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SUMMARY

In this article, we investigate the main parameters that influence the propagation of a fluid-driven fracture in
a poroelastoplastic continuum. These parameters include the cohesive zone, the stress anisotropy, and the
pore pressure field. The fracture is driven in a permeable porous domain that corresponds to weak formation
by pumping of an incompressible viscous fluid at the fracture inlet under plane strain conditions. Rock
deformation is modeled with the Mohr–Coulomb yield criterion with associative flow rule. Fluid flow in
the fracture is modeled by the lubrication theory. The movement of the pore fluid in the surrounding medium
is assumed to obey the Darcy law and is of the same nature as the fracturing fluid. The cohesive zone
approach is used as the fracture propagation criterion. The problem is modeled numerically with the finite
element method to obtain the solution for the fracture length, the fracture opening, and the propagation
pressure as a function of the time and distance from the pumping inlet. It is demonstrated that the plastic
yielding that is associated with the rock dilation in an elastoplastic saturated porous continuum is
significantly affected by the cohesive zone characteristics, the stress anisotropy, and the pore pressure field.
These influences result in larger fracture profiles and propagation pressures due to the larger plastic zones
that are developing during the fracture propagation. Furthermore, it is also found that the diffusion process
that is a major mechanism in hydraulic fracture operations influences further the obtained results on the
fracture dimensions, plastic yielding, and fluid pressures. These findings may explain partially the
discrepancies in net pressures between field measurements and conventional model predictions. Copyright
© 2012 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The mathematical modeling of hydraulic fracturing, which is a technique widely used in the petroleum
industry to enhance the recovery of hydrocarbons from underground reservoirs, has attracted numerous
research contributions over the years. A large number of studies in petroleum geomechanics have been
devoted to the subject, both in an experimental and a theoretical point of view, with the main emphasis
focused in the understanding of the near-tip effects. Most of the recent efforts have been oriented
towards the development of numerical models to predict the propagation of hydraulic fractures in
complex geological domains. However, significant contributions have also been made to understand
the mathematical physics of the fluid-driven problem using rigorous and complex analysis in elastic
media [1–8].
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In practice, attention is focused on the prediction of wellbore pressure, which is normally measured
during the treatment and is usually the only parameter available to evaluate the operation. Classical
fracturing simulators often underestimate the down-hole pressures. Survey on net pressures
(difference between fracturing fluid pressure and the far-field confining stress) indicated that the net
pressures encountered in the field are 50%–70% higher than the predicted ones [9]. This reason has
triggered a series of dedicated studies that looked into the importance of the plastic behavior in
hydraulic fracturing in weak rocks. All these studies had ignored the porous behavior of the rock
deformations. It is easily understood that the mechanical response of rocks is usually complicated by
elastic–plastic deformation coupled with diffusion of pore fluid. However, neglecting the porous
behavior in elastic–plastic analysis represents only a first approximation to the problem.

When a fracture is driven in a saturated domain, the newly created surface of the fracture alters the
stress field surrounding the body of the fracture and induces a pore pressure gradient that affects the
effective stresses and the development of the plastic zones in the near-tip area of the fracture.
Furthermore, the fluid-driven problem in an inelastic saturated porous media further complicates the
analysis as the diffusion of the fracturing fluid through the solid introduces some rate dependency in
the overall solution and behavior of the numerical model. Thus, it is necessary to develop an
appropriate numerical model to further investigate the coupling of pore pressure diffusion with
nonlinear rock deformation and damage criteria.

The interaction between a pore fluid and the elastic skeleton of a porous material was first developed by
Biot [10] and may be considered to be a special case of the theory of interacting continua or of the theory
of mixtures. Since then, the theory of poroelasticity was established. The assumption of linear elastic
behavior and Darcy flow behavior of the porous skeleton that will remain unaltered during loading of a
poroelastic material is recognized as a limitation of the classical theory. A natural extension to the
classical theory is to introduce concepts such as elastoplasticity to account for irreversible effects in the
behavior of the porous skeleton. Such extension is capable of giving rise to alterations in the elasticity
and fluid flow behavior as a result of the generation of microcracks and microvoids in the porous
continuum. The comprehension of these nonlinear mechanisms and the parameters affecting them is of
fundamental importance in hydraulic fracturing operations as it may explain the discrepancies in net
pressures between field measurements and conventional model predictions.

There are few contributions that account for the elastic–plastic behavior of fluid-saturated porous
media when analyzing fracture propagation. Plastic dilatancy effects at the fracture tip were
analyzed with the conduction of laboratory experiments [11] and finite element modeling [12]. Other
research works presented a fully coupled model for hydraulic fracture propagation, utilizing the
Mohr–Coulomb yield condition incorporated into a combined finite difference–finite element and
remeshing algorithm [13–15]. Recently, from laboratory experiments, the inelastic behavior of rocks
has been successfully linked with the high elevated net pressures observed in hydraulic fracturing
tests [9]. Near-tip asymptotic solutions were reported with a Drucker–Prager yield condition with
volumetric associative [16] and nonassociative flow law [17], with isotropic hardening to analyze
steady fracture growth first in elastic–plastic without porous media and then to fluid-saturated
porous mechanics.

There are few studies utilizing the cohesive zone model in hydraulic fracturing. Some early studies
in this area include the important work of Boone and his coworkers [18, 19] in which they used the
cohesive zone approach to model the fracture process in impermeable and permeable rocks. Other
significant works include the use of the cohesive zone law to propagate fractures to investigate the
inelastic behavior of rocks in hydraulic fracturing [12–15]. Improving the research work in hydraulic
fracturing, a model was proposed with a tip velocity provided as part of the solution algorithm.
Hydraulic fractures were successfully propagated in an unknown path that may enucleate
everywhere, depending only on the stress and pressure fields [20]. More recently, research works
investigated in detail the influence of the constitutive cohesive zone characteristics on the size of
process zone and consequently on the obtained results in hydraulic fracturing modeling. They
further demonstrated that the existence of high confining stresses influences further the size of the
process zone both in elastic and poroelastic conditions [21]. In an extension of their previous works,
they found that higher pressures are needed to extend a fracture in a poroelastic medium than in an
elastic medium, and the created profiles of poroelastic fracture are wider. Wider fracture profiles are
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obtained with higher injection rates. The fluid pressures and the fracture apertures are larger in the case
of a high permeability formation [22].

In this research work, we extend the recent work of [21, 22] to evaluate the influence of the plastic
zones on the fracture and pressure behavior under poroelastoplastic conditions. The yielding
mechanism used in the present work is associated with frictional sliding, either along particles or
microcracks. The rock is modeled by the Mohr–Coulomb flow theory, the fracture propagation
criterion used is the cohesive zone law, the fluid flow inside the fracture is described by lubrication
theory, and the pore fluid movement inside the porous domain is successfully modeled with the
Darcy law. With the solution of the numerical model described earlier, we have found that the
cohesive zone characteristics, the stress anisotropy, and the pore pressure field result in larger
fracture profiles and propagation pressures due to the large plastic zones that are developing during
the fracture propagation. Furthermore, it is also found that the diffusion process that is a major
mechanism in hydraulic fracture operations influences further the obtained results on the fracture
dimensions, plastic yielding, and fluid pressures. These findings are important in improving the
numerical simulators of modeling hydraulic fracturing in particular for short fractures in weak
formations for sand control applications. The results are also important to better prediction of
vertical fracture growth and containment in shale–natural gas stimulations where there are serious
environmental concerns on the risk of groundwater contamination.

