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SUMMARY

In this work, we investigate the main pumping parameters that influence a fluid-driven fracture in cohesive
poroelastic and poroelastoplastic weak formations. These parameters include the fluid viscosity and the
injection rate. The first parameter dominates in the mapping of the propagation regimes from toughness to
viscosity, whereas the second parameter controls the storage to leak-off dominated regime through diffusion.

The fracture is driven in weak permeable porous formation by injecting an incompressible viscous fluid at
the fracture inlet assuming that the fracture propagates under plane strain conditions. Fluid flow in the
fracture is modeled by lubrication theory. Pore fluid movement in the porous formation is based on the
Darcy law. The coupling follows the Biot theory, whereas the irreversible rock deformation is modeled with
the Mohr–Coulomb yield criterion with associative flow rule. Fracture propagation criterion is based on the
cohesive zone approach. Leak-off is also considered. The investigation is performed numerically with the
FEM to obtain the fracture opening, length, and propagation pressure versus time.

We demonstrate that pumping parameters influence the fracture geometry and fluid pressures in weak
formations through the viscous fluid flow and the diffusion process that create back stresses and large plastic
zones as the fracture propagates. It is also shown that the product of the propagation velocity and fluid
viscosity, μv that appears in the scaling controls the magnitude of the plastic zones and influences the net
pressure and fracture geometry. These findings may explain partially the discrepancies in net pressures
between field measurements and conventional model predictions for the case of weak porous formation.
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1. INTRODUCTION

The hydraulic fracturing technique has been employed widely and successfully by the industry to
enhance the production of oil and gas from underground tight reservoirs for many years. Lately, the
increasing needs for energy resources and especially more environmental friendly fossil fuels has
oriented the research in exploiting unconventional gas reservoirs utilizing novel hydraulic fracturing
techniques. Furthermore, on the basis of the applicability of the technique, it is not surprising that it
is one of the most attractive research subjects in many disciplines. Other existing and future
applications of the hydraulic fracturing technique include the preconditioning of ore rock to promote
caving, the determination of the in-situ stress in rock, the formation of barriers to block
contamination, the stimulation of geothermal reservoirs for heat production, the nuclear waste
disposal, and recently, the underground storage of carbon dioxide [1–6]. Hydraulic fracturing has
also many similarities with physical processes such as the magma-driven fractures and the turbulent
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water flow that drive a basal fracture in glacier beds [7, 8]. Recently, some research works have shown
that industrial numerical models can account for even more complicated fracture fluid rheology and
have the ability to simulate fracture propagation under realistic non-uniform in-situ conditions so as
to predict accurately the complicated fracture geometry. There is no other existing methodology to
accurately measure fracture geometry during and after the process, thus numerical modeling is of
great importance [9, 10].

A number of studies in hydraulic fracturing have been devoted to the theoretical understanding of
the near tip effects and on the influence of the fluid leak-off in the rock formation that results in the
creation of back stresses [10–15]. These contributions enable the establishment of scaling framework
by formulating mathematically the fluid-driven problem to obtain analytical and semi analytical
solutions. The focus of their work was based on the injection of incompressible Newtonian or non-
Newtonian fluids in elastic impermeable and permeable formations for simple fracture geometries
such as the plane strain Khristianovic-Geertsma-De Klerk (KGD) or Perkins-Kern-Nordgren (PKN)
models and the axisymmetric penny shape models. The asymptotic solutions obtained for these
idealized models serve as benchmarks for numerical simulations. Those research studies have identified
two competing energy dissipation mechanisms and two competing storage mechanisms. In the first
case, energy is dissipated in the viscous flow inside the fracture and in creating and extending the
fracture in the porous formation. In the second case, the storage mechanisms are the fluid stored in the
fracture and the fluid leak-off stored in the porous formation. Asymptotic solutions of such processes
generally correspond to a fracture driven under limiting conditions or when one of the energy
dissipation mechanisms associated with the viscous fluid flow, the toughness of the material, the fluid
storage in the formation, or the fluid storage in the fracture can be neglected when another dominates.
In summary, these asymptotic regimes are as follows [10]: (i) storage-toughness; (ii) storage-viscosity;
(iii) leak-off toughness; and (iv) leak-off viscosity. Nonetheless, because of the significant limitations of
the analytical models listed earlier, numerical models are utilized to overcome the rigorous
mathematical difficulties that are associated with the existence of the singularity at the fracture tip and
the fluid lag region of the fracture by using the cohesive zone approach. The cohesive fracture growth
has been extensively used to model fracture growth in porous and non-porous materials.

A fluid-driven fracture in fluid saturated formations has the effect of straining the surrounding rock,
which alters the pore volume and thus changes the pore pressure in the target formation. We have
assumed Darcy flow for which the fluid flux change caused by diffusion after injection at the
fracture inlet can alter the pore volume. This process induces a strain field in the host medium,
which is governed by coupled solid deformation and fluid transport. As a first approach to model
the physical behavior of the propagating fracture, we have analyzed this coupled process using a
poroelastic constitutive description, where the strain components and the fluid mass content in the
pore space can be assumed as functions of the stress components and pore pressure. Poroelasticity
theory provides a powerful basis to deal with the deformations in porous rocks but it is restricted in
describing small reversible strains. A natural extension is to use poroplasticity theory and to include
criteria for inelastic frictional deformation. At this point, we mention that the models presented in
this work that are fully coupled and without any a priori assumptions can capture regime transition
in the obtained results.

The standard parameter that can be measured in the field is the wellbore pressure. Therefore, many
contributors have devoted effort in improving models that accurately predict it during a treatment.
Standard fracture simulators usually underestimate this parameter as, among else, they do not
account for irreversible effects (poroelastoplastic). A research on net pressures (difference between
fracturing fluid pressure and the far-field confining stress) indicated that the net pressures
encountered in the field can be as 50–70% higher than the predicted ones [16]. This dictates the
importance of the poroelastoplastic behavior of weak rocks in hydraulic fracturing. Recently, a
research work based on numerical studies and specific set of data showed that accounting for
poroelastoplasticity in the simulations, the fracture width is more than 20% wider than the elastic
fracture and 5% wider than the poroelastic. Accordingly, the pressure needed to propagate a
poroelastoplastic fracture, at wellbore, is 10% higher than a poroelastic and 30% higher from the
elastic fracture [17]. All these studies had not examined in detail the influence of the pumping
parameters and its effects on the porous rock deformations.
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In this research work, we extend the work of Sarris and Papanastasiou [17] in order to evaluate the
influence of the pumping parameters on the action of viscous fluid flow in fluid-driven fractures and on
the diffusion process for poroelastic and poroelastoplastic conditions. In the present work, the
dissipated energy in rock-yielding mechanism is associated with frictional sliding, either along
particles or micro-cracks. The rock deformation is modeled by the Mohr–Coulomb flow theory, the
fracture propagation criterion is described by a cohesive zone law, the fluid flow in the fracture is
described by lubrication theory, and the pore fluid filtration and movement in the porous domain is
modeled with the Darcy law. With the solution of the coupled numerical model described earlier,
we found that the pumping parameters influence the fracture geometry and fluid pressure in weak
formations through the viscous fluid flow and the diffusion process that create back stresses and
plastic zones. It is also shown that the product of propagation velocity and fluid viscosity, μv, in the
scaling, which controls the plastic zone development through the fluid parameters, influences the net
pressure and fracture geometry in all propagation regimes that include (i) toughness to viscosity-
dominated regime and (ii) storage to leak-off dominated regime.

