an iterative solution process successfully brings the current
stress back to the Drucker–Prager yield surface. At the end of the
implicit stress integration procedure, the following plastic
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correction has to be carried out:

�ε p(smooth)n+1 = �ε p(smooth)n + Δγn+1
���������
3α2Q + 1

√
�ε p(apex)n+1 = �ε p(apex)n +

�����������������������������������
(Δγ(1)n+1)

2
+ 3α2Q(Δγ

(1)
n+1 + Δγ(2)n+1)

2
√

⎧⎪⎨
⎪⎩ (10)

We also consider the tensile failure of the solid, in addition to
the plastic shear failure described, as a damage evolution using
the Grady–Kipp model (Douillet-Grellier et al. 2016; Grady and
Kipp 1980; Raymond et al. 2019, 2021). After the previous elasto-
plastic calculation, we next evaluate whether the solid at the up-
dated stress state is under tensile damage using the following
strain-based model formulated as follows:

Φdamage = �εtensileeff − εdamage
0

�εtensileeff = σ̃tensilemax /(K + 4G/3)

εdamage
0 = (Vgpkwb)

−1/mwb

⎧⎪⎨
⎪⎩ (11)

where �εtensileeff and εdamage
0 = effective tensile strain and its initial

value, respectively; σ̃tensilemax =maximum principal stress under ten-
sion; Vgp= volume of the material point (e.g., Gauss point in
FEM); andmwb and kwb=Weibull’s parameters controlling the fail-
ure or damage activation. WhenΦdamage > 0, the tensile damage be-
gins in the solid; at this point, damage calculation and tensile
correction are required, which is performed by

σ̃tensilei(n+1) = (1 − D)σ̃tensilei(n)

dD1/3

dt
=
1

3
cgα

1/3
wb (�ε

tensile
eff )1/3

αwb =
8πkwb(mwb + 3)2

(mwb + 1)(mwb + 2)

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

(12)

where σ̃tensilei = principal stress under tension satisfying
σ̃tensilei ∈ [σ1, σ2, σ3] and σ̃tensilei ≥ 0; cg= crack growth speed dur-
ing dynamic failure and is usually regarded as 0.4 times the
speed of sound in the solid; and D= damage parameter between
zero and one. When D= 1, tensile failure occurs, resulting in a
zero tensile stress state (i.e., σ̃tensilei(n+1) = 0). In the tensile correction
procedure, we first correct the tensile component of the principal
stress tensor using D and then rotate the updated principal stress
tensor back to the original coordinate frame to form the final
total stress considering the strain damage.

A physical fact is revealed by experimental results from previ-
ous works (Picandet et al. 2001; Souley et al. 2001; Suzuki et al.
1998) that permeability in the fluid–solid porous medium has a
strong connection with material tensile damage. In this study, we
adopted the approach proposed by Shalev and Lyakhovsky
(2013) for modeling the degradation of matrix antipermeability
caused by damage in hydraulic fracturing simulations. We assumed
that this degradation depends exponentially on the tensile damage
described in this study, which is consistent with the formulation
presented in previous studies (Lyakhovsky and Shalev 2021;
Picandet et al. 2001; Shalev and Lyakhovsky 2013) and formulated
as follows:

k(D) = k0 exp (bD) (13)

where k0= porous medium’s initial permeability; and b= damage–
permeability coupling coefficient. As a result of such coupling, it is
possible to simulate dynamic damage propagation induced by
fluid injection in the fluid–solid porous medium. This corresponds
to the case where a wellbore is pressurized at a high level
through fluid injection up to the initiation of tensile damage in the
solid, subsequently resulting in a significant reduction of current per-
meability, concomitantly where the fluid flows rapidly through the

damage zone. The high pore pressure therein promotes the further
propagation of damage or failure zone. Such hydromechanical cou-
pling mechanisms are investigated using the proposed model in the
latter section.

Time-Spatial Discretization and Numerical Solution

The system of nonlinear partial differential equations governing the
two-phase fluid–solid coupling in the porous medium was spatially
discretized using FEM and solved by the predictor–corrector time
integration scheme algorithm based on the Newmark central differ-
ence explicit scheme. This scheme has advantages in computational
stability and convenience (Liu 1994). The explicit solution proce-
dure was divided into two primary steps: we first calculated the
nodal displacements, pore pressures, and velocities at the time
step n+ χ according to the already obtained quantities [i.e., un,
u̇n, ün, pw(n), and ṗw(n)] at time step n, referred to as the predictor
step; we then updated them to reach time step n+ 1 with the
nodal accelerations ün+1 and pore pressure rates ṗw(n+1) to
be solved, referred to as the corrector step. The predictor–
corrector solution for dynamic flow problems is thus formulated
as follows:

u̇n+1 = u̇n + (1 − γN )ünΔt︸����������︷︷����������︸
Predictor u̇n+χ

+ γN ün+1Δt︸����︷︷����︸
Corrector

un+1 = un + u̇nΔt + (0.5 − βN )ünΔt2︸�����������������︷︷�����������������︸
Predictor un+χ

+ βN ün+1Δt2︸�����︷︷�����︸
Corrector

pw(n+1) = pw(n) + (1 − θN ) ṗw(n)Δt︸�������������︷︷�������������︸
Predictor pw(n+χ)

+ θN ṗw(n+1)Δt︸������︷︷������︸
Corrector

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

(14)

where γN, βN, and θN=Newmark parameters (γN= θN= 0.5 and
βN = 0 in this study); and Δt= time step determined by the Cou-
rant–Friedrichs–Lewy condition to be satisfied, i.e.,

Δt ≤ hmin

vc
, vc =

����������������������
K +

4

3
G +

Kw

n0

( )
1

ρ0

√
(15)

where n0 and ρ0= initial porosity and density of the mixture,
respectively; vc= P-wave velocity; and hmin=minimum mesh
size.