The body of this article is structured as follows: In the next part, we describe the involved physical
processes: the fluid flow, the rock deformation, the fracture propagation, the methodology that was
adopted in the numerical model, and the scaling of the plastic zones. In the second part, we present
and critically evaluate the computational results and draw conclusions on the important parameters.
2. METHODOLOGY OF THE NUMERICAL MODEL

The physical process of the fluid driven fracture involves the pumping of a viscous fluid that
pressurizes the fracture surfaces which deform. Increasing the pressurization, rock dilation will
occur, and as critical loading conditions will be reached ahead of the tip, the rock will split and the
fracture will be driven hydraulically. Thus, this process reveals that there is a strong coupling
between the moving fluid, rock deformation, and fracture propagation, as shown in Figure 1.

Depending on the formation properties, in situ stresses, and pumping parameters, the fracture may
propagate for more than hundred meters. In this study, the fracture will propagate a few meters,
enough to extrapolate and reach correct conclusions for long fractures. The propagation of a short
fracture can also be used to interpret the results of the mini-frac calibration test that is carried out
first in situ for determining parameters such as the formation permeability and the closure stress,
which are further used for modeling the long hydraulic fractures [21].
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Figure 1. Geometry of a plane strain fracture driven in inelastic porous formation.
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In this research work, the objective was to investigate the main parameters influencing the
development of plastic zones in a porous–plastic rock under fully saturated conditions. Fluid loss,
which is also considered, is allowed from the fracture walls (permeable walls) into the rock through
diffusion. This leak-off is treated as unidirectional (one-dimensional), and the scope is to investigate
any effects associated with the coupled processes such as changes in the deformation due to
diffusion of pore pressure or flows and pressures induced by mechanical deformation. Another
important feature of the model is that the fluid flow surrounding the tip zone and the bulk of the
fracture is capable of generating backstresses that cannot be ignored in hydraulic fracture operations
as these nonlinear mechanisms are capable of generating excessive pore pressures or altering the
fluid characteristics of the fracturing fluids. Furthermore, they may explain the differences observed
in net pressures between field measurements and model predictions.

In this section, we describe the fully coupled numerical model for a fluid-driven fracture in a
poroelastoplastic rock that has been used to study the importance of the plastic zones and the
cohesive zone characteristics in hydraulic fracturing. The models were developed for plane strain
geometry, taking into consideration the symmetry conditions. This geometry is appropriate for
modeling short fractures, with fracture height relatively greater than the fracture length. Furthermore,
this geometry is also appropriate for examining tip effects because the deformation of any arbitrary
fracture shape is approximately planar near the tip. The fracture propagates perpendicular to the
minimum in situ stress and remains planar. This predefined path for the propagation is also
convenient with the cohesive zone numerical approach [14, 15, 21].

The model is based on the fundamental assumption of the fully symmetric description of the
fracture, which one may argue is unrealistic. Experimental results [23] have shown that cross-sections
of a fluid-driven fracture exhibit very complex geometry. As fractures may form from several
overlapping of microfractures and bridges are linking the two fracture faces, three-dimensional effects
may also be responsible for explaining high breakdown pressures and must be taken into account [23].
The cohesive zone approach implemented in this study takes into account implicitly the development
of unconnected microfractures at the area of the process zone. Microcracks in shearing mode are
homogenized and modeled implicitly by the plastic zones, which are developed around the fracture tip.
The detail how these microcracks interact and coalesce to form the complex branching shape and
system of fractures is not claimed to be investigated. Furthermore, the model formulated for the
purposes of this analysis is for a two-dimensional continuum medium and does not describe fully three-
dimensional effects, which may probably explain a part of high net pressures for low-porosity rocks. In
other words, the only limitation of this model is the nonexplicit modeling of three-dimensional effects.
The different types of rocks for which the model can be applied are taken into account with the
appropriate choice of constitutive parameters for both the yield criterion and the cohesive zone.

2.1. Fluid flow

The fluids that are used for pressurizing the fractures are normally power law with shear-thinning
behavior, which means that the viscosity decreases with increasing shear strain rate. To avoid this
complex fluid behavior, the simplest appropriate model for fluid flow in a fracture is embodied
in lubrication theory. It assumes laminar flow (uniformly viscous Newtonian), the fluid is
incompressible, and it accounts for the time-dependent rate of the fracture opening. The continuity
equation, which imposes the conservation of mass in one-dimensional flow, is as follows:

dq
dx

� dw
dt

þ qi ¼ 0 (1)

where q is the flow along fracture length x, qi is the fluid loss in rock mass, and w is the fracture
opening. Equation (1) accounts for the fluid leak-off from the fracture surface into the rock formation.

The second equation is derived from the conservation of momentum balance. For a fluid flow
between parallel plates, the lubrication equation, which relates the pressure gradient to the fracture
width for a Newtonian fluid of viscosity m, yields to
Copyright © 2012 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. (2012)
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q ¼ u:w ¼ � w3

12m
dp
dx

(2)

where p denotes the fluid pressure and u is the average velocity of the fluid on a cross-section in the
fracture. At this point, the effective channel viscosity m* can be defined related to the fluid viscosity
through the relation m* = 12 m. Equation (2) determines the pressure profile along the fracture from
the local width and local flow rate. The pressure gradient is very sensitive to fracture width,
according to Equation (2), therefore, the largest part of the pressure drop takes place within a small
area near the tip, where the width decreases significantly before it vanishes at the tip.

The type of flow constitutive response is a tangential and normal flow along the fracture walls. The
numerical model for the fluid flow is constructed for the complete length of the predetermined fracture
path. There is one-to-one correspondence between the plane strain flow and domain elements at the
corner nodes along the fracture path, ensuring that the fluid mass is conserved across their surface.
For the numerical solution, we define a nominal small initial width and a small initial length as
initial conditions. The fracturing fluid is assumed to be incompressible, and the flow boundary
condition is imposed at the fracture inlet to meet the specific injection or flow rate (Neumann
boundary condition). Generally, the pressure along the fracture is not known a priori, and it is a part
of the solution. Furthermore, with the formation of a fluid lag or the use of the cohesive model, we
avoid the pressure singularity at the tip where the width falls to zero. The position of the fluid front
is defined by the mass conservation in the fracture.

There are two types of coupling that can occur along the fracture, depending on whether the fracture
walls are assumed permeable or impermeable. For impermeable walls, the fluid pressures in the
fracture are converted to equivalent nodal loads and applied appropriately. For permeable walls, the
fluid pressure in the fracture must be applied as a pore pressure and a total stress boundary condition.

To complete the description of the porous medium, it is necessary to describe the equation that
governs the flow within the porous skeleton. For the movement of the fluid with respect to the solid,
we assume that the diffusion of pore fluid obeys the Darcy law. This classical transport law for
isotropic porous media relates q to the gradient of the fluid pressure p according to Equation (3):

q ¼ � k

m
rp� fð Þ (3)

where q is the fluid flux, k is the intrinsic permeability (assumed to be constant), r is the gradient
operator, and f are the fluid volume forces. Note that we assume that the fluid in the fracture is
identical rheologically to the pore fluid.

2.2. Rock deformation

For rocks that exhibit inelastic behavior, inelasticity is a function of the material parameters and loading
conditions. In the near-tip area of the fracture, because of the high stress concentration that occurs, solutions
from Linear Elastic Fracture Mechanics (LEFM) cannot be used to analyze the fracture process. Therefore,
it is necessary to incorporate plasticity and poroelastoplasticity to properly describe the irreversible
deformation due to excessive shear stresses around the fracture tip and to use a nonlinear fracturing criterion.