The diffusion process that is heavily influenced by the leak-off process [13–15] is considered a major
mechanism in hydraulic fracturing that influences plastic yielding in the rock formation, fluid pressure,
and fracture dimensions. Furthermore, an important feature of our numerical model is its ability to
predict fractures that are mapped in the four propagation regimes (i.e., is influenced by all four
dominating mechanisms). The results obtained are important for improving numerical simulators of
modeling hydraulic fracturing. We focused on short fractures in weak formations such as fractures that
can also be used for sand control applications. Furthermore, these results can be used in the prediction
of vertical fracture containment (propagating horizontally) in shale-natural gas productions, where there
are serious environmental concerns on the risk of ground-water contamination.

We acknowledge that numerous contributions have examined the influence of pumping parameters
(injection rate and fluid viscosity) and their consequent effects either with analytic solutions [10, 13–15] or
with numerical simulations [18–20]. However, all previous contributions are based either on impermeable
elastic or permeable poroelastic medium. In this work, we extend the study of hydraulic fracturing in
poroelastoplastic formations focusing in particular on the influence of the pumping parameters. This is
done in an attempt to answer the question what is the difference between a hydraulic fracture
propagating in poroelastic and poroelastoplastic formations when the driving forces are created by the
velocity of fracture propagation (caused by injection rate) and the viscous fluid flow (caused by the
fracturing fluid viscosity). To the author’s opinion, knowledge on the investigation of poroelastoplastic
effects is not yet fully understood.

This paper is organized as follows. In Section 2, we describe the governing equations that are
involved in the physical processes: fluid flow in the fracture, rock deformation, fracture propagation,
and fluid movement in the porous formation. We also present the methodology that was adopted in
the numerical modeling and the related scaling of the propagation regimes and of the plastic zones. In
Section 3, we present and discuss the numerical results and highlight the main conclusions.
2. MODELING METHODOLOGY

In a typical hydraulic fracturing treatment, the fracturing fluid is blended with proppant material and
injected into the wellbore that was cased and perforated so as to fracture the porous reservoir in pay
zones. The injection of the fracture fluid blend at high rates will build up the pressure that splits and
drives the fracture hydraulically in the direction, where the energy needed to create newly surface is
minimized. Away from the stress concentration of the wellbore, this direction is perpendicular to the
minimum in-situ stress [17]. The construction of numerical models that describe accurately the
aforementioned process involves four important coupled processes [9, 10, 13, 15, 21]. These
coupled mechanisms include the following: (i) the fluid flow in the fracture that pressurizes the
fracture faces and deforms in the porous formation; (ii) the viscous fluid flow in the fracture; (iii) the
fluid exchange between fracture and porous formation; and (iv) the fracture propagation as a moving
boundary problem. Therefore, the simulation of the aforementioned coupled processes requires the
solution of a coupled non-linear partial differential equations system [22].
Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. (2014)
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The objective of this research work is to investigate the main parameters that influence the diffusion
process when the fracture propagation regime is changed from toughness to viscosity and from storage
to leak-off. Furthermore, we investigate how this diffusion process affects the development of the
plastic zones. The leak-off is treated as unidirectional (1D-isotropic), and the scope is to investigate
any effects associated with the deformation due to diffusion of fracturing and pore fluids, and how
fluid flow and pressure is influenced by rock deformation. The fluid losses that surround the fracture
tip area and the bulk of the fracture can generate back stresses. This effect is important in hydraulic
fracture operations as it can generate excessive pore pressures or alter the characteristics of the
fracturing fluids [15]. Furthermore, as the end result, these mechanisms may explain the differences
observed in net pressures between field measurements and conventional model predictions.
2.1. Cohesive zone model

There are few studies utilizing the cohesive zone model in fluid-driven fractures. Some important
studies in this area include the work of Boone and Ingraffea [23] in which the cohesive zone
approach was used to model the fracture process in impermeable and permeable rocks. Among other
important contributions in hydraulic fracturing are the studies of Papanastasiou [24–26] in which
coupled fluid flow-rock deformation was modeled to link the high net pressure observed in the field
with the plastic yielding caused by the fracture process. Hydraulic conductivity from the fracture
toward the formation was analyzed by Segura [27] where the influence of the transversal
conductivity with the aim of applying these elements in hydromechanical diffusion problems was
proposed. Recent studies [17, 28, 29] have performed numerical simulations based on a variable
stiffness bilinear traction separation model to investigate the influence of the cohesive zone in
hydraulic fracturing in porous and non-porous weak formations under poroelastic and
poroelastoplastic conditions. Lobao et al. [30] have developed a triple nodded zero thickness
cohesive element to model a hydraulic fracture driven in permeable inelastic formation. They
validated their results with the laboratory work of Van Dam and Papanastasiou [16] and the
numerical simulations of Papanastasiou [24] and extended them to fluid-driven fractures in
poroelastoplastic formations. In another study, Chen [19] used the cohesive zone model to analyze
viscosity-dominated plane strain and penny-shaped hydraulic fractures. An enhanced three nodded
cohesive element was developed by Carrier [20] to model hydraulic fractures in permeable
formations. They further analyzed the influence of permeability, fracture fluid viscosity, and leak-off
on poroelastic fractures, and validated their model with asymptotic solutions readily available from
the literature.

As presented from the abundant literature using the process zone in hydraulic fracturing, the concept
of the cohesive zone is laid on the fact that the tractions can be transferred through the fictitious fracture
faces in the cohesive zone, also called process zone (Figure 1). In the micro-mechanical scale, this
process zone is the local zone ahead of the fracture tip, where micro-voids and micro-cracks initiate
and grow until coalesce with the main body of the fracture.

The transferred normal traction is a function of the separation and falls to zero at a critical opening
and the fracture propagates. The evolution of the fracture is governed by energy balance between the
work of the external loads and the sum of the bulk energy of the unfractured part and the energy
dissipated in the fracture process (Figure 1). 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 (Figure 1).

Simple cohesive zone models can be described by two independent parameters that are usually, for
mode-I plane strain, the normal work of separation or the fracture energy GIC and either the tensile
strength σt or the complete separation length δIC. 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. The area under the traction–separation curve is equal to the
fracture energy GIC, which is the work needed to create a unit area of fully developed fracture. Rice
[31] has shown that the critical value J-integral can be equivalent with the critical value of the
Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. (2014)
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Figure 1. Representation of the cohesive fracture process.