The described predictor step was first performed, and then the
resulting incremental nodal displacements Δun+χ were used to cal-
culate nodal positions xn+χ and incremental deformation gradients
at ΔFn+χ Gauss points. The implementation of what follows is to
update the deformation gradients Fn+χ , Jacobians Jn+χ and volumes
Vgp(n+χ) of Gauss points, and the porosity nn+χ and density ρn+χ of
the mixture, which is based on the following equations:

xn+χ = xn + Δun+χ , ΔFn+χ = I +
∑nnd
nd=1

Δund(n+χ) ⊗∇Nnd

Fn+χ = ΔFn+χFn, Jn+χ = detFn+χ , Vgp(n+χ) = Jn+χV0

nn+χ = 1 −
1 − n0
Jn+χ

, ρn+χ = nn+χρw + (1 − nn+χ)ρs

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

(16)

where nnd= number of nodes (e.g., all the nodes in a finite element
in this study) related to the Gauss point; and ∇N = gradient of the
shape function. Based on the elastic logarithmic strain εen from the
previously converged configuration and the deformation gradient
increment ΔFn+χ , the calculation of the trial elastic logarithmic
strain εe trialn+χ follows

ben = exp (2εen), be trialn+χ = ΔFn+χb
e
n(ΔFn)

T , εe trialn+χ =
1

2
log be trialn+χ

(17)
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where be trialn+χ = trial elastic left Cauchy–Green strain matrix. Subse-
quently, the trial elastic strain was used as the input of constitutive cal-
culation, which permits us to employ the standard small strain
Drucker–Prager algorithm [evolving Eqs. (7)–(10)] in the updated La-
grangian large strain FEM. Then, we performed the tensile damage

using Eqs. (11) and (12), and update the damage-related matrix perme-
ability kn+χ using Eq. (13). Also, we calculated the internal forces
(Rs

n+χ , R
pw
n+χ , andRw

n+χ), the external forces [f s(ext)n+χ and fw(ext)n+χ ], and
the lumped mass and damping matrices (Ms

n+χ , M
w
n+χ andC

w
n+χ) for

the solid and fluid, respectively, which are formulated as follows:

Rs
n+χ =

∑ngp
gp=1

Vgp(n+χ)σ′
n+χ∇N, Rpw

n+χ =
∑ngp
gp=1

Vgp(n+χ)pw(n+χ)∇N,Rw
n+χ =

∑ngp
gp=1

QVgp(n+χ)
kn+χ
μw

pw(n+χ)∇N

Ms
n+χ =

∑ngp
gp=1

Vgp(n+χ)ρn+χN, Cw
n+χ =

∑ngp
gp=1

QVgp(n+χ)BmN, Mw
n+χ =

∑ngp
gp=1

QVgp(n+χ)
kn+χ
μw

ρwBmN

f s(ext)n+χ =Ms
n+χg−

�
∂Ωτ

σ′ext
n+1nNdΓ, fw(ext)n+χ =Mw

n+χg+
�
∂Ωpw

pInjectionw(n+1) nNdΓ

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

(18)

where ngp= number of Gauss points; σ′n+χ = updated effective
stress; N and B= shape function matrix and the symmetric shape
function gradient operator, respectively; m and n= identity matrix
in Voigt notation and the normal vector on the applied boundary
surface, respectively; and σ′ext

n+1 and pInjectionw(n+1) = external pressure
and the fluid injection pressure, respectively. Based on the quanti-
ties obtained previously, Eqs. (5) and (6) governing the conversa-
tion of mass and linear momentum for the fluid–solid mixture are
reformulated as follows:

Rs
n+χ − R pw

n+χ −Ms
n+χ ün+1 + f s(ext)n+χ = 0

Mw
n+χ ün+1 − Cw

n+χ u̇n+1 + fw(ext)n+χ − Rw
n+χ = ṗw(n+1)

{
(19)

Numerical Implementation

To reach the system of coupled hydromechanical equations, the ex-
plicit solution strategy proposed by Navas et al. (2022) is intro-
duced where the current acceleration ün+1 is first solved by the

first equation in Eq. (19), which is subsequently substituted into
the first two equations in Eq. (14) for updating the velocity u̇n+1
and the displacement un+1; the current pore pressure rate ṗw(n+1)
is then obtained by substituting the updated quantities into the sec-
ond equation in Eq. (19), which is used to update the current pore
pressure pw(n+1) according to the third equation in Eq. (14). The
predictor step is successfully performed in the implementation of
the solution strategy. On the premise of the explicit predictor–cor-
rector solution for two-phase fluid–solid coupling problems, our
primary goal in what follows is to simulate dynamic hydraulic frac-
turing induced by fluid injection utilizing damage-induced antiper-
meability degradation as a fluid flow-driven fracture propagation
mechanism.