For the inelastic response of the porous medium, the material model that has been adopted in the
numerical calculations is formulated in the spirit of the Mohr–Coulomb plasticity with associated
flow rule. The Mohr–Coulomb criterion is given by

f ¼ 1
2

s1 � s3ð Þ þ 1
2

s1 þ s3ð Þ sin’� c cos’ (4)

where c is the material cohesion and ’ is the material friction angle. The sign convention adopted here is
according to classical mechanics, that is, compression is negative. The Mohr–Coulomb criterion, unlike
the Drucker–Prager criterion, assumes that failure is independent of the value of the intermediate
principal stress. However, the failure of typical rock-like and soil-like materials includes small
dependence on the intermediate principle stress, which will be neglected in the present study.
Copyright © 2012 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. (2012)
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Having established the yield criterion is now necessary to define a relationship, the so-called flow
rule for generating plastic strains in the postyielding behavior of the material. The plastic potential
function g is defined as

g ¼ 1
2

s1 � s3ð Þ þ 1
2

s1 þ s3ð Þ sinc (5)

where c is the dilation angle. The dilation angle c and the material friction angle ’ could be both
functions of the plastic strain history in hardening models. In this study, we assumed that the
dilation angle is equal with the friction angle, c=’; hence, the plastic potential function g is
identical to the yield function f as for associated plasticity. It should be noted that the considered
associated flow rule returns maximum plastic dissipation only for elastic-perfectly plastic materials
and might not give maximum plastic dissipation for many types of hardening materials. However,
this rule is found to closely capture the true behavior for a variety of materials.

In examining the porous behavior of the rock, the Biot poroelastic theory was reformulated in a
more physically relevant manner to account for poroelastic effects by Rice and Cleary [24]. For the
definition of a poroelastic system, five material constants are required. These material constants
include the drained shear modulus G, the drained Poisson ratio n, the undrained Poisson ratio nu, the
Skempton’s pore pressure coefficient Β, and the intrinsic permeability k (Darcies). Rice and Cleary
[24] have successfully linked these constants to micromechanical parameters that can be easily
obtained for any soil- or rock-type material. These micromechanical parameters are the porosity n,
the fluid bulk modulus Kf, the solid grain bulk modulus Ks, the porous bulk modulus for the solid
skeleton K, the Poisson ratio n, and the permeability k. The total stresses sij are related to the
effective stresses s0ij through:

sij ¼ s
0
ij � ap (6)

where p is the fluid pressure. The effective stresses govern the deformation and failure of the rock. The
poroelastic constant a is independent of the fluid properties, and it is defined as

a ¼ 3 vu � vð Þ
B 1� 2vð Þ 1þ vuð Þ ¼ 1� K

Ks
(7)

As it is mentioned previously, this theory is commonly applied in soils. An important distinction when
applying this formulation to rock is to consider the compressibility of the constitutive materials. For
soils, B and a are equal to unity but in rocks are significantly less than 1.

In conventional rock mechanics, failure of rock formations is analyzed for dry domains (i.e., no pore
pressure acting in the system). However, the usual assumption when analyzing failure of rocks in
poromechanical systems is that the rock is saturated. Because the formations in petroleum-related
rock mechanics are generally saturated, this assumption is quite valid, and it is important to
investigate how the saturation affects the failure process. It is known that failure is governed by the
effective stresses. In this case, the failure criterion must be modified to account the fluid pressure
constrain. The failure criterion for a formation with pore fluid pressure is obtained by introducing
the effective stress into the dry form of the failure criterion. The Mohr–Coulomb theory and the
equation describing failure in porous conditions are modified as [25]:

s1 � pf ¼ 2c
cos’

1� sin’
þ s3 � pfð Þ 1þ sin’

1� sin’
(8)

where s1 is the maximum in situ stress, s3 is the maximum in situ stress, pf is the pore pressure acting
in the system, c is the material cohesion, and ’ is the material friction angle.

The only extra parameters that are needed to model the inelastic behavior of the porous continuum
as described earlier are the material cohesion c, the material friction angle ’, and the dilation angle c,
which controls the volumetric change due to yielding and dilation of the material. However, to keep the
parameters to a minimum, we have assumed the associative plasticity theory, which justifies the
Copyright © 2012 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. (2012)
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equivalence of the material friction angle with the dilation angle. Furthermore, in the hydraulic
fracturing problem, the initial in situ mean pressure in the near area of the fracture tip decreases
during propagation, and under such conditions, it is reasonable to assume an associative behavior. In
addition, Papanastasiou and Thiercelin [12] showed that the solution for nonassociative material lays
between the solution of elastic and associative material; therefore, the elastic solution and the
associative solution present the two bounds for the nonassociative case.

In summary, the rock mass remote from the fracture is initially elastic, then deforms plastically, and
then unloads elastically after the fracture has advanced. Under such conditions, the poroelastoplastic
model must be capable of dealing with nonproportional loading.
2.3. Fracture propagation

The criterion for fracture propagation is usually given either by conventional energy approach, which
states that a fracture propagates when the energy release rate reaches a critical value related to fracture
toughness or by the stress intensity approach, which states that a fracture propagates when the stress
intensity factor at the tip exceeds the rock toughness. The energy release rate and stress intensity
approaches are essentially equivalent and uniquely related for linear elastic materials. The most
robust criterion for nonlinear mechanics is described by the cohesive zone constitutive model. The
cohesive zone model approach should be clearly contrasted with the conventional fracture
mechanics-based infinitely sharp fracture models as such fracture models have led to a physically
meaningless singular stress field near the fracture tip. The cohesive zone is a region ahead of the
fracture tip that is characterized by microcracking along the fracture path. The main fracture is
formed by interconnection of these microcracks. The cohesive zone model implies that normal stress
continues to be transferred across a discontinuity, which may or may not be visible as shown in
Figure 2. This stress is determined from the softening stress–strain relation that various rocks exhibit
in calibrations tests. This transferred normal stress is a function of the separation and falls to zero at
a critical opening, and then the fracture propagates.

The evolution of the fracture is governed by THE energy balance between the work of the external
loads and the sum of the bulk energy of the uncracked part and the energy dissipated in the fracture
process. The main mathematical difficulty is given by the fact that the fracture energy depends on the
opening of the distributed microcracks. To simplify the mathematical difficulties, it is assumed that the
cohesive zone localizes, due to its softening behavior, into a narrow band ahead of the visible fracture.
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Figure 2. Representation of the fracture process and the constitutive cohesive zone law.
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The constitutive behavior of the cohesive zone is defined by the traction–separation relation derived
from laboratory tests. The traction–separation constitutive relation for the surface is such that with
increasing separation, the traction across this cohesive surface reaches a peak value and then
decreases and eventually vanishes, permitting for a complete separation.

Simple cohesive zone models can be described by two independent parameters, which are usually, for
mode I plane strain, the normal work of separation or the fracture energyGIC and either the tensile strength
st or the complete separation length dIC. An additional parameter in these models is the slope of the initial
loading, which may define a range from rigid softening to elastic softening response under tensile stress
state. Sarris and Papanastasiou [21] examined the main characteristics of this curve by carrying out
computations for different initial slopes to simulate a rigid softening to elastic softening behavior. The
transition from the elastic softening to the rigid softening was carried out by increasing the initial slope
of the constitutive cohesive law. They found that the most rigid behavior accurately represents the
elastic case as the cohesive zone in the near fracture tip area shrinks significantly.