INFLUENCE OF PUMPING PARAMETERS IN FLUID-DRIVEN FRACTURES
fracture energy JIC=GIC, when the size of the cohesive zone is small compared with the fracture
length. 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 [17, 28, 29].

2.2. Governing equations of fluid flow

The mechanical response of porous formations is usually complicated by irreversible deformation
coupled with diffusion of pore fluid. However, minimizing the effect of the pore fluid diffusion to
investigate the influence of the irreversible deformations represents only a small part of the problem.
Furthermore, the fluid-driven problem in an inelastic saturated porous formation complicates further
the analysis as the diffusion of the fracturing fluid in the rock formation 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 non-linear rock deformation and damage criteria.

The type of flow constitutive response comprises of longitudinal and transversal flow along the
fracture walls [27]. 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. The lubrication theory assumes laminar flow (uniformly viscous
incompressible Newtonian) and it accounts for the time-dependent rate of the fracture opening. The
continuity equation that imposes the conservation of mass in one-dimensional flow in the
longitudinal direction is as follows:

∂w
∂t

þ ∂q
∂x

þ qi ¼ Q (1)

where q is the mass flow rate along fracture axis x, qi is the fluid transverse loss in the rock mass, w is
the fracture opening, and Q is the injection rate (B.C).

For a fluid flow between parallel plates, the lubrication equation relates the pressure gradient to the
fracture width. The conservation of momentum balance for a Newtonian fluid of viscosity μ yields

q¼v:w¼ � w3

12μ
∂p
∂x

(2)
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where p denotes the fluid pressure and v the average velocity of the fluid on a cross section in the
fracture. At this point, the effective channel viscosity μ* can be defined related to the fluid viscosity
through the relation μ*=12μ. Equation (2) determines the pressure profile along the fracture from
the local width and local flow rate.

The transverse flow that describes the leak-off from the fracture to the surrounding formation is
evaluated as a localized potential drop by using a six-node cohesive element (Figure 1). In these
elements, the boundary nodes are shared with the nodes of the adjacent continuum formation so that
the nodes of the continuum elements represent the potentials in the pore system on each side of the
cohesive interface. The central nodes of the cohesive elements represent the average potential of the
fluid in the fracture considered as a channel. According to this distribution of hydraulic head within
the cohesive elements, two different potential drops exist as [27, 32]

qut ¼ kut hu � hi
� �

; qdt ¼ kdt hd � hi
� �

(3)

where qi is the transversal fluid loss, kt is the transversal transmissivity, and hi is the hydraulic head
inside the fracture. The superscripts u and d stand for up and down element faces, respectively.
Combining Equations (1)–(3), we obtain the Reynolds lubrication equation as follows [22]:

∂w
∂t

þ kut hu � hi
� �þ kdt hd � hi

� � ¼ 1
12μ

w3∂p
∂x

� �
þ Q (4)

The terms hi, hu, and hd are uniquely related to the fluid pressure gradients that are actually the tractions
acting on the open surfaces of the cohesive elements. According to Equation (4), as the cohesive elements
undergo complete failure, the cohesive tractions vanish and there is no contribution from the cohesive
elements on the open part of the fracture. The fluid pressure that opens the fracture is balanced by the
far field stress acting across the cohesive zone and by the cohesive tractions still acting on that zone
thus effectively avoiding the singularity at the fracture tip. The only constrain in Equation (4) is on the
tractions acting on the entire fracture and cohesive zone to be in equilibrium [19].

For the numerical solution, we define a nominal small initial width and a small initial length as
initial conditions. Generally, the pressure along the fracture is not known a priori and it is a part of
the solution. The position of the fluid-front is defined by the mass conservation in the fracture. The
behavior of the fluid movement in the saturated porous formation with respect to the solid is
assumed to obey the Darcy law. This classical transport law for isotropic porous media relates q to
the gradient of the fluid pressure p according to

q ¼ � k=μð Þ ∇p� fð Þ (5)

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

2.3. Poroelastic and poroelastoplastic effective stress definitions

In conventional rock mechanics, failure of rocks is often analyzed for impermeable formations (i.e., no
pore pressure acting in the system). The usual assumption when analyzing failure of rocks in
poromechanical systems is that the rock is fluid saturated. Because petroleum formations are in their
majority saturated, this assumption is quite valid. In the case where the analysis is concerned with a
poroelastoplastic formation, the plastic work is defined by Coussy [33]

δWp ¼ σ 0
ijdε

p
ij (6)

where σ0ij is the Terzaghi effective stress defined by

σ0ij ¼ σij þ pδij (7)
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Equation (7) provides the driving force of elastic and plastic strains. If compressibility effects are to
be considered, the Terzaghi effective stress is extended to the more general form to that of the Biot
effective stress [33]

σ0ij ¼ σij þ αpδij (8)

where p is the fluid pressure, α is the poroelastic constant given by α=1� (Kf /Ks), Kf is the fluid bulk
modulus, and Ks is the solid grain bulk modulus. The value of α is between 0 and 1. In a poroelastic
analysis, the elastic strains can also be assumed to obey the Biot effective stress. For the same
material taking into account yielding conditions, the poroelastoplastic relation takes a similar form

α
00
ij ¼ σij þ bpδij (9)

For simplicity, in the present analysis, we have assumed that the elastic and plastic incompressibility
conditions hold for α= b=1, which has the physical meaning that the poroelastic and poroelastoplastic
driving forces coincide. Furthermore, in the general context of associated flow rule, the yield function f
and the potential function g (for non-associative conditions) are generally expressed as a function only
of α

00
ij. The flow rule can then be written in the form [33]

dεpij ¼ dλ
∂f
∂σ 0

ij

(10)

where d λ is the plastic multiplier.

2.4. Propagation regimes and plastic zone scaling

The fluid-driven problem with leak-off in the poroelastic and poroelastoplastic formations is
characterized by the four controlling parameters. (i) The volumetric injection rate Q; (ii) the fluid
viscosity μ; (iii) the leak-off coefficient C; and (iv) the plane strain modulus E. The general
discussion in the analysis of the leak-off process is based on an equivalent leak-off coefficient
whose validity is questionable. For the purposes of this analysis, in order to reach an estimation of
the influence of leak-off, we assume that the equivalent leak-off coefficient is

CL � k

μ
σ3ffiffiffiffiffi
πc

p (11)

where k is the intrinsic permeability, μ is the fluid viscosity, σ3 is the effective confining stress, and c
is the poroelastic intrinsic diffusion coefficient, which is a function of the Biot modulus M, shear
modulus G, drained K, and undrained Ku bulk modulus. Equation (11) implies that in a large
confining stress field, high permeability and low viscosity will result in high fluid losses in the
formation. A thorough discussion on the influence of the leak-off effect on poroelastic fractures
can be found in [13–15].