Model Validation and Discussion

To demonstrate the effectiveness of the proposed model, two cases
are presented. First, the soil column consolidation problem is

(a) (b) (c)

Fig. 1. (a) Geometry and boundary conditions of the soil column; (b) mesh configuration; and (c) comparison of vertical displacement versus time
curves from this study and Li et al. (2004).
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utilized to assess the capture of Biot’s poroelasticity using the ex-
plicit predictor–corrector solution. Second, the rock hydraulic frac-
turing problem driven by a pre-existing crack is examined to
illustrate the model’s ability to simulate dynamic crack propaga-
tion. Finally, the features of the proposed model are discussed.

Soil Column Consolidation

This section compares the consolidation simulation results obtained
using the proposed model in this study with those obtained using
the method by Li et al. (2004). Fig. 1(a) illustrates the geometry
and boundary conditions of the soil column under plane strain as-
sumption. In this case, the soil column is 10 m high and 1 m wide,
with horizontal constraints on both sides, a vertical constraint at the
bottom, and a free boundary at the top. Fig. 1(b) shows the mesh
configuration, which uses four-node linear elements with mesh re-
finement in the region 1 m below the top surface. This discretiza-
tion, similar to the approach proposed by Sabetamal et al. (2016),
who designed a mesh capable of accurately capturing load-induced
waves, has also been adopted by Navas et al. (2022). The material
parameters for the soil are taken from Li et al. (2004): the Lamé
constants for the solid matrix are λ= 29 MPa and μ= 7 MPa;
the mass densities of the solid and fluid are ρs= 2,700 kg/m3 and
ρw= 1,000 kg/m3; the porosity is n= 0.42; the bulk moduli of the
solid and fluid are Ks= 1.0 × 1034 MPa and Kw= 2.2 × 104 MPa;
and the hydraulic conductivity is κ= 0.1 m/s. The model proposed
in this study is simplified to consider only Neo-Hookean elasticity.
During the simulation, a load is applied to the top surface, increas-
ing linearly to its maximum value (P= 2, 4, and 8 MPa) within
0.05 s, and then held constant until the total simulation time of
0.5 s is reached. The time step used in the simulation is 1.0 ×
10−5 s. Fig. 1(c) shows the vertical displacement at the top surface
of the soil column over time. It can be seen that the final steady-
state values obtained in this study align closely with those reported
by Li et al. (2004) for three different external load conditions. Un-
like the quasi-static implicit solution used by Li et al. (2004),
this study employs an explicit predictor–corrector method.

Consequently, the external load needs to be applied linearly during
the initial stage. Additionally, this study captures the dynamic be-
havior of Biot’s poroelasticity. This leads to differences in vertical
displacement during the nonsteady-state stage between the two
methods.

Rock Hydraulic Fracturing

To validate the proposed model in this study, we tested a rock hy-
draulic fracturing problem driven by a pre-existing crack. Fig. 2(a)
presents the geometry and boundary conditions of the rock domain
based on the experiments by Liu et al. (2018). In this case, the rock
domain measures 0.0707 m× 0.0707 m, featuring a centrally posi-
tioned, horizontally oriented pre-existing crack measuring
0.015 mm in length. The boundaries of the domain are fixed in
the vertical direction. The fluid pressure increases linearly to
30 MPa within 5 × 10−5 s and then remains constant until 1.0 ×
10−4 s. The simulation was conducted with a loading time step of
1.0 × 10−7 s and utilized three different mesh resolutions. Addi-
tional parameters utilized in this simulation are detailed in Table 1.
Upon comparing simulated results with the experimental findings
of Liu et al. (2018), we observed a close correspondence in the ini-
tiation location and propagation direction of cracks during the hy-
draulic fracturing process [Figs. 2(b–d)]. With mesh refinement, the
numerical results progressively align more closely with physical
observations. Additionally, we noted that mesh resolution influ-
ences the extent of crack propagation, with smaller mesh resolu-
tions resulting in larger crack propagation areas. This
phenomenon arises from the larger spatial occupancy of cells in
grids with smaller resolutions. When damage occurs in these
cells, fluid rapidly enters, allowing it to reach areas further from
the pre-existing crack.

Model Discussion

Currently, successful modeling of the nucleation and propagation
of damage zones resulting from fluid injection in hydrocarbon
and geothermal reservoirs has been achieved by coupling various
multiphysical processes (Shalev and Lyakhovsky 2013). These

Table 1. Model parameters and initial conditions of the damage–
permeability coupling problem

Description Value

Young’s modulus, E (GPa) 30
Poisson’s ratio, ν 0.2
Mass density of the solid, ρs (kg/m

3) 2,600
Mass density of the water, ρw (kg/m3) 1,000
Bulk modulus of the solid, Ks (MPa) 1.0 × 1034

Bulk modulus of the water, Kw (MPa) 2.2 × 103

Friction angle, ϕ (°) 38.66
Dilatancy angle, ψ (°) 9.66
Initial cohesion or tensile strength, c0 (MPa) 5.0
Reference plastic strain, ε0 0.002
Initial porosity, n0 0.2
Initial permeability, k0 (m

2) 2.0 × 10−15

Damage–permeability coupling coefficient, b 0/14/16
Initial pore pressure, Pw0 (MPa) 30
Injected fluid overpressure, PInjection

w1 (MPa) 45
Fluid injection duration, t0 (ms) 1.5/2.5/10
Total loading duration, t1 (ms) 25
Maximum horizontal stress, σH (MPa) −40/−60/−70
Minimum horizontal stress, σh (MPa) −40
Vertical stress, σv (MPa) −55

Note: One or more values used in the simulations in this study are given.