The area under the traction–separation curve equals with fracture energy GIC, which is the work
needed to create a unit area of fully developed fracture. Rice [26] has showed that the critical value
J integral can be equivalent with the critical value of the fracture energy JIC =GIC, when the size of
the cohesive zone is small compared with the fracture length. For elastic solids, this energy is
related to the rock fracture toughness KIC through [26, 27]

K2
IC ¼ GICE

1� n2
(9)

where E is the young modulus and n is the Poisson ratio. The rock fracture toughness can be calculated
from laboratory tests. For the case of the rigid-softening behavior, the traction–separation relation is
uniquely determined by

s ¼ st 1� d=dICð Þ (10)

where st is the uniaxial tensile strength of the rock and dIC is the critical opening displacement at which
s falls to zero. The value of dIC is given by

dIC ¼ 2K2
IC 1� n2ð Þ
Εst

(11)

For the case of the elastic loading, the cohesive constitutive relations were augmented and modified to
take into account the initial part of the curve as follows [21]:

s ¼ st
d
del

� �
(12)

with the limit of elastic deformation given by

del ¼ st
kn

(13)

where kn is the stiffness of the traction–separation relation in the loading regime with units of MPa/m.
In the post-peak softening regime, the cohesive constitutive relation is given by

s ¼ st 1� d� delð Þ
dIC � delð Þ

� �
(14)

The assumption that the cohesive zone localizes, due to its softening behavior, into a narrow band
ahead of the visible fracture is very convenient for finite element analysis, where the softening
behavior can be modeled by cohesive zone elements [21, 28].
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2.4. Finite element formulation

The theory of poroelastoplasticity can be approximated numerically using the finite element method
and a standard Galerkin formulation, as described by Lewis and Schreffler [29]. As it commonly
known, this theory is commonly applied in soils, and it is identified as the second-class problem in
soil–pore fluid interaction problems. An important distinction when applying the formulation to rock
is that the compressibility of the constitutive materials must be considered. For soils, Β (Skempton’s
coefficient) and a (Biot’s coefficient) are equal to unity but in rocks are significantly less than 1.
The generalized discrete finite element equations that also account for transient behavior are
described by

θKe θQ
QT Sþ ΔtθH

�
nþθ

�u
�pw

� �
nþ1

¼ θ� 1ð ÞKe 1� θð ÞQ
QT S� 1 1� θð ÞΔtH

� �
nþθ

�u
�pw

� �
n

þ f u

Δtf p

� �
nþθ

(15)

where Ke is the elastic stiffness matrix, Q is the coupling matrix, H is the permeability matrix, S is the
compressibility matrix, fu are the forces due to displacements, and fp are the forces due to pressures. θ is
the time operator that defines the type of the numerical method used to approximate the time in the
equations, that is, take the values between zero and unity. Equation (15) can be decomposed into the
following matrices to account for both stiffness and flow equations:

B ¼ LNu strain operatorð Þ
Ke ¼

R
Ω BTDeBdΩ linear elastic stiffness matrixð Þ

Q ¼ R
Ω BTamNpdΩ coupling matrixð Þ

H ¼ R
Ω rNp
� 	T k

mw
rNpdΩ permeability matrixð Þ

S ¼ R
Ω NT

p
1
Q0

� �
NpdΩ compressibility matrixð Þ

1
Q0 ¼

a� n

Ks
þ n

Kw

f u ¼ R
Ω NT

u rs n� 1ð Þ þ rwn½ �gdΩþ R
Γqu
NT-
u tdΓ

f p ¼ R
Ω rNp
� 	T k

mw
rwgdΩ�

Z
Γqw

NT
p
qw

rw
dΓ

(16)

with Nu and Np being the shape functions to account the displacements and fluid pressures,
respectively; L is the differential operator; De is the tangential elastic stiffness matrix; n is the
porosity of the solid phase; rw is the density of the fluid; mw is the viscosity of the fluid; Ks and Kw

are the solid and fluid bulk modulus, respectively; and finally, k is the intrinsic permeability.
For the linear elastic case, the constitutive relation may be expressed as a linear relation between

small changes in strain and small changes in the effective stresses:

de ¼ Deds
0

(17)

For the elastoplastic case, we need to account the irreversibility of the plastic strains. This can be
included in the tangential elastoplastic stiffness matrix to account for the nonlinear behavior of the
solid phase. The procedure to derive the elastoplastic stiffness matrix for any yield surface can be
found in [29]. Following this procedure, we just summarize the resulting tangential elastoplastic
matrix Dep for the Mohr–Coulomb yield surface.
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To deal with nonlinear term Dep in Equation (18), we need to obtain the vectors of @Q
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 �
. These vectors are trivially obtained through the stress invariants and some differentiation. For

the elastoplastic case, the internal force vector, which is identified in the linear momentum of the
porous continuum, integrates the above constitutive relation (18), resisting the elastoplastic
deformation of the solid skeleton:

P �uð Þ ¼
Z
Ω

BTds
0
dΩ (19)

The equation is essential for the definition of the elastoplastic stiffness matrix, which in turn is
essential for the solution of Equation (15).

2.5. Scaling of plastic zones and inelasticity in the processes region

The influence of plastic dilation on propagation pressures and fractures dimensions will depend on the size
of the generated plastic zones. Due to the complexities in material model, loading conditions, and problem
geometry, it is difficult to determine the exact location of the plastic zone boundaries as it is a part of the
numerical solution. Therefore, an attempt is made to reach conclusions through the scaling of the most
important parameters affecting the size of the plastic zones in the plastic or poroelastoplastic continua.

Based on previous research works [12, 13, 15], we have augmented the size of the plastic zones to
be a function of the in situ stress deviator and the fluid pressure acting in the porous matrix through

‘p / s1 � s3
s1 þ s2 þ s3 � 3P

(20)

According to Equation (20) yielding is not expected to occur when the fracture is to propagate in a
hydrostatic stress field. However, in deep rock formations, a highly nonhydrostatic stress filed is
encountered due to significant stress difference between vertical and horizontal stresses for a vertical
growth of the fracture. It is then clear that with increase of the in situ stress difference, the plastic
zones will increase. Equation (20) suggests that larger plastic zones will be generated with
increasing formation pore pressure.

In this research work, we investigated all the mentioned characteristics (influence of stress deviator
and formation pressure) that affect the plastic zone development according to the augmented Equation
(20) that describes the plastic zone scaling by conducting parametric analysis in a poroelastoplastic
model to determine the influence of the pore pressure parameter on the aforementioned scaling.

The inelastic processes in the cohesive region were discussed by Shet and Chandra [30]. According to
their work, the position of the cohesive fracture tip is taken to coincide with the peak traction in the
cohesive zone law. This selection facilitates a part of the cohesive energy to be dissipated in the
forward region of the fracture, whereas the rest of the energy is to be dissipated in the wake region.
The conditions prevailing in the process zone will vary according to the type of material, geometric,
and loading conditions. Fracture growth is generally promoted by dissipation, resulting from
microstructural damage mechanisms in the forward region, both in the bounding material and the
cohesive zone, whereas fracture advancement is impeded by other dissipation mechanisms. However,
both physical processes consume energy, part of it being dissipated into the material and the rest into
the fracture within the cohesive zone.