According to Bunger et al. [21], the fracture propagation is governed by two energy dissipation
mechanisms (rock splitting and viscous fluid flow) and two storage mechanisms (inside the fracture
and in the porous formation). Recent contributions [10, 13–15] have presented an analysis for the
case of fluid-driven fractures in poroelastic rocks. Those studies revealed that in early-time
diffusion, where Carter’s leak-off model is applicable, the propagation of a hydraulic fracture
depends on a dimensionless toughness and a dimensionless storage or leak-off coefficient. The
dimensionless governing parameters are presented here after [10]

Dimensionless toughness : Km ¼ K 0

E0
E0

μ0Qo

� �1=4

(12)

Dimensionless viscosity : Mm ¼ Km
�4 (13)
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Dimensionless leak-off : Cm ¼ t

t�
� �1=6

; t� ¼ μ0Q3
0

E0C 06 (14)

where E0 ¼ E
1�v2 ; K 0 ¼ 4 2

π

� �0:5
Kic; μ0 ¼ 12μ; C 0 ¼ 2Cl.

In examining the effect of the pumping rate and fluid viscosity based on the aforementioned
equations, previous studies [10, 13–15] have shown that these parameters actually enter the problem
as the product (Q0.μ0) on the dimensionless toughness and as a product of Q3

0:μ
0� �

on the
dimensionless leak-off. The limit between the various regimes is calculated through the dimensionless
numbers as long as the following conditions hold: Km>> 1 (toughness dominated regime), Mm>> 1
(viscosity-dominated regime), Cm>>1, and (leak-off dominated regime). A more detailed and
rigorous analysis for characterizing the propagation regime of a fracture and the transition times is
given by previous studies [10, 13–15]. The aforementioned knowledge obtained by rigorous
mathematical analysis is concerned with fractures driven in permeable poroelastic formations. This
was the motivation to investigate these parameters numerically and to extend it further in
poroelastoplastic formations.

The characteristic length of a fracture driven in an elastoplastic formation that relates the material
properties and the fluid rheology parameters with the size of the plastic zones is given by
Papanastasiou and Thiercelin [34]

ℓp e E 02 μvð Þ
σ3T

(15)

where E 0 is the plane strain modulus, μ is the fluid viscosity, v is the propagation velocity, and σΤ is
the tensile yield strength. According to this characteristic length, high values of elastic modulus,
viscosity, propagation velocity, and low values of rock strength will lead to higher stress
concentrations near the tip and higher plastic zones that are expected to develop. The dominant
term in describing the fluid rheology is the product (μν). The importance of the product (μν) on
the diffusion process is one of the objectives in this investigation. This term governs the fluid
loading in the fracture per unit length (i.e., N/m). In our analysis, the velocity in this term is
directly related to the injection flow rate that appears in Equation (2) of the momentum balance.
Therefore, increasing the flow rate will result in large propagation velocities (i.e., the fracture
propagates with the same velocity as the fluid velocity), and the large propagation velocities will
create large fluid pressure gradients in the fracture.
3. NUMERICAL ANALYSIS

The system of equations describing the fluid-driven fracturing problem was solved with the FEM
[32]. The numerical model presented in this work is a plane strain fracture driven under
poroelastic and poroelastoplastic conditions utilizing the cohesive zone approach as the fracture
criterion. Recently, Gordeliy and Detournay [35] and Gordeliy and Piccinin [35, 36] have
presented models involving axisymmetric cracks in infinite and semi-infinite elastic domain to
compute the fracture path for near surface bowl-shape fractures. A sufficient fine mesh around
the predefined fracture path was used to ensure numerical accuracy from the sharp changes that
are created in the deformation and geometry of the propagating tip. The theoretical bounds for
the cohesive element size was originally discussed in [31] and improved by Tomar et al. [37].
According to their work, two main factors influence the element size. The first parameter is the
cohesive zone size dz. The element size has to be small enough to accurately resolve the stress
distributions in the cohesive process zone around the fracture tip. The cohesive zone is an
inherent length scale determined by material parameters, and in most cases, it is very small.
The second parameter results from the macroscopic stiffness reduction due to the cohesive
separation along element boundaries if the initial stiffness of the cohesive surfaces is finite.
The cohesive element size must be chosen as such to prevent excessive stiffness reduction and
Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. (2014)
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to ensure element size independency in fracture propagation simulations. The allowable range of
element size dz in plane strain conditions is given by

dz <<
9πGICE0

32T2
max

(16)

where GIC is the fracture energy for mode-I separation, E0 is the plane strain modulus, and Tmax
is the maximum traction.

The cohesive model presented in this work is based on the fundamental assumption of the fully
symmetric description of the fracture, which one may argue that is unrealistic. Experimental results
have shown that cross sections of a fluid-driven fracture exhibit very complex geometry. As
fractures may form from several overlapping of micro-fractures and bridges are linking the two
fracture faces, 3D effects may also be responsible for explaining high breakdown pressures and
according to Lhomme [38] must be taken into account. The cohesive zone approach implemented in
this study takes into account implicitly the development of unconnected micro-fractures at the area
of the process zone. Micro-cracks in shearing mode are homogenized and modeled implicitly by the
plastic zones, which are developing around the fracture tip while the fracture is in mobile
equilibrium. The detail how these micro-cracks interact and coalesce to form the complex branching
shape and system of fractures is not claimed to be investigated in this work. Furthermore, the model
formulated for the purposes of this analysis is for a 2D continuum medium and does not describe
fully 3D effects, which may probably explain a part of the high net pressures for low porosity rocks.

Calculations were carried out in Abaqus, a non-linear finite element code suite of programs [32].
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 translational DOF, are equipped with a pore pressure DOF
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 longitudinal and transversal fluid flow
during propagation [32]. The discretized domain was considered to be 30m×30m, and the
predefined path of the fracture was defined to be 11m only (cohesive elements) in order to save
computational time. The injection point 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 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 σ3 (MPa) was considered as the minimum in-situ stress, and at the right side
of the models, the value of σ1 (MPa) was considered as the maximum in-situ stress. 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.

3.1. Model validation

A previous work concerned with the validation of fluid-driven fractures using the cohesive zone
approach in the viscosity-dominated regime was presented by Chen [19]. In that work, a validation
between numerical models and analytic solutions was presented for both penny shape and plane
strain fractures in an infinite impermeable elastic medium.

A significant contribution focusing on the accuracy and convergence of numerical simulators in the
important practical case of the viscosity-dominated regime was presented by Lecambion et al. [18]. In
that work, different simulators were selected on the basis of different propagation criteria used. The
validations showed that all simulators are able to capture the analytical solutions (in the absence of
leak-off) but at a vastly different computational costs. The fracture process zone we use as a
propagation criterion requires finer mesh to capture the solution at a desired accuracy compared with
other simulators as presented in [18]. However, utilizing the cohesive process zone as a propagation
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criterion has some specific advantages that make its use attractable. Among the most popular is the
cancelation of the singularities in the near tip area [13, 28, 29]. In this work, we validated the
models with the analytic solutions of Adachi [12] and Detournay [14, 12] and numerical results of
Carrier and Sylvie [20], which are valid for hydraulic fracturing in permeable formations.