(a)

(b)

(c)

(d)

Fig. 2. (a) Geometry and boundary conditions of the rock domain with
a pre-existing crack; and (b–d) simulation results obtained using
coarse, medium, and fine meshes.
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include Biot’s poroelastic deformation, generalized Darcy flow,
damage rheology (Lyakhovsky et al. 1997), and antipermeability
degradation (Picandet et al. 2001; Shalev and Lyakhovsky 2013).
The effectiveness and practicality of this model have been con-
firmed through the simulations of stable and unstable propagation
of the damage zones (Lyakhovsky and Shalev 2021; Shalev and
Lyakhovsky 2013). However, it is important to note that this
study does not primarily focus on damage rheology. Instead, our
research aims to elucidate the transition from elastoplastic deforma-
tion to mixed tensile–shear fracturing. Additionally, we explore the
induced dynamics within the hydraulic fracturing process. Both the
transition and the induced dynamics remain ambiguous.

Recently, some scholars have proposed the combination of the
elastoplastic model with the cohesive zone model (Liao et al.
2024; Wu et al. 2023; Zhang et al. 2024), which represents an ad-
vanced approach for simulating hydraulic fracturing processes
while considering plasticity effects. This method offers advantages
in simulating complex crack propagation in large-scale fields.
However, in this method, the elastoplastic model is only applicable
to solid matrix elements, whereas the cohesive zone model is spe-
cifically designed for cohesive elements. Consequently, in hydrau-
lic fracturing simulations, a competitive mechanism arises between
the elastoplastic deformation of solid elements and the damage and
rupture of cohesive elements. As a result, such methods may not
adequately capture the transition from elastoplastic deformation
to mixed tensile–shear fracturing. Moreover, the time discontinuity
issue arises in the numerical implementation of the cohesive zone
model, which remains challenging (Maeda et al. 2024; Papoulia
et al. 2003).

Based on the previous consideration, this study employed the
coupled Drucker–Prager plasticity and Grady–Kipp damage
model, which can accurately capture the transition from elastoplas-
tic deformation to damage propagation induced by fluid injection.
Validation of the model has been conducted by Douillet-Grellier
et al. (2016), Raymond et al. (2019), and Ai and Gao (2023), en-
compassing uniaxial compression tests, Brazil tests, and tunnel sur-
face spalling tests. Furthermore, the effectiveness of the proposed
model is confirmed through the integration of tests on soil column
consolidation and rock hydraulic fracturing problems. Therefore,
the proposed model in this study can effectively explore the me-
chanical mechanisms controlling the dynamic propagation of dam-
age induced by fluid injection. In the subsequent sections, we
conduct detailed simulations of wellbore hydraulic fracturing, tak-
ing dynamic effects into account.

Simulation Results

Model Configuration of Wellbore Fluid Injection

The numerical models are designed to study the dynamic propaga-
tion of damage owing to fluid flow in a saturated porous media sub-
jected to wellbore fluid injection. For 2D plane strain calculations,
we considered a sandstone reservoir with a physical domain of di-
mensions [0, 20 m] × [0, 20 m] [Fig. 3(a)]. All outer boundaries are
assigned with fixed zero displacements based on the fact that the
deformed region in the simulations of dynamic hydraulic fracturing
is far from the boundaries. Initial pore-water pressure Pw0 and an-
isotropic in situ stress field consisting of maximum horizontal stress
σH, minimum horizontal stress σh, and vertical stress σv are simul-
taneously assigned for the entire domain. A wellbore with a radius
R= 0.12 m is predrilled at the center of the domain to inject exter-
nal fluid. Fluid overpressure PInjection

w1 above Pw0 is imposed along
the resulting inner wellbore boundary. The loading of the simula-
tion is divided into two stages: linearly increasing pressure loading
within t0 and constant pressure loading from t0 to t1 (Fig. 4). Before
simulations, the domain is discretized using an unstructured mesh
of linear quadrilateral elements where three mesh sizes (i.e.,
1.6 m at the outer boundaries, 0.1 m at the near-wellbore circle
with a radius of 10R, and 0.01 m at the wellbore boundary) are em-
ployed [Fig. 3(b)], and the element size varies between them. To
mitigate the potential impact of mesh dependency, particularly in
areas of focused research or concern, the mesh undergoes refine-
ment to ensure physical fidelity. This discretization approach is in-
spired by Parchei-Esfahani et al. (2020). Subsequently, the final
domain is divided into the near-wellbore region discretized by

(a) (b) (c)

Fig. 3. (a) Schematic initial model configuration for plane strain calculations; (b) unstructured mesh for the global domain; and (c) refined mesh for
the local domain near the wellbore. Fluid is injected at the center of the domain into the wellbore with a radius R= 0.12 m.

Fig. 4. Injected pressure–time curve of the wellbore fluid.
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finer mesh [Fig. 3(c)] and the rest far-field region. The main param-
eters used in this study are summarized in Table 1. Additional pa-
rameters related to the Grady–Kipp damage model include
Weibull’s parameter kwb= 5.39 × 1036 and mwb= 9.0. The time
step is set to 2.5 × 10−6 s in all simulation calculations.