In this work, to accurately describe the fracture process in weak rocks, we model the plastic yielding
that may occur in the surrounding fracture and tip area, which interacts with the mode I cohesive zone
ahead of the tip. This is interpreted that in the fracture-toughness-dominated regime of a fluid-driven
fracture, the energy dissipation will include the inelastic processes taking place in the whole process zone.
Copyright © 2012 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. (2012)
DOI: 10.1002/nag



MODELING OF POROELASTOPLASTIC FLUID-DRIVEN FRACTURES
3. NUMERICAL IMPLEMENTATION

The governing equations were discretized in space with the finite element method and in time with the
finite difference method. Linear interpolations were used for the approximation of both displacement
and the pore pressure degrees of freedom. The sharp changes that are expected in the geometry of
the propagating tip are dealt with placing a sufficient fine mesh around the predefined fracture path
so as to ensure numerical accuracy. For the numerical approximation of the aforementioned set of
equations, the direct solution of the coupled systems was used. No specialized numerical techniques
such as the partitioned-type numerical solution, is needed. Instead, the direct approach is selected
because of its rapid convergence even in severely nonlinear cases. The time integration operator in
the pore fluid flow equation is chosen to be the simple one-step method. In fact, to ensure numerical
stability for the solution, we choose backward difference scheme (θ = 1) to approximate the time-
dependent effects in the problem. Equations are solved using the Newton method for flow problems.
Equations (15)–(19) form the basis of the iterative solution in a coupled flow-deformation solution.
They are, in general, nonsymmetric. The lack of symmetry may be due to a number of effects:
changes in geometry, dependence of permeability on void ratio, and inclusion of fluid gravity load
terms in total pore pressure analyses.

The calculations were carried out in Abaqus [31], a nonlinear finite element code suit of programs. The
usual four-node, plane strain, isoparametric elements were used to model the domain and six-node
cohesive elements to model the fluid flow in the fracture and the fracturing process. Both types of
elements, additionally from their u, v translation degrees of freedom (d.o.f), are equipped with a pore
pressure d.o.f. to account for the fluid diffusion in the porous domain. The two additional nodes in the
cohesive elements, positioned in their center, are used to simulate the fluid flow during the propagation.

The cohesive zone approach cancels the stress singularity when the separation at the tail of the
cohesive zone law reaches a critical value at which the cohesive traction vanishes. Furthermore,
this cancels the coupled fluid pressure singularity that is encountered in the analytic framework of
the fluid-driven problem. Sinclair [32] showed that the cohesive traction–separation laws cancel the
opening singularity produced by loading remotely from the fracture with the closing singularity
produced by cohesive stresses on the fracture flanks near the fracture tip.

The discretized domain was considered to be 30 � 30 m, and the predefined path of the fracture was
defined to be 11m only (cohesive elements) to save computational time. If a longer fracture is required,
it can be easily implemented by extending the cohesive elements to the desired fracture length. The
wellbore location is at the left lower corner, and the fracture is assumed to grow in both directions
along the x axis. For a long fracture, the size of the wellbore is negligible and is usually ignored in
the modeling. This remark, along with the condition that the wellbore is cased, cemented, and fully
bonded with the rock formation, justifies the use of symmetry conditions within a reasonable accuracy.

Symmetry conditions were imposed at the bottom (dy=0, fixed displacements) and at the left (dx=0,
fixed displacements) side of the models. The in situ stresses were generated as initial stresses and by
applying the equilibrium load at the far end edges. At the top edge, the value of s3 (MPa) was considered
as the minimum in situ stress, and at the right side of the models, the value of s1 (MPa) was considered
as the maximum in situ stress; these stresses are shown in Table I, and their influence was studied in
detailed, as it will be described later. An initial condition is also required for defining an initial fracture
length for the flow. This length was considered 0.1m, which is approximately equal with the perforation
length to obtain a well-posed system with appropriate conditions. The in situ stresses and the initial
conditions are applied in the first step to achieve system equilibrium before the propagation steps.
4. COMPUTATIONAL RESULTS

In this section, we present the results from the analysis of the fluid-driven problem in a
poroelastoplastic solid to demonstrate the fully coupled solution. The input parameters in which the
numerical computations were performed are given in Table I. These parameters include the rock
properties, the pumping parameters, the in situ stress field, and the initial conditions. The only extra
parameters that are needed to consider porous deformation and propagation of the poroelastoplastic
Copyright © 2012 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. (2012)
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Table I. Input parameters and material properties.

Variable Value

Elastic rock properties
Young modulus, E (MPa) 16 200
Poisson ratio, n 0.3

Inelastic rock properties
Material cohesion, c (MPa) 1.515
Material friction angle, ’0 28
Material dilation angle, c0 28

Cohesive zone properties
Constitutive thickness 1
Anti-plane thickness 1
Maximum traction, st (MPa) 0.5
Cohesive stiffness, kn (MPa) 81E + 3 162E+ 3 324E+ 3
Cohesive energy, JIC =GIC (kPa m) 0.112
Permeability coefficients qt/qb (m/s) 2.421E – 10

Pumping parameters
Viscosity, m (kPa s) 0.0001
Injection rate, q (m3/s m) 500E – 6
Domain permeability, k (m/s) 2.421E – 10

In situ stress field (effective stresses)
s1 (MPa) 14
s2 (MPa) 9
s3 (MPa) 3.7

Initial conditions
Void ratio, e 0.333
Initial gap (perforation) (m) 0.1
Pore pressure, p (MPa) 0.85 1.85 2.85

E. SARRIS AND P. PAPANASTASIOU
fracture are the pore pressure of the domain requiring an extra degree of freedom at the nodes of the
plane strain elements and the material cohesion c and friction angle ’.

To avoid any confusing results, the total stress field was applied in the analysis, and for the
constitutive cohesive law after the first investigation, the elastic softening (kn = 5) curve was
maintained, which is considered the case where the cohesive zone that is created is the largest.
kn (MPa) is the cohesive stiffness and represents the elastic part of the constitutive law. Previous
research works that examined the influence of the cohesive zone in hydraulic fracturing were
reported earlier in [21]. The properties of the cohesive zone are summarized in Table I. These
properties include the uniaxial tensile strength, the fracture energy which is the area under the
traction–separation curve calculated to meet an equivalent fracture toughness of 1MPa.m1/2 and the
parametrically investigated loading slope of the first branch of the cohesive constitutive law.

To investigate the influence of the plastic zones in hydraulic fracturing, we have performed a number of
parametric studies that will be described in the following. These studies include (i) mesh dependency
check, (ii) the influence of the cohesive constitutive law, (iii) the influence of the formation pore
pressure, (iv) the influence of the in situ anisotropic stress field according to Equation (20), and finally
(v) the reduction of the fluid-saturated poroelastoplastic problem to the dry porous elastoplastic problem.

According to Papanastasiou [14], the analysis of the fluid-driven fracture propagating in nonporous
formation with a yield criterion to capture plastic yielding and dilation effects requires fine mesh near
the tip to capture the strong gradients. He incorporated a remeshing algorithm to deal with this
requirement. However, in the present work, no special remeshing algorithm was used as the mesh
was constructed sufficiently fine along the predefine path of the fracture.

Furthermore, a mesh dependency exercise was performed. We present a comparison between a fine
mesh (solid line) and the mesh that has been used throughout the numerical computations (dashed
Copyright © 2012 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. (2012)
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line). For the case of the fine mesh, about 350 000 elements with 1 169 554 d.o.f. were constructed in
the 30� 30m geometrical domain. For the case of the coarse mesh, about 15 000 elements with 49 686
d.o.f. were constructed for the same geometric domain. The aforementioned numbers show that the fine
mesh has 20 times larger d.o.f than that of the coarse mesh and, therefore, is expected to be much more
computationally intensive. All the results presented next correspond to fractures at the state of
propagation.

Figure 3 presents a comparison of the fracture profiles between the fine and the coarse mesh. The fracture
was left to reach 6m in length in both cases. For the fracture to propagate up to 6m in length with the coarse
mesh, only 7 hours was needed, whereas for the fracture driven with the fine mesh, 6 complete days was
needed. The computations were performed in a workstation with four processors and a total 8 Gb of
memory. The results of Figure 3 show that only a 2.2% difference exists in the fracture profiles.