The first part of this investigation is devoted to the presentation of the results from the analysis of the
fluid-driven fracture propagating in a poroelastic formation with fluid losses to demonstrate the fully
coupled solution. We have performed comparisons with the asymptotic solution of Bunger et al. [21]
and the numerical computations of Carrier and Sylvie [20] when the fracture is driven in a toughness
dominant regime and with the asymptotic solution of Adachi [12] and the numerical computations of
Carrier and Sylvie [20] when the fracture is driven in viscosity-dominated regime.

The parameters of the numerical computations to be consistent with the numerical results of Carrier
and Sylvie [20] are as follows: Young modulus 17GPa; Poisson ratio 0.2; fracture energy for mode I
separation 120Pa m; critical separation traction 1.25MPa; injection rate 0.001m2/s; permeability
10�15m2; fluid viscosity 0.0001 Pa s (K-analytical) and 0.1 Pa s (M-analytical); compressive far
field stress 3.7MPa; porosity 0.2 [�]; leak-off coefficient 6.28 × 10�5m s�1/2 (K-analytical), and
6.28 × 10�10m s�1/2 for (M-analytical).

The numerical model of Carrier and Sylvie [20] considered a rigid-softening behavior of the traction
separation relation as the fracture propagation criterion, whereas in the model used in this study, we
included an elastic loading–softening. The elastic loading–softening model is characterized by an
extra independent parameter, the stiffness of the traction–separation relation in the loading regime.
Thus, the cohesive zone model adopted by Carrier and Sylvie [20] can be regarded as a special case
with high stiffness for the elastic loading bilinear law used in this study.

Figure 2a presents the numerical solution of the fracture aperture at wellbore versus time in
comparison with the near-K analytical solution of Bunger et al. [21] and the numerical solution of
Carrier and Sylvie [20]. The fracture was left to propagate for 8 s (approximately 5m long). The
comparison shows that the agreement between the near-K analytical and the numerical results is
excellent. This is also supported in Figure 2c that shows the aperture relative error (%) with the known
analytical solution. Figure 2b shows the numerical solution of the fracture aperture at wellbore versus
Figure 2. (a) Comparison of fracture aperture evolution with the K-Analytical solution and the numerical re-
sults of Carrier & Sylvie for μ=1× 10�4 Pa s and leak-off coefficient = 6.28 × 10�5m s�1/2. (b) Comparison
of fracture aperture evolution with the M-Analytical solution and the numerical results of Carrier & Sylvie
for μ= 0.1 Pa s and leak-off coefficient = 6.28 × 10�10m s�1/2. (c) Relative error with the K-Analytical solu-

tion; and (d) relative error with the M-Analytical solution.
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time in comparison with the analytical solution of Adachi [12] and the numerical solution of Carrier and
Sylvie [20]. The fracture was left to propagate for 12 s (approximately 5m long). The fluid viscosity was
raised to 0.1Pa s, and the leak-off coefficient was set 6.28×10�10m s�1/2. The leak-off coefficient was set
in this small value in order to approach zero as best as possible. The results from this simulation are in a
good agreement between the numerical results of Carrier and Sylvie [20] and within acceptable
convergence with the M-analytical solution. Figure 2d shows the relative error (%) with the known
analytical solution. As expected, the error is large for the early pumping stages. The reason for this
discrepancy is because the analytical solution is based on the assumption of Linear Elastic Fracture
Mechanics (LEFM) fracture propagation and on a leak-off constitutive relation that is governed by
Carter’s law. In the numerical solution, the fracture propagation is based on the cohesive zone
assumption, and fluid losses are based on the diffusion Equation (4), which is more accurate.

The losses (fluid is sucked from the cohesive zone) demonstrate the action of back stresses, which
induce a negative stress on the fracture walls causing the fracture to close. This effect is also in
agreement with the numerical solution presented by Carrier and Sylvie [20], which explains the
convergence with our numerical model. A small discrepancy is also observed for early times (0–3 s)
within acceptable limits due to the fracture loading (pumping schedule considered as boundary
condition) and the high value of fluid viscosity. The apparent discontinuities that are observed on
the numerical solution are attributed to the mesh resolution. However, no refinement is needed as
seen from the convergence with the other solutions presented.

For the validation of the model, comparison of the fracture length versus time is also presented
for the two propagation regimes (K and M propagation regimes). This is considered a critical
check for moving boundaries problems because it ensures a proper prediction of the fracture
geometry [18–20]. Figure 3a and 3b shows the comparison between the numerical solution of
the fracture length versus time with the analytical solutions and the numerical results of Carrier
and Sylvie [20]. Figure 3c and 3d shows the relative error (%) with respect to the known
analytical solutions. The comparison shows that the fracture length is in a good agreement
with the analytical solutions and the numerical results.
Figure 3. (a) Comparison of fracture length evolution with the K-Analytical solution and the numerical
results of Carrier & Sylvie for μ=1×10�4 Pa s and leak-off coefficient = 6.28× 10�5m s�1/2. (b) Comparison
of fracture length evolution with the M-Analytical solution and the numerical results of Carrier & Sylvie for
μ=0.1 Pa s and leak-off coefficient = 6.28×10�10m s�1/2. (c) Relative error with the K-Analytical solution;

and (d) relative error with the M-Analytical solution.
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From the aforementioned analysis, we have shown that our model is capable of simulating fluid-
driven fractures in both fracture toughness and viscosity-dominated regimes under poroelastic
conditions without a priori assumptions described in [10, 13–15]. We will extend the applicability of
the numerical model to account for poroelastoplastic effects to study further the poroplastic zone
development according to the scaling presented in Equation (15).

3.2. Computational results

This section presents the computations that were performed to analyze the fluid-driven fracture
propagating in poroelastic and poroelastoplastic weak formations. As discussed earlier, the primary
purpose of this investigation is the link of the pumping parameters (fluid viscosity and injection rate)
with the plastic zone development. The input parameters with which the numerical computations were
performed are given in Table I. These parameters include the rock properties, the pumping parameters,
and cohesive zone properties. For the poroelastic case, we ignore any compressibility effects (i.e., Biot
coefficient, α=1). The influence of the compressibility effects in hydraulic fracturing in poroelastic
formations was examined in [29]. In both cases, we consider that an initial pore pressure of a uniform
value of 1.85MPa exist in the formation. The influence of the pore pressure on the plastic zone scaling
was studied in [17]. We expect that the initial pore pressure will not influence significantly the findings,
and we focus in the investigation of the pumping parameters. For the poroelastoplastic case, the only
extra parameters that are needed to consider porous deformation and propagation are the material
cohesion c, friction angle φ, and the dilation angle ψ that controls the volumetric change due to
yielding and dilation of the material. However, in order to keep the parameters to a minimum, we have
assumed associative plasticity theory, which assumes the 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. The effective in-situ stress field was considered as
σ1=14MPa; σ2=9MPa; and σ3=3.7MPa. As initial conditions, we have used a void ratio equal to
0.333 and an initial gap (perforation length) equal to 0.1m.