Three key factors controlling the damage dynamic propagation
behavior of sandstone reservoirs under fluid injection are consid-
ered, and the resulting simulation scenarios are tested in this
study. The factors are as follows: (1) the damage–permeability cou-
pling coefficient b in Eq. (13) since the damage-induced variation
of matrix permeability increases with the value of b; noteworthily,
the permeability is unaffected by the damage when b= 0; (2) the
anisotropic in situ stress field in the model initial conditions since
the initiation and propagation of the damage in the sandstone res-
ervoir depend on the intensity of in situ stress anisotropy; and (3)
the loading rate of fluid injection pressure at the wellbore shown
in Fig. 4 since the dynamic behavior of saturated porous media is
significantly influenced by the fluid injection rate, which may
come into play in the damage propagation. The analysis of dynamic
coupling during wellbore fluid injection, taking into account the

aforementioned factors, is directed at understanding hydraulic frac-
turing dynamics, which will be elaborated upon in the subsequent
sections.

Damage–Permeability Coupling Behavior

In this section, we investigate the parameter that controls the cou-
pling effects between damage and permeability in the saturated
porous media subjected to fluid injection. Three simulation scenar-
ios are tested by varying the damage–permeability coefficient
b (i.e., b= 0, 14, and 16). From Eq. (13), the coupling intensity be-
tween damage and permeability increases with the value of b.
When b= 0, the permeability is uncoupled with damage and
remains unchanged during hydraulic simulations. In this case, the
remaining processes such as fluid flow and coupled plasticity–dam-
age failure are first confirmed. For the first scenario, we set fluid in-
jection time t0= 1.5 ms and total loading time t1= 2.5 ms, and three
initial permeabilities k0 much greater than those given in Table 1
are chosen, which allows for simulation of more noticeable fluid
flow and its effect on coupled plasticity–damage failure. The

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 5. Comparison of final results for near-wellbore rock formation across three initial intrinsic permeabilities (i.e., k0= 2.0 × 10−10, 2.0 × 10−9, and
1.0 × 10−8 m2). The coupling between damage and permeability is not considered in all simulations. Examination of three responses after the com-
plete loading: (a–c) overpressure Pw1; (d–f) equivalent plastic strain �εpn; and (g–i) damage D. Note that the 1.25 m× 1.25 m area surrounding the well-
bore is extracted as it contains the most notable responses.
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final results for near-wellbore rock formation across the three val-
ues of b are extracted and shown in Fig. 5. The pore-water over-
pressure Pw1 decreases gradually from the inner wellbore
boundary toward the outer domain boundaries, and the Pw1

distribution along the radial direction agrees with the theoretical
calculation, similar to that shown by Lisjak et al. (2017) and Yan
et al. (2021). The increase of k0 significantly accelerates the seep-
age flow in the matrix [Figs. 5(a–c)].

The wellbore boundary is constantly pressurized by the injected
fluid while the fluid flows in the rock matrix. During the loading,
the rock near the wellbore first undergoes dynamic poroelastic de-
formation, then reaches mixed-mode failure including plastic shear
and tensile damage. From Figs. 5(d–f), we observe two sets of con-
jugated zones (i.e., four localized plastic zones) developed near the
wellbore. The plastic zones under shear are strengthened with in-
creasing k0, since the fluid flow promotes the diffusion of pore pres-
sure pw, which then raises the volumetric stress [i.e.,
ptrialn+1 = −(Kεvol(n) + pw(n)), where εvol(n) denotes the volumetric
strain] and further the plastic yield according to Eq. (7). Similarly,
in comparison, the case with k0= 1.0 × 10−8 m2 shows the largest
range of tensile damage [Figs. 5(g–i)]. Note that the results clearly
show no correlation between the permeability and damage since the
damage-induced change (degradation) in antipermeability inevita-
bly results in a preferential path of fluid flow instead of the linear-
ized distribution of pore overpressure. This also aligns with
expectations for the first simulation scenario where b= 0.

Fig. 6 compares the results of the three simulations considering
different damage–permeability coupling intensities (i.e., b= 0, 14,
and 16, representing the uncoupled, weak coupling, and strong cou-
pling scenarios, respectively). The coupling between damage and
permeability is considered in the simulations. For each simulation,
we set a total loading time t1= 25 ms and initial permeability k0=
2.0 × 10−15 m2, and all other parameters used are given in Table 1.
In Figs. 6(a and d) (b= 0), the injected fluid pressure almost does
not diffuse from the wellbore boundary (i.e., no fluid flow), and
no tensile damage appears in the rock formation. This is different
from the first scenario, demonstrating that the tensile damage that

(a) (b) (c)

(d) (e) (f)

Fig. 6. Comparison of final results for near-wellbore rock formation across three damage–permeability coupling coefficients (i.e., b= 0, 14, and 16).
The value of b determines the coupling intensity between damage and permeability. The uncoupled, weak coupling, and strong coupling scenarios are
simulated. Examination of two responses after complete loading: (a–c) overpressure Pw1; and (d–f) damage D.

Fig. 7. Extracted elements within damage zones for the strong dam-
age–permeability coupling scenario (i.e., b= 16). Six elements,
namely, A, B, C, D, E, and F, are distributed along the direction of
damage evolution or fluid flow.
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occurred in the first scenario is totally caused by the matrix seep-
age. However, in the damage–permeability coupling scenarios
[Figs. 6(b, c, e, and f)], the apparent fluid flow paths (three narrow
zones with higher overpressure) are formed near the wellbore and
are almost consistent with that of tensile damage evolution. This
is attributed to the coupling interaction between damage and per-
meability, wherein even slight degrees of tensile damage can result
in significant degradation of rock’s antipermeability [Eq. (13)],
which sequentially facilitates the further propagation of tensile
damage. As a result, the longest damage zone occurs in the strong
damage–permeability coupling scenario. It is worth noting that the
injected fluid cannot always flow into the lower-permeability zone
induced by tensile damage due to the discontinuous damage zones,
as shown in Figs. 6(c and f). Finally, fluid flow paths are generally
divided into the intact rock matrix and the damage zones predom-
inantly controlled by the damage–permeability coupling. The for-
mer allows for seepage, resulting in extremely limited damage
due to the low permeability of actual rock formation; the latter is
responsible for preferential flow during fluid injection, which dom-
inates the drive of damage propagation.