Figure 4 presents the fluid pressures needed to propagate the fractures with a fine and a coarse mesh.
It is seen that the influence of the mesh dependency has a limited effect on the fluid pressures. A closer
examination of the fluid pressures at 5m shows that a 0.09% difference exists only in the fluid profiles.
Taking into account the computational time efficiency, the analyses were chosen to be performed with
the coarser mesh.

Figure 5 shows the obtained half width of fractures propagating in a poroelastoplastic domain for
cases of different loading slopes of the cohesive constitutive relation. The fracture length of 2m is
relative short so any conclusion is associated with near wellbore fractures. In the poroelastoplastic
hydraulic fractures, the process zone includes the generated plastic zones. We see that the calculated
width of the propagating fracture that corresponds to the elastic softening case (kn� 5) is much
larger than the calculated width of the rigid softening, which corresponds to kn� 20. Furthermore, it
is seen that the cusping of the fracture profile is larger in the case of kn� 5.

This large cusping is explained by the fact that in the elastic-softening case, the cohesive tractions are
effective in resisting the fracture growth, leading to more open fractures. This is also in agreement with the
research work of Zuorong et al. [33], although in their work, they considered elastic fractures.
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Figure 3. Comparison of fracture profiles between coarse and fine mesh in a poroelastoplastic analysis.

-2.0·103

-1.0·103

0.0·100

1.0·103

2.0·103

3.0·103

Fl
ui

d 
pr

es
su

re
 (

kP
a)

0 1 2 3 4 5 6 7
Distance from wellbore (m)

Fine
Coarse

4.0·103

Figure 4. Comparison of fluid pressures for coarse and fine mesh in a poroelastoplastic analysis.

Copyright © 2012 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. (2012)
DOI: 10.1002/nag



1·10-4

2·10-4

3·10-4

Fr
ac

tu
re

 h
al

fw
id

th
 (

m
)

0 1 32
Distance from wellbore (m)

kn(x5)

kn(x10)

kn(x20)

4·10-4

Figure 5. Fracture apertures for different values of the loading slope of the constitutive cohesive zone law.

E. SARRIS AND P. PAPANASTASIOU
Figure 6 shows the corresponding pressure profile in the fractures when the visual tip has reached
the distance of 2m. The fluid front position is found to be where the fluid pressure changes sign.

It was assumed in these computations that the fluid reaches the fracture visual tip. From the fluid
pressure profile, it is evident that the fractures that correspond to the case of kn� 5 demand higher
pressures to propagate. Another important feature of Figure 6 is that the pore pressure field that is
observed in front of the visual tip is influenced by the fracture process. This behavior is explained
by the local volumetric strain that is caused by material yielding and the different size of the process
zone, which includes the plastic zones.

Figure 7 shows the net breakdown pressure of the formation and the net propagation pressure. The
initiation pressure is significantly larger in the case of kn� 5 and tends asymptotically to a constant
value after some propagation distance away from the wellbore. The pressures during early times of
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Figure 6. Fluid pressures in the fractures for different values of the loading slope of the constitutive cohesive law.
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injection are initially increasing for some propagation steps until the stress field and cohesive zone,
which includes the plastic zones, are fully developed.

After the first few propagation steps, the net pressures tend to decrease to a certain steady-state value.
This can be explained by the fact that the effect of the cohesive zone in the poroelastoplastic continuum is
highly significant near wellbore, but as the fractures propagate away from the wellbore, this effect becomes
weaker because the size of the process zone becomes negligible compared with the fracture length.

A small discrepancy exists in the physical meaning of the fracture-toughness-dominated regime
(K-dominant) between the poroelastic and the poroelastoplastic solutions. The physical meaning of
the fracture-toughness-dominated regime in the poroelastic cases is that the effective fracture
toughness increases, and significant amount of energy is expended in fracturing the material. The
effective fracture toughness can be calculated from the J-integral approach, which successfully
assumes this K-dominant region ahead of the fracture tip. In this region ahead of the fracture tip,
the stress and displacement fields are a function of the loads and the fracture length. Therefore, the
fracture-toughness-dominated regime in the poroelastoplastic fracture can only exist when the
inelastic region can be contained within an angular region surrounding the fracture tip, which means
small scale yielding [15, 27]. In the poroelastoplastic case if plastic yielding is large, the condition of
the fracture toughness dominated regime may lose its meaning.

At this point, the basic assumption of the cohesive zone that it is localized in a narrow band ahead of the
fracture tip may still be valid as the plastic yielding (plastic zones) of the material interacts with the more
localized deformation in the cohesive zone. This means that the plot of the cohesive stresses versus
distance from visual tip will not be representative for the size of the process zone, which includes the
surrounding plastic zones. To obtain a measure of the process zone, the energy that is dissipated due to
plastic yielding is calculated.

Figure 8 presents a measure of the plastic zones that are generated (plastic energy dissipation) in the
numerical model versus propagation time. The energy that is dissipated due to plasticity (Joules) is
calculated for the entire numerical model from the following equation, which is derived from the
internal energy balance.

Ep ¼
Z t

0

Z
V

s : _epldV

0
@

1
Adt (21)

Figure 8 shows that larger plastic zones are created for the case of kn� 5 as a result of the higher energy
that is dissipated due to plasticity. Initially, the energy is exponentially dissipated as a result that for
early times of injection, the cohesive zone that includes the plastic zones is developing, and after the
first propagation steps, it continues in a linearly increasing manner. It is also seen that more time is
needed to propagate the fracture to the same extent (i.e., 2m) for the case of kn� 5 due to the larger
volume of the created fracture.

The size and boundaries of the plastic zones are shown by the contours of the plastic equivalent strains
that are plotted in Figure 9 for the representative case of a propagating poroelastoplastic fracture in soft
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kn� 5 formation. The definition of the equivalent plastic strain for the Mohr–Coulomb failure criterion is
given by

epl ¼
Z

1
c
s : depl (22)

where c is the cohesion yield stress. Figure 9 is plotted after the fracture has been left to propagate up to
2m length (i.e., L=2m). The strain contours extend in significant distance from the fracture surfaces into
the formation. The equivalent plastic strain contours show the large plastic zones that are created for a
propagating fracture in soft rock formation. For a short fracture, this plastic zone is considered large,
but it relatively decreases as the fracture propagates longer.

High-intensity yielding is observed near the tip, and residual plastic strain accumulates near the
fracture walls after material unloading behind the advancing tip as the fracture propagates. As the
fracture propagates, the plastic yielding reaches steady state conditions.

Figure 10 is a contour plot of the pore pressure field for representative case of propagating
poroelastoplastic fractures in soft kn� 5 rock formation. A highly negative regime of pore pressure
exists ahead of the fracture tip, which turns highly positive just after a small distance from the
fracture tip towards the wellbore. It is reminded that the domain is fully saturated, and the fluid
rheology of the fracturing fluid and the formation fluid are of the same nature (incompressible
Newtonian). The negative sign suggests the presence of the cohesive and dilatant regions, which
enforce suction (negative values of fluid pressures) in the area of the fracture tip. In such case, the
negative sign implies that fluid is pulled towards the fracture tip, which acts as a sink, and suction
takes place. Just after the suction, the fluid returns to the porous domain [36]. The positive sign
suggests that the fluid is directed away from the fracture walls. In other words, negative sign implies
that flux is directed towards the tip and positive sign implies that flux is directed away from the
fracture.