The values used in the simulations were selected from the literature based on short field fractures
and experimental work [25, 26, 16, 39] for a poorly consolidated sandstone located at 1500m. The
model represents a vertical fracture that propagates vertically in the rock formation. In such case, the
maximum principle stress is usually the vertical in-situ stress.

The fluid pressure responsible for splitting the formation and driving hydraulically the fracture is
obtained as part of the solution. It is created from the injection flow rate and is connected to the
fluid velocity inside the fracture. For convergence reasons, the injection rate was set to climb to its
Table I. Input parameters and material properties.

Variable Value

Elastic rock properties
Young modulus, E (MPa) 16,200
Poisson ratio, ν 0.3
Domain hydraulic conductivity, k (m/s) 2.421E-10

Inelastic rock properties
Cohesion, c (MPa) 1.515
Friction and dilation angle, φ0 =ψ0 28

Cohesive zone properties
Maximum traction, σt (MPa) 0.5
Cohesive stiffness, Kn (MPa) 162E+ 3
Cohesive energy, JIC =GIC (kPa m) 0.112
Transverse conductivity kut ; k

d
t (m/s) 2.421E-10

Pumping parameters
Viscosity, μ (Poise) 1/5/10/50/100
Injection rate, Q (E-03m2/s) 0.5/5.0/10.0/15.0/20.0
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final flow rate value at the first 0.05 s of the injection time. This introduces an initial slope in the
pumping schedule; however, its effect is considered negligible. The computational results presented
next are divided into two categories: influence of injection flow rate and influence of fluid viscosity
under poroelastic and poroelastoplastic conditions.
3.3. Influence of the injection flow rate

The problem of the influence of the injection rate on the leak-off process and the transition to important
poroelastic effects was recently addressed by Kovalyshen, Kovalyshen and Detournay, and
Economides et al. [40, 13, 15], whereas the cake building mechanisms on the fracture walls was
studied by Entov et al. [41]. The models (Penny shape and KGD) presented by Kovalyshen [13]
and Kovalyshen and Detournay [13, 15] are restricted to no filter cake building mechanisms, and
consideration of poroelastic solid to fluid coupling is not assumed. From their analysis, if one
wishes to analyze the influence of diffusion, they found that poroelastic effects can split the storage-
dominated regime into two sub-regimes. The first is the 1D diffusion storage regime and the other is
the pseudo steady-state diffusion characterized by a higher pressure. The difference in these two
regimes can be studied via fast and slow diffusion processes. The physical meaning of fast diffusion
is that the fracture front propagates faster than the diffusion front thus suppressing the diffusion effect
to 1D. As time evolves, the diffusion front reaches the fracture front and eventually propagates faster
making the diffusion effect quite significant influencing the overall solution of a poroelastic fracture. In
this model, we can investigate such behavior, also accounting for the building cake mechanisms with
fully poroelastic coupling through the parametric analysis of the injection flow rate. Another important
poroelastic effect is that propagation can be terminated because when the system is going through
diffusion, it arrives to a point that dilation of the poroelastic medium can change both the fracture
volume (decrease) and the stress intensity factor (increase) due to back stresses that can cause fracture
propagation arrest. The latter (increase in the apparent fracture toughness) is also observed in fully
coupled models accounting for bulk plasticity [26].

As explained before, as a hydraulic fracture propagates in a porous formation, the mathematical
solution passes from four asymptotic regimes. In order to minimize the influence of the leak-off
toughness and leak-off viscosity-dominated regimes and to study the fracturing process in the
storage-toughness and storage-viscosity dominated regimes, we performed all simulations with a
very small value of transversal conductivity, small far field stress and for early times to ensure that
the scaling will remain in the near storage regimes as showed in Equation (11). At the first part of
this investigation, we have kept a constant value of viscosity (1 Poise) and perform simulations for
different injection rates ranging from 0.5E-03 to 20.0E-03m2/s that correspond to different
propagation velocities ranging from slow to fast fracture propagations, respectively. According to
the scaling of Equations (12)–(14), this ensures that the fracture will propagate under the storage-
toughness dominated regime allowing leak-off. This investigation raises the possibility to investigate
the parameters affecting the diffusion process in hydraulic operations.

The purpose and intention of this investigation is to understand the physical mechanisms that may
influence the solution of a fluid-driven fracture (fracture dimensions, pressure profile, net pressure, and
plasticity effects). Although the fracture was propagated to a short length, the obtained results showed
clearly the differences between poroelastic and poroplastic models and more importantly, the tendency
that the fractures had passed from different propagations regimes.

Figure 4a–c presents the parametric analysis performed for the investigation of the influence of the
flow rate under poroelastic conditions. Figure 4a presents the fracture profiles for the different values of
injection flow rates. It is seen that the fracture is wider in the case of fast propagation velocity, whereas
the aperture is narrower (three times) when the propagation velocity is slow. This is explained from the
pressure profile of Figure 4b that is controlled by the propagation velocity and the fluid leak-off that is
permitted in the models. For the fast propagation case (Figure 4b), the fluid pressures turn highly non-
uniform and rise at the fracture inlet as a result of the diffusion predicted by the model. Accordingly,
large loading is observed at the fracture inlet and smaller loading at the fracture tip. This pressure
profile is finally responsible for the observed wider profiles. For the slow propagation case, the fluid
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Figure 4. Influence of flow rate under poroelastic conditions. Injection rate varies from 0.5 × 10�3m2/s (slow
propagation velocity) to 20 × 10�3m2/s (fast propagation velocity) for constant viscosity μ=1Poise.
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pressure inside the fracture is practically uniform because of the low flow rate (0.5E–03m2/s). The
created back stresses become significant and produce narrower fracture profiles.

Figure 4c presents the fluid net pressures at the fracture inlet as the fracture propagates. After the
formation breakdown, the net pressure for the slow propagation velocity decreases continuously
tending asymptotically to zero value. As the fracture is driven with higher flow rates, for short time,
the leak-off is minimized causing the net pressure to decrease. As the propagation time continuous
further, leak-off becomes significant causing the net pressure to rise with increasing fracture length.
We conclude that the obtained results are directly related with the time scale difference between the
diffusion process and the pumping schedule imposed with the different flow rates. In other words,
the diffusion process is not keeping up with the injection rate imposed as boundary condition at the
fracture inlet. Furthermore, this behavior is explained by the propagation regimes that dominate the
problem. For the case that we investigated the influence of the flow rate, there are two dominant
propagation regimes (Figure 4c). The storage-toughness (S-K) and the leak-off toughness (L-K). For
the case of low viscosity, 1 Poise, for short fractures and for all injection rates, the dominant regime
is the (S-K). As the fracture propagates and gains length, for small injection rates, the propagation
regime remains in the (S-K). For large injection rates, leak-off becomes important with increasing
length, and the fracture propagation regime shifts to (L-K). These regime changes explain the
elevated net pressures needed to extend the fracture. Without these changes in regime behavior, the
net pressures would continue declining with increasing fracture length in plane strain conditions.