To further investigate the damage–permeability coupling in
Fig. 6, six elements (i.e., A, B, C, D, E, and F) within damage
zones for the strong damage–permeability coupling scenario are
extracted (Fig. 7), and the variations of intrinsic permeabilities at
these elements with loading time are shown in Fig. 8. In the
given scenario, the undamaged (D= 0) rock formation retains its
initial intrinsic permeability (i.e., k= k0= 2.0 × 10−15 m2), while
the fully damaged (D= 1) rock formation experiences a reduction
in intrinsic antipermeability k, with a value of 1.8 × 10−5 m2, as de-
termined by Eq. (13). Elastoplastic deformation smoothly transi-
tions to damage propagation. The damage zone evolves from A
to F with loading time, and so does the antipermeability degrada-
tion. The rate of antipermeability degradation also serves as a re-
flection of the propagation velocity of the damage zone during
wellbore fluid injection. From Figs. 6 and 8, upon damage to the

rock formulation in the vicinity of the wellbore (i.e., A), there is
a rapid degradation in the antipermeability. The farthest element
from the wellbore (i.e., F) experiences an antipermeability attenu-
ation process of approximately 0.36 ms. This result arises from
the decrease in fluid pore pressure as it flows from the wellbore
to Element F. As a result, the diminished capacity to facilitate the
continued propagation of damage leads to a slower degradation
in antipermeability.

Damage Propagation Induced by Fluid Injection

We systematically analyzed the hydromechanical process during
fluid injection for different in situ stress fields that may impact dy-
namic damage propagation. We chose b= 16 in the simulations for
a more noticeable change in damage propagation owing to strong
damage–permeability coupling. The wellbore injection simulations
under three in situ stress fields (i.e., Δσ= σH − σh|= 0, 20, and
30 MPa) were performed. For each simulation, the damage and
plasticity profiles at four loading time points (i.e., t= 1.5, 6.25,
12.5, and 25 ms) were extracted and are shown in Figs. 9 and 10.
All the simulations show distinct variations in the length of damage
zones, which reflect the spatial evolution or propagation of
injection-induced damage over time (hydrofracturing). Meanwhile,
the plastic zones under shear evolve from the wellbore boundary
toward the outer domain boundaries (hydroshearing). The simulta-
neous capture of shear plasticity and tensile damage exhibits the
mixed-mode fracture under fluid injection. The fracture trajectories
controlled by tensile damage (Fig. 9) are almost covered with that
controlled by shear plasticity (Fig. 10). The occurrence of shear
plasticity precedes that of tensile damage in the simulation scenar-
ios where the in situ stress field is anisotropic (Δσ= 20 or 30 MPa).
In the isotropic in situ stress field scenario (Δσ= 0 MPa), however,
damage and plasticity are almost simultaneously initiated at the
wellbore circumference. The difference between the two observa-
tions reveals that the initial stress anisotropy hinders the initiation

Fig. 8. Variations of intrinsic permeabilities k at the six focused elements (i.e., A, B, C, D, E, and F) with loading time t.
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of tensile damage to a certain extent, and the opposite is true for
shear plasticity.

For the simulations under the three in situ stress fields, the dam-
age and plasticity profiles show different evolution features, includ-
ing orientation, magnitude, and trajectory, even at the same
injection time. The orientation of damage evolution rotates clock-
wise from −11° (Δσ= 0 MPa) to −65° (Δσ= 20 MPa). Multiple
fractures occur in the scenario with Δσ= 30 MPa, including −65°
antiwing and −124° secondary fractures. Concerning the evolu-
tion magnitude at the same time, the damage for the scenario

with Δσ= 0 MPa develops the most quickly, which finally forms
the longest damage zones [Fig. 11(a)], whereas the plastic zones
for the scenario with Δσ= 20 MPa are the shortest [Fig. 11(b)].
The spatial evolution of plastic and damaged points over time is
shown in Fig. 11. Note that the plastic and damage states at each
point are instantaneously determined in the simulations. The ob-
served persistent damage at one point reflects the dynamic evolu-
tion of damage (D) from 0 (undamaged) to 1 (fully damaged).
The tensile components of stresses at the damaged points are re-
duced even to zero, which keeps changing the stress states under

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

( j) (k) (l)

Fig. 9. Evolution of fluid injection-induced damage in the rock formation under different in situ stress fields. Three stress differences between the
maximum (σH) and minimum (σh) horizontal stresses are chosen, i.e., Δσ= 0, 20, and 30 MPa. Damage profiles extracted at four loading time points:
(a–c) t= 1.5 ms; (d–f) t= 6.25 ms; (g–i) t= 12.5 ms; and (j–l) t= 25 ms.
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wellbore fluid pressure. At the later loading stage for the scenario
with Δσ= 0 or 20 MPa [Fig. 11(a)], we observed relatively sparse
damaged points, indicating that the continued damage propagation
tends to slow down over time. The scenario with Δσ= 30 MPa is
not the case, for which the damage propagation is expected to pro-
ceed over time.