These findings are in agreement with other related works [17, 34]. Furthermore, we observed that
the fluid has diffused to a large distance in the soft rock formation. As the magnitude of the negative
sign is larger near the tip area, this would imply that the flux of pore fluid towards the tip is higher.
This increased flux, which is sucked into the fracture and immediately returned to the porous
domain, and the diffusion process increases. This means that the plastic dilation increases the flux
towards the fracture tips, and the diffusion process is enhanced, rising to the creation of
backstresses. The conclusion that plastic dilation triggers the flux towards the fracture tip is very
similar to that of strain localization. It is known that shear bands, which are zones of high shearing
and dilatancy, attract pore fluids [34]. At this point, it is important to mention that we do not model
Copyright © 2012 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. (2012)
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changes of permeability with deformation of the porous continuum. Here, only the diffusion process is
investigated, and it is found that after enhancing the diffusion process, backstresses are created.

The next step of this research work was to investigate the influence of the stress field in a
poroelastoplastic continuum according to Equation (20), which scales the plastic zone development
through the in situ stress deviator (s1–s3). It is important to impose the stress field relatively to the
fracture propagation direction. Figure 11 presents the orientation of the fracture tips with respect to
the in situ stresses. It is generally accepted that the fracture always propagates perpendicular to the
minimum in situ stress s3. In the first case shown in Figure 11, the in situ stress field is such that
plastic yielding takes place in the plane of deformation. This corresponds to the case of a fracture
that propagates vertically along the direction of the maximum in situ stress.

In the other case, the fracture propagates horizontally with the vertical stress, which is the maximum,
to act perpendicular to the in-plane strain deformation.

The problem of the plastic zone scaling is reduced in the investigation of the value of the stress
deviator as it is one of the parameters that mainly control the plastic zones. We investigated the
influence of the transition from isotropic to highly anisotropic stress field on the plastic zone
development. Furthermore, it is ensured that the closure stress will be kept the same so that any
increase in the fracture dimensions will be attributed to the inelastic processes. For the purposes of
the analysis, five stress ratios s1/s3 have been created to accurately capture the transition from
In Plane Deformation Out of Plane Deformation
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Figure 11. In situ stress directions and deformation planes.
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isotropic to highly anisotropic stress field cases. The values of these ratios, namely, are R1, R3.25,
R3.5, R3.8, and R4.05. R1 represents the isotropic, whereas R4.05 represents the highly anisotropic
case. Table II shows the effective stress field that was considered to ensure in-plane deformation.

As it was found in the previous investigation, the numerical model with the elastic-softening
constitutive behavior generates larger plastic zones. For this reason, only the elastic-softening case
(weak formation) is considered further in the investigation of the other main parameters.

Figure 12 presents the fracture profile versus distance from wellbore. For comparison reasons, we
have left the fractures to propagate up to 3m enough distance to reach accurate conclusions. We see
that the fractures that correspond to the stress ratio R1 (isotropic) to R3.25 (anisotropic) present no
difference, and hence, the R1 (isotropic) case is plotted in the figure. In examining the other
fractures that correspond to the other stress ratios, it is seen that wider fractures are created when the
propagation takes place in a highly anisotropic stress field.

Figure 13 presents the net pressures versus distance from wellbore. It is seen that higher breakdown
pressures are needed to initiate the fracture propagation in a highly anisotropic stress field.
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Figure 12. Fracture profiles for different stress ratios.
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Table II. In-plane deformation anisotropic stress field (increase stress deviator).

s1 (MPa) s3 (MPa) s2 (MPa) Stress deviator (s1–s3) Plastic zone (Lp) Stress ratio

3.7 3.7 3.7 0 0 R (1)
12 3.7 3.7 8.3 0.599 R (3.25)
13 3.7 3.7 9.3 0.626 R (3.5)
14 3.7 3.7 10.3 0.650 R (3.8)
15 3.7 3.7 11.3 0.671 R (4.05)
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Figure 14 shows the measure of the plastic dissipation versus time. It is confirmed that almost
negligible plastic zones are created when the fracture propagates in an isotropic stress field (R1), and
the fracture in this case behaves essentially as poroelastic.

As mentioned earlier, the process zone in poroelastoplastic formations includes both plastic zones
and the cohesive zone. In the case of isotropic stress field (R1), the plastic yielding mechanism is
not activated; thus, the numerical solution is analyzed in the context of the cohesive zone only.
Larger plastic zones are created, and more time is needed to propagate the fractures in a highly
anisotropic stress field (R4.05) because of the larger fracture volume that is created.

In all previous investigations presented in this article, we have studied the parameters that are relevant
to Equation (20) which is an augmented version of the equation that appeared in publications [12, 15].
Furthermore, we will investigate in this section how the fracture dimensions and fluid pressures depend
on the initial pore pressure field. This study can be done with two different types of analysis: (i) with
the application of the same effective stress and different pore pressure and (ii) with the application of
the same total stress and different pore pressure. In the first set of numerical models, three different
values of pore pressures have been applied to correspond to low, intermediate, and high formation
pressure. For simplicity, the cases are called pp 0.85, pp 1.85, and pp 2.85 respectively. Table III
presents the in situ stress field, pore pressure field, and the plastic zone scaling parameter.

The values of pore pressures were added to the effective stresses and the total stress field and pore
pressure applied as initial stresses and loading boundary conditions. The computations were carried out
with the elastic-softening (kn� 5) constitutive behavior, which corresponds to soft rock formations.

Figure 15 shows the fracture profiles versus distance from wellbore after all three fractures were left
to propagate up to 3m.

Significantly larger and wider fracture profiles are created when the fractures are driven in high-
pressure formations. Figure 16 shows the corresponding fluid pressure profiles for the three cases. We
see that higher fluid pressure is needed to split and propagate the fractures in the high-pressure
formation. As we can see next, this difference in net pressures is higher for short fractures, but it
diminishes as the fracture is getting long and the propagation pressure is controlled by the closure stress.

The visual fracture tip is found to be where the fluid pressure changes sign. Ahead of the three visual
fracture tips, the pressure tends to the imposed far-field initial conditions. Figure 16 shows that for a
long fracture, the difference in the net pressure for the three cases is equal with the difference in the
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Figure 14. Plastic dissipation versus time for the different stress ratios.

Table III. Influence of pore pressure on the plastic zone scaling.

s1 (MPa) s3 (MPa) s2 (MPa) Stress deviator (s1–s3) Plastic zone (Lp) P (MPa)

14 3.7 9 10.3 0.567 2.85
14 3.7 9 10.3 0.487 1.85
14 3.7 9 10.3 0.427 0.85
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initial pore field. For short fractures, the difference in the pressure is larger in the case of high formation
pressure due to larger plastic zone, which is created in the high-pressure formation.

This finding is also shown in Figure 17, which presents the net pressures versus distance from
wellbore. The net pressure is defined as the pressure in the fracture minus the remote total stress. It
is evident that higher net pressures are needed to propagate the short fractures in high-pressure
formations. The difference in the three cases decays to zero as the plastic zones scaled with the
fracture length become negligible.

Figure 18 presents the measure of plastic dissipation versus time for all three numerical models
examined. The last point of each curve corresponds to the time for reaching fracture length of 3m.
It is evident that larger plastic zones are created in the case of the fracture driven in high pressurize
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formations. Furthermore, more time is needed for the fracture to reach 3m length in the high pressure
case, of pp 2.85, mainly due to the larger fracture volume that is created.

From the aforementioned analysis, it is concluded that the process zone that includes the plastic zone
length Lp is proportional to the initial pore pressure field. In other words, when a fluid-driven fracture is
created in a stress field with the same effective stresses but higher pressure formation, the created
plastic zone will be larger. Furthermore, development of the plastic zones will result in wider
fracture profiles and higher net pressures to propagate a fracture. The importance of the plastic zone
that is scaled with the fracture length is diminishing as the fracture gets longer.