Figure 5a–d presents the parametric analysis performed for the investigation of the influence of flow
rate on poroelastoplastic fractures. Figure 5a presents the fracture profiles for the different values of
injection flow rates. It is seen that the fracture is wider for large values of the injection rate that
correspond to fast propagation velocity. The fracture aperture is narrower for the slow propagation
velocity. This behavior, as in the poroelastic case, is explained from the fluid leak-off that is
permitted in the models. Comparison of the poroelastoplastic fracture (Figure 5a) with the
poroelastic (Figure 4a) for each injection rate shows that the poroelastoplastic fracture is wider. This
difference is explained by the dissipated energy in the form of plastic yielding that the
poroelastoplastic fracture is experiencing.

Figure 5b presents the fluid pressure inside the propagating fracture. For the fast propagation case,
the fluid pressure as shown in the poroelastic fracture is highly non-uniform. The pressure is higher at
the fracture inlet and smaller at the fracture tip. This loading profile explains partially the wider
profiles. For the slow propagation case, the fluid pressure inside the fracture is practically uniform,
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Figure 5. Influence of flow rate under poroplastic conditions. Injection rate varies from 0.5 × 10�3m2/s (slow
propagation velocity) to 20 × 10�3m2/s (fast propagation velocity) for constant viscosity μ= 1Poise.
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and the back stresses that are created become significant thus producing narrower fracture profiles.
When the fluid pressures are compared, the pressures in the poroelastoplastic case are always larger
as expected because of the influence of plastic effects. Figure 5c presents the fluid net pressures at
the fracture inlet for the propagating fracture profiles. Figure 5c shows that just after the injection
starts, pressure starts to build up. This pressure built up is associated with the cohesive and plastic
zones development. After the process zone has been fully developed, the pressure starts to decay for
short propagation times. This behavior is similar for all cases of injection rates that were examined.
The predicted net pressure for the slow propagation velocity, after the formation breakdown,
decreases continuously tending to zero asymptotic value. When the fracture is driven with higher
flow rates, leak-off is enhanced causing the net pressure to increase beyond a propagation length.
This behavior is explained again as a result of the diffusion causing the fluid pressure to become
non-uniform resulting in wider fracture profiles. As explained earlier, this is the result of the time
scale difference between the diffusion process and the pumping schedule imposed as boundary
condition. From the elevated net pressures predicted from the numerical model, the energy that is
dissipated because of plastic yielding versus time for all the cases examined is shown in Figure 5d.

When propagating the fracture with high injection rates, larger plastic dissipation is obtained than
the case of small injection rates when we compare the fractures at the same length. Additionally,
more time is needed to reach the desired length (1.5m) when the fracture is driven with low
injection rate. These findings can be directly related to the highly non-uniform pressure profile
inside the fracture that is created with high injection rates and the net pressures that tend to rise
during fracture extension. The propagation regimes that dominate the problem are exactly the same
as in the poroelastic case. The main difference in the poroelastoplastic case is that plastic yielding
provides an effective shielding of the propagating fracture. This effect results in extra toughness in
the system, which prolongs the (S-K) regime in the poroelastoplastic case.
3.4. Influence of the fracture fluid viscosity

The second part of this investigation is concerned with the influence of the fluid viscosity on the
diffusion process and the plastic zone development. In order to analyze the results, we have kept a
constant value of injection rate (0.5E-03m2/s) and perform simulations for different values of fluid
viscosity ranging from 1 to 100Poise. These values of fluid viscosity correspond to the range of
small to highly viscous fluid flow. Such values of fluid viscosity (100Poise) actually confirm that a
Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. (2014)
DOI: 10.1002/nag



E. SARRIS AND P. PAPANASTASIOU
fracture will be driven in the viscosity-dominated regime (Equations (12)–(14)) [10, 12]. We used the
value of the smallest injection rate to minimize any interaction effects between the fluid viscosity and
the injection flow rate in the scaling term (μν). As in the previous investigation (Section 3.3), all
comparisons are made after the fractures reached 1.5m long.

Figure 6a–c presents the numerical solution for a fracture driven under poroelastic conditions. The
investigated variable is the fluid viscosity. Figure 6a shows the fracture profiles for the different values
of fluid viscosities. It is seen that for small values of fluid viscosity (1–10Poise), the action of the
viscous fluid flow does not present any important effect on the fracture profiles. In fact, the fractures
present similar profiles. The fracture is wider when is driven with highly viscous fluids. The created
aperture with the low viscosity fluids is narrower (two times) and this is explained from the fracture
face loading of the viscous fluid flow and the small fluid leak-off that is permitted in the models
through the transverse hydraulic conductivity (filter cake). Furthermore, if the comparison was to be
made for the same time, due to different fracture volumes, the difference in the net pressure would
be even greater.

For the case where the fracture is driven with a highly viscous fluid (Figure 6b), the fluid pressures
turn non-uniform with the large values observed at the fracture inlet and smaller loading at the fracture
tip. This pressure profile is mainly responsible for the wider profiles. In the other case, where the
fracture is driven with a less viscous fluid, the fluid pressure inside the fracture is practically
uniform resulting in narrow fracture profiles. Figure 6c shows the fluid net pressures obtained for
the fracture profiles of Figure 6a. It is shown that the net pressure predicted with the less viscous
fluids after the formation breakdown decreases to a constant value as expected. When the fracture is
driven with highly viscous fluids, it causes the net pressure for short time to decrease and later to
increase again. We conclude that the obtained results are a direct result of the action of the viscous
fluid flow, which affects the diffusion process. This means that higher net pressures are created, and
the resulting fracture profiles are wider when the fracture is driven in the storage-viscosity regime.
This behavior is explained by the propagation regimes that dominate in the computations. For the
case that we investigated the influence of the viscous fluid flow, there were two dominant
propagation regimes (Figure 6c): the storage-toughness (S-K) and the storage-viscosity (S-M). For
the case of low viscosity fluids (1–10Poise), for short fractures and constant low injection rate
(0.5E-03m2/s), the dominant regime is the (S-K), and for the highly viscous fluids (50–100Poise),
the dominant regime is (S-M). As the fracture extends longer, the propagation regime for the low
viscous fluids remains in (S-K). For the case of highly viscous fluids and constant injection rate, the
Figure 6. Influence of viscosity under poroelastic conditions. Viscosity varies from 1Poise (low viscous
fluid flow) to 100 Poise (high viscous fluid flow) with constant flow rate Q= 0.5 × 10�3m2/s.

Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. (2014)
DOI: 10.1002/nag



INFLUENCE OF PUMPING PARAMETERS IN FLUID-DRIVEN FRACTURES
propagation regime remains in (S-M). This behavior is attributed to the small flow rate that was used as
pumping schedule. Accordingly, the action of the viscous fluid flow is much more dominant than the
fluid leak-off, thus, the propagation dominating the simulation remains in the storage regimes. These
findings explain the elevated net pressures needed to extend the fracture.