Fluid injection may induce seismicity due to stress drop occur-
ring with damage and plasticity that sometimes has unexpectedly
large earthquake magnitudes (Ellsworth 2013; Lyakhovsky and
Shalev 2021). Seismic events during fluid injection are supposed
to be recorded and measured to predict seismic hazards (Li et al.
2023a). We employed the determination equation suggested by
Hanks and Kanamori (1979), where the moment magnitude Mw

is proportional to the logarithm of the potency P0 [i.e., Mw=
2 log(μ×P0)/3− 6.0, μ= 30 GPa]. Potency corresponds to the
product of equivalent plastic shear strain and element volume.
Fig. 12 compares the temporal evolution of cumulated potency
and moment magnitude for the three in situ stress fields. By com-
parison, the maximum potency is cumulated in the scenario with
Δσ= 0 MPa because the longest fracture affects the largest zones.
The variation trends at the later stage of loading observed in
Fig. 12(a) confirm the change of damaged points shown in
Fig. 11(a). For the scenario with Δσ= 0 MPa, the moment magni-
tude reaches the maximum (i.e., Mw= 0.044) at t= 25 ms
[Fig. 11(b)]. Note that Mw<−3 corresponds to extremely small
magnitudes, and the event with Mw≥ 1 is referred to as a strong

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

( j) (k) (l)

Fig. 10. Distribution and evolution of plasticity during wellbore fluid injection in the rock formation under different in situ stress fields.
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seismic event (Lyakhovsky and Shalev 2021). The induced event
with maximum moment magnitude in the scenario with Δσ=
0 MPa thus fails to reach strong seismicity.

Role of Fluid Loading Rate in Dynamic Damage
Propagation

In this section, we explore the role of fluid loading rate in damage
propagation induced by fluid injection that significantly influences
dynamic coupling between plasticity–damage and permeability.
We performed three hydraulic simulations by varying the fluid in-
jection time (i.e., t0= 1.5, 2.5, and 10 ms) while maintaining the
total loading time t1= 25 ms. The injected fluid pressure was line-
arly imposed within the times above (t0), resulting in three fluid
loading rates. Fig. 13 compares the simulation results at two load-
ing end-time points for different fluid loading rates. Comparing the
fluid overpressure profiles at the end of wellbore injection (t= t0)
and total loading (t= t1), we see that the distance of damage prop-
agation at the stage of fluid injection [Figs. 13(a–c)] is much
smaller than that at the subsequent loading stage (constant injection
pressure) [Figs. 13(d–f)]. This significant variation suggests that the

dynamics induced after injection furthers the damage evolution
(dynamic hydraulic fracturing) and dominates the damage propaga-
tion course in the entire loading. Its acquisition can be attributed to
the dynamics solution of porous media using the explicit predictor–
corrector scheme for the dynamic hydromechanical coupled prob-
lems in this study. The oscillations observed in the temporal–spatial
evolution curves of damaged and plastic points (Fig. 14), cumu-
lated potency, and moment magnitude (Fig. 15) also confirm the
occurred fracturing dynamics.

For the simulations under three injection rates, the fluid over-
pressure profiles show different distances of fluid flow coupled
with damage in saturated porous media (Fig. 13). At the end of
wellbore fluid injection, the distance of damage zones (almost con-
sistent with that of fluid flow) enhances with increasing t0. How-
ever, the longest distance of damage propagation occurs in the
scenario with the least fluid injection time (i.e., t0= 1.5 ms) at the
end of the same total loading time t1. This significant difference
arises from the stronger dynamics being excited in a shorter well-
bore injection time, leading to greater propagation of damage. On
the other hand, the number and orientations of induced fractures
are not affected by the fluid loading rate, as shown in Fig. 13.

(a) (b)

Fig. 11. Spatial evolution of (a) plastic; and (b) damaged points over time for different in situ stress fields. The y-axis represents the distance from the
wellbore circumference to the point with stress drop resulting from plastic or damage.

(a) (b)

Fig. 12. Temporal evolution of (a) cumulated potency; and (b) moment magnitude for different in situ stress fields. Seismic events induced by fluid
injection are recorded.
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(a) (b) (c)

(d) (e) (f)

Fig. 13. Comparison between simulation results at two loading end-time points for different times of fluid injection (i.e., t0= 1.5, 2.5, and 10 ms).
The total loading times in the simulations are the same (t1= 20 ms). Evolution of fluid overpressure during loading: (a–c) at the end of wellbore
injection (t= t0); and (d–f) at the end of total loading (t= t1).

(a) (b)

Fig. 14. Spatial evolution of (a) damaged; and (b) plastic points over time for different times of fluid injection.

(a) (b)

Fig. 15. Temporal evolution of (a) cumulated potency; and (b) moment magnitude for different times of fluid injection.
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The temporal–spatial evolution results shown in Figs. 14 and 15
provide novel insights toward a better understanding of the nucle-
ation and propagation of damage, plasticity, and seismicity induced
by fluid injection. In the early stage of loading, the increase of fluid
injection rate speeds up the occurrences of plastic and damaged
points and the enhancement of cumulated potency and moment
magnitude. From Fig. 15(a), the amplitude of the oscillations in
the evolution of cumulated potency gradually decreases with
time, which exhibits the release of energy accumulated in a short
fluid injection time. Furthermore, the period of oscillation increases
with the fluid injection time t0. In all simulations [Fig. 15(b)], the
maximum moment magnitude Mw reaches 0.028 (at t= 25 ms in
the scenario with t0= 1.5 ms). The corresponding event during
fluid injection is also out of reach in strong seismicity. All told,
the previous observations suggest that the propagation of damage,
plasticity, and seismicity is controlled by fracturing dynamics in-
duced by fluid injection.