As emphasized, the influence of the formation pore pressure can be studied with two different
loading cases, with the same effective stress as presented earlier or with the same total stress
presented in the following. Analyzing the problem with the same total stress field, it is ensured
that the closure stress remains the same. We assumed that the values of the in situ stresses
presented in Table IV are for effective stresses, and an only small perturbation of pore pressure is
varied. Furthermore, we obtain the limiting case of a dry formation by setting the pore pressure
equal to zero.

In the next investigation, we have analyzed the problem by imposing as constant values the total
stress field and performed numerical simulations with different values of pore pressures (formation
pressurization) as initial conditions. These types of boundary and initial conditions enable us to
reduce the problem in a dry porous elastoplastic continuum. Figure 19 presents the fracture profile
for the three cases examined after the fractures were propagated up to 4m.

The fracture is narrower in the bulk of the fracture in the case of low-pressure formation as the
limiting case of a dry formation. This result is attributed to the backstresses, which tend to close the
fracture near the fracture inlet where the diffusion is greater in the case of a low-pressure formation.

Figure 20 presents the corresponding to the aforementioned fluid pressure profiles. It appears that
the fracture pressures needed to propagate all fractures are the same. We remind the reader that the
closure stress that corresponds to the total stress was kept the same in this computation. The far-field
pressures in front of the fracture tend to the imposed boundary value.

From the numerical analysis, it is concluded that a fracture that is driven in a dry porous elastoplastic
continuum will have a narrower fracture profile as a result of larger backstresses near the inlet of the
fracture. Fractures that are driven in highly pressurized formations will have wider fracture profiles,
Table IV. Influence of pore pressure in the limit of a dry formation.

s1 (MPa) s3 (MPa) s2 (MPa) Stress deviator (s1–s3) Plastic zone (Lp) Pore pressure (MPa)

14 3.7 9 10.3 0.427 0.85
14 3.7 9 10.3 0.405 0.425
14 3.7 9 10.3 0.386 0.0
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and higher net pressures will be needed to propagate them mainly due to larger process zone. In both
types of analysis (with total and effective stress fields), the plastic zone development is influenced by
the pore pressure field. This can be illustrated in the diagram of the Coulomb yield criterion and with
the Mohr circle of the stress state. With the introduction of the pore pressure, the Mohr circle is
displaced to the left towards the yield criterion, generating larger plastic zones. These plastic zones
shield the fracture tip, demanding higher pressures to overcome the energy dissipated in the plastic
zones and to fracture the formation, leading to wider fractures and longer pumping time to reach a
certain fracture length.

The main focus of this work was to explain at least partially the discrepancy between field
observations and predictions by classical hydraulic fracturing simulators in terms of the net pressure
needed to propagate the fracture. According to other related research works; this difference is
attributed into two main hypotheses. The first hypothesis is that the high observed net pressure is
related to a sharp drop of the fluid pressure [35] and to the existence of a dry region near the
fracture tip of the fracture [36]. The second hypothesis implies that the nonlinear deformation of the
rock might have a strong influence in hydraulic fracturing [13]. In this study, the first hypothesis
was dealt with the incorporation of the cohesive zone model as the fracture propagation criterion to
ensure that the stresses in the vicinity of the fracture tip will remain finite, and the second
hypothesis was investigated by assuming the Mohr–Coulomb yield criterion to deal with plastic
yielding with associated dilation. In the following, computations were performed and the results
were compared for a fracture driven in porous and nonporous cohesive formations.

Figure 21 presents the fracture opening at wellbore versus time for a fracture driven (i) in a
nonporous elastic formation, (ii) in a poroelastic formation and (iii) in a poroelastoplastic formation.
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MODELING OF POROELASTOPLASTIC FLUID-DRIVEN FRACTURES
All three fractures were left to propagate up to 3m in length. The fracture that is driven in the
nonporous elastic formation corresponds to the case of a classical hydraulic fracturing simulator,
whereas the fractures that are driven in poroelastic and poroelastoplastic formations correspond to
the cases that have been investigated with the advanced model of this study.

Figure 21 shows that the fracture that is driven in a poroelastoplastic formation is wider than the
fracture that is driven in poroelastic and nonporous elastic formations. This difference is attributed
to the action of the process zone that includes plastic yielding and cohesive zone, as well as due to
the influence of the formation pressure and diffusion. For the material and stress data in these
computations, the fracture that is driven in a poroelastic formation is 15.2% wider than the fracture
driven in nonporous elastic. Furthermore, the fracture that is driven in a poroelastoplastic formation
is 22.25% wider than the fracture driven in the nonporous elastic medium.

Figure 22 presents the propagation pressure at wellbore versus time for the three models. It is seen
that the pressure needed to propagate the fracture in a poroelastoplastic formation is significantly larger
than the pressure needed to propagate the fracture in both poroelastic and nonporous elastic formations.
This is explained again by the importance of the process zone that includes plastic yielding and
cohesive zone as well the interaction with the formation pressure and diffusion.

A more detail examination of the pressure at wellbore for the specific set of material data that have
been used for the computations reveals that the pressure needed to propagate the fracture in a
poroelastic formation is 20.9% higher than the pressure needed to propagate the fracture in
nonporous elastic formation. Furthermore, the pressure needed to propagate the fracture in a
poroelastoplastic formation is 31.8% higher than the pressure needed to propagate the fracture in a
nonporous elastic formation. These results are in agreement with the motivation of this work to
explain the discrepancy between classical models and field observations.
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Figure 22. Propagation pressure at wellbore for different material models.
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5. CONCLUDING REMARKS

In this study, we analyze some of the main parameters that influence the development of the process
zone in fluid-driven fractures in poroelastoplastic domain. These parameters include the cohesive
zone characteristics, the in situ stress anisotropy, and the formation pressure. The objective was to
explain, at least partially, the elevated pressures that are needed to propagate the fractures in the
field, and they are not accurately predicted by the conventional models. For this reason, a coupled
model that accounts for the fluid flow in the fracture, the rock deformation, and the fracturing
processes was developed based on the finite element method. The fractures were driven in a
permeable porous elastoplastic domain under plain strain conditions that correspond to weak
formation by pumping an incompressible viscous fluid at the fracture inlet. Rock deformation was
modeled with the Mohr–Coulomb criterion with an associative flow rule suit for cohesive and
frictional materials such as rocks. Fluid flow in the fracture was modeled by lubrication theory, and
the movement of the pore fluid in the surrounding medium obeyed the Darcy law. The cohesive
zone approach was used as the fracture propagation criterion. The numerical solution yielded the
fracture length, the fracture opening and propagation pressure, and the plastic dissipation as a
function of the time and distance from the wellbore.

From the analysis conducted, it was found that propagation with an elastic-softening cohesive
model, instead of rigid softening, yields larger plastic zones, which results in higher propagation
pressure and wider fractures. These results are due to the larger process zone, which includes both
the cohesive zone and the plastic zones. Furthermore, we showed that in the poroelastoplastic
continuum the cohesive and dilatant regions near the tip enforce suction. This pore fluid flux is even
greater in the case of a fluid-driven fracture in weak rock formation, suggesting that plastic dilation
increases the fluid flux.

The in situ anisotropic stress field creates larger plastic zones, leading to wider fracture profiles and
higher propagation pressures. These obtained computations are a direct result of the large stress
deviator that was considered in this case. When fracture propagation takes place in isotropic or in
small stress deviator field, the formation behaves essentially as poroelastic.

Fluid-driven fractures in high-pressure formations result in wider fractures and higher propagation
pressures as a consequence of the larger plastic zone development. Furthermore, the fracture fluid
diffusion enters in the process, creating backstresses at the inlet and bulk of the fracture.
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