Figure 7a–d presents the computational results for a fracture driven under poroelastoplastic
conditions. Figure 7a shows the fracture profiles for the different values of fluid viscosities. It is
seen that for small values of fluid viscosities (1–10Poise), the action of the viscous fluid flow does
not present any important effects on the fracture profiles even for the poroplastic cases. This can be
attributed to the set of parameters chosen for these simulations. The fracture is wider when is driven
with highly viscous fluids, and the aperture is narrower when fracturing is performed with a low
viscosity fluid.

This behavior is explained again from the small fluid leak-off that is permitted in the models through
the transverse hydraulic conductivity and the action of the viscous fluid flow. Furthermore, if the
comparison was to be made for the same time scales, the fracture volume would increase thus
creating more apparent differences in the net pressures. When the fractures are compared for all the
viscosity cases between the poroelastic and poroelastoplastic fractures, the fractures are always
wider in the poroelastoplastic cases. This demonstrates that when irreversible effects are considered,
the fracture profile is further enlarged by both the action of the storage-viscosity regime and from
plastic yielding. This result is supported by Figure 7b that presents the fluid pressures inside the
fracture. Higher fluid pressures with non-uniform profile are obtained. The larger values are
encountered at the fracture inlet, whereas the smaller at the fracture tip. This type of fluid loading
has a direct effect on the elliptic shape of the fracture. This behavior is responsible for wider profiles.

When examining the net pressures of Figure 7c, a small increase is created just after the injection
starts suggesting pressure build up. This pressure is associated with the plastic zone development.
After the plastic zones have been developed, the pressure starts to decay. This behavior is similar for
all cases examined with different values of fluid viscosity. After formation breakdown, the net
pressures evaluated from the highly viscous cases tend to elevate. For small viscosities, the fluid
diffuses freely in the formation, and the pressure tends to a constant value. For high viscosities, the
diffusion process is affected and the pressure increases. This behavior is explained by the fact that
the fracture is mapped in the storage-viscosity regime and furthermore, from the plasticity
considered in the models. Figure 7d shows the energy that is dissipated from irreversible
deformations versus time for all the cases examined. More time is needed to propagate the fracture
Figure 7. Influence of viscosity under poroplastic conditions. Viscosity varies from 1Poise (low viscous
fluid flow) to 100 Poise (high viscous fluid flow) with constant flow rate Q= 0.5 × 10�3m2/s.
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Figure 8. Contours of equivalent plastic strain.
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to a certain extent (1.5m in length) when driven with highly viscous fluids due to the created larger
fracture volume. The plastic dissipation curves follow the same path. For the case of the fracture that is
driven with highly viscous fluids, larger plastic zones are obtained as a result of the fracture being
mapped near the storage-viscosity regime. For small fluid viscosity, the plastic dissipation is almost the
same and reaches the same fracture length at the same time. We conclude that the obtained results are a
direct result of the action of the viscous fluid flow which in turn affects the plastic zone development
influencing further the fracture geometry and fluid pressures compared with the poroelastic case.

Finally, we close the discussion with the plastic zone size and boundaries that are obtained as part of the
numerical solution. The contours of the plastic equivalent strains are plotted in Figure 8 for the case of a
fracture driven in a weak formation. The definition of the equivalent plastic strain for the Mohr–Coulomb
yield criterion, taken from [32], is displayed on the figure. Figure 8 is plotted after the fracture has been left
to propagate up to 1.5m length (i.e.,L=1.5m). The equivalent plastic strain contours show the extent of
the plastic zones (approximately 10cm) that are created in the weak rock formation. For a short fracture,
this plastic zone can be considered important. 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 gains in length. It appears that as the fracture grows longer, steady-state yielding condition is
reached, and the importance of the plastic zone decreases as its size with respect to the fracture length
is diminishing.
4. CLOSURE DISCUSSION

A set of fully coupled poroelastic and poroplastic models have been presented in an attempt to explain at
least partially the discrepancies in net pressures between field measurements and conventional model
predictions for the case of a weak porous formation. From the comparison with asymptotic solutions and
other numerical studies, we demonstrated that the models in this study are capable of predicting fluid-
driven fractures in the storage-toughness and storage-viscosity dominated regimes with good accuracy.

When the fracture is mapped in a random position in the parameter space based on input parameters
(i.e., is influenced by all dominant processes) and is driven with high flow rates under poroelastic
conditions, the fluid pressures turn non-uniform inside the fracture because the time scale of the
diffusion is significantly different from the time scale of the fluid injection. As a result of the small
diffusion that is allowed from the fracture toward the formation, the predicted fracture profiles are
wider, and the net pressures after breakdown increase. When the fractures are driven with high flow
rates under poroelastoplastic conditions, the fluid pressures preserve their non-uniform profile inside
the fracture for the same reason as the poroelastic case. As a result, larger plastic yielding is created
when the fracture is driven with high flow rates suppressing even more the diffusion process. The
fracture profiles predicted under poroelastoplastic conditions are wider than the poroelastic case.
Furthermore, the fluid pressures needed to extend the fracture are larger, and the net pressures after
breakdown increase as a result of the diffusion process and the changing of the propagation regimes.
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Hydraulic fracturing under poroelastic conditions with viscous fluids present similar behavior.
When the fractures are driven with highly viscous fluids under poroelastic conditions, the fluid
pressures turn non-uniform inside the fracture. This is done because of the action of the viscous
fluid flow. This type of flow affects the diffusion and the fluid is not allowed to diffuse freely in the
formation thus increasing the pressure at the inlet and decreasing at the tip area. This has a direct
result over the elliptic shape of the fracture. As a result of the small diffusion that is allowed from
the fracture toward the formation, the fracture profiles are wider and the net pressures after
breakdown increase. Fluid-driven fractures under poroelastoplastic conditions influence even
further the results. When the fractures are driven with highly viscous fluids under
poroelastoplastic conditions, the fluid pressures are non-uniform inside the fracture as a result of
the action of the viscous fluid flow. This non-uniform pressure creates larger plastic zones which
in turn affects the elliptic shape of the fracture. The resulting fracture profiles are wider, and the
fluid and net pressures are larger from the poroelastic case. Furthermore, the net pressures increase
after breakdown as a result of the action of the highly viscous fluid flow and the changing of the
propagation regimes.

As shown from the aforementioned analysis, the influence of the fluid viscosity and the propagation
velocity through the flow rate in the (μv) term has the same effect on the plastic zone development.
This is explained by the fact that this term is coupled and represents the fluid loading inside the
fracture to estimate the plastic zone extent. Furthermore, plastic zones introduce extra stiffness in the
system which prologs the (S-K) propagation regime.

For a practical application, a turning point in the declining propagation pressure is often interpreted
as the fracture front has reached a barrier with higher fracture toughness, and the operations must stop
to avoid fracturing of unwanted zones. The results of this study show that the elevation in the
propagation pressure is not necessarily always associated with fracture barriers but can be a result of
a changing propagation regime. Furthermore, variation in pumping parameters (μv) results in a non-
linear behavior that often cannot be captured by conventional industrial simulators. This behavior
may explain partially the discrepancy in the net pressures between field operations and numerical
simulators for the case of weak porous formations.
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