Conclusions

The integration of dynamic Biot’s poroelasticity with coupled
Drucker–Prager plasticity, Grady–Kipp damage, and antiperme-
ability degradation is performed to simulate the effects of dynamic
hydraulic fracturing caused by fluid injection. We smoothly obtain
the dynamics solution of saturated porous media by employing an
explicit predictor–corrector scheme, which can be used to identify
the key factors controlling dynamic damage propagation. The ex-
amination of the proposed model in soil column consolidation
and rock hydraulic fracturing driven by a pre-existing crack demon-
strates good agreement between the numerical simulations and ex-
perimental observations. The intact rock allows for seepage,
leading to extremely limited damage owing to the low permeability
of actual rock formation. The damage zones are responsible for
preferential flow during fluid injection due to damage-induced deg-
radation. During the loading, the plastic zones under shear (hydro-
shearing) and the damage zones under tensile (hydrofracturing)
evolve from the wellbore boundary toward the outer domain
boundaries. In this process, elastoplastic deformation smoothly
transitions to damage propagation. The simultaneous capture of
plasticity and damage exhibits the mixed shear and tensile fractures
under fluid injection. The longest damage zone occurs in the strong
damage–permeability coupling scenario. The initial stress anisot-
ropy hinders the initiation of tensile damage to a certain extent,
and the opposite is true for shear plasticity.

The distance of damage propagation at the end of the fluid injec-
tion stage is much smaller than that at the end of the total loading
stage, owing to the fact that the energy accumulated by wellbore
injection cannot be released quickly. However, the fluid loading
rate does not affect the number and orientations of induced frac-
tures. The injection-induced dynamics further the damage after in-
jection and dominate the damage propagation course in the entire
loading. The fracturing dynamics induced by fluid injection are
confirmed by the oscillations observed in the temporal–spatial evo-
lution curves of damaged and plastic points, cumulated potency,
and moment magnitude. The stronger dynamics are excited in a
shorter injection time, leading to more significant damage propaga-
tion. Two main features of fracturing dynamics are as follows: (1)
the period of oscillations in the evolution of cumulated potency in-
creases with the fluid injection time, and (2) the amplitude of the
oscillations gradually decreases with time due to energy release.
The propagation of shear plasticity, tensile damage, and induced
seismicity is dominated by fracturing dynamics induced by fluid
injection.

While our model effectively simulates dynamic hydraulic frac-
turing induced by fluid injection, acknowledging its limitations is
essential for enhancement. It assumes isotropic material properties,
potentially neglecting the intricate anisotropic characteristics of ac-
tual rock formations. Moreover, it may not fully account for all
complexities of rock–fluid interactions, such as chemical reactions
or heterogeneous rock properties. Investigating the long-term ef-
fects of fluid injection on reservoir behavior remains a critical
area for further exploration.
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Notation

The following symbols are used in this paper:
B = shape function gradient matrix;
b = damage–permeability coupling coefficient;
b = left Cauchy–Green strain;
C = damping matrix;
c = cohesion;
D = damage parameter;
E = Young’s modulus;
F = deformation gradient;

f ext = external force;
G = shear modulus;
g = gravity acceleration;
H = generalized hardening modulus;

hmin = minimum mesh size;
K = bulk modulus;
k = intrinsic permeability;
k = permeability vector;

krw = water relative permeability coefficient;
M = lumped mass matrix;
Mw = moment magnitude.;
m = identity matrix in Voigt notation;
ṁe = mass rate of water lost through evaporation per unit

volume;
mwb, kwb, αwb = Weibull’s parameters;

N = shape function matrix;
Nε = softening exponent;
n = normal vector on applied boundary surface;
n = porosity;

nnd, ngp = number of nodes and Guass points;
P0 = potency;

Pw0 = initial pore-water pressure;
PInjection
w1 = injected fluid overpressure;

Q = volumetric compressibility of mixture;
p = pressure;
R = internal force vector;
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S = saturation;
s = deviatoric stress tensor;
T = temperature;
t = time;
U = displacement of fluid;
u = displacement of solid;

Vgp = volume of Gauss point;
v = velocity;
vc = P-wave velocity;
w = relative displacement of fluid with respect to solid;
x = node position;
α = Biot’s coefficient;

αF, αQ, βC = constitutive parameters;
βs, βw, βmt = thermal expansion coefficients of solid, fluid, and

mixture;
γN, βN, θN = Newmark parameters;

Δγ = plastic multiplier;
ε = strain tensor;
�ε = equivalent strain;
κ = hydraulic conductivity;

λ, μ = Lamé constants;
μw = dynamic viscosity of water;
ν = Poisson’s ratio;
ρ = density;
σ = stress tensor;
σ′ = effective stress tensor;
σ̃ = principal stress;

σH, σh, σv = maximum horizontal, minimum horizontal, and
vertical stresses from in situ stress field;

ϕ = internal friction angle;
Φ = yield function; and
ψ = dilatancy angle.
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