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Abstract
Near-wellbore fracture tortuosity has important impacts on the productivity of fractured oil and gas wells and the injectivity

of CO2 or solids disposal injectors. Previous models for simulating near-wellbore fracture tortuosity usually assume

fracture growth in linear-elastic media, without considering the effects of porous features of the rock. In this paper, a 2D

fully coupled model is developed to simulate near-wellbore fracturing using the XFEM-based cohesive segment method.

The model takes into account a variety of crucial physical aspects, including fracture extension and turning, fluid flow in

the fracture, fluid leak-off through wellbore wall and fracture surfaces, pore fluid flow, and rock deformation. The proposed

model was verified against two sets of published experimental results. Numerical examples were carried out to investigate

the effects of various parameters on near-wellbore fracture trajectory, injection pressure, and fracture width. Results show

that near-wellbore fracture behaviors are not only dependent on rock elastic properties and field stresses, but also greatly

influenced by porous properties of the rock, such as permeability and leak-off coefficient. Some field implications were

provided based on the simulation results. By overcoming some limitations of the previous models, the proposed model

predicts more realistic fracture evolution in the near-wellbore region and provides an attractive tool for design and

evaluation of many field operations, for which near-wellbore fracture behaviors play an important role on their successes.
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1 Introduction

It is generally believed that a hydraulic fracture emanating

from a wellbore may have a more tortuous pathway in the

near-wellbore region than that in the far-field region [45].

This is particularly true if the fracture initiates from a

preexisting natural flaw or perforation on the wellbore wall

which is not aligned with the preferred fracture direction

(direction perpendicular to the minimum horizontal stress

for vertical wellbores). In such cases, the fracture can have

a complex trajectory in the wellbore vicinity before it

eventually reorients to the preferred direction.

Near-wellbore fracture tortuosity has important impacts

on a variety of fracturing-related operations in the oil and

gas industry. For example, in hydraulic fracturing

treatments, tortuosity-induced fracture width restriction,

proppant placement difficulty, injection pressure increase,

and unplanned screenout could be fatal to the success of the

treatments [14, 45]. Near-wellbore fracture complexity also

leads to difficulties in interpretations of field injectivity

tests, e.g., leak-off tests, extended leak-off tests, mini-frac

tests, pump-in/flow-back tests, and diagnostic fracture

injection tests. In these tests, pressure versus time curves

are usually interpreted to obtain the desired formation

information. For example, the breakdown pressure in an

extended leak-off test has commonly been used in the

drilling community as a measurement of the minimum field

principal stress. However, a tortuous fracture initiating

from a natural flaw on the wellbore wall with different

orientations with respect to the preferred fracture direction

could allow a wide range of breakdown pressures, resulting

in considerable ambiguity in test interpretation [27]. For

another example, in pump-in/flow-back tests in low per-

meability formations, fracture closure pressure is measured

by implementing a flow-back phase. However, facture
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tortuosity and width restriction can cause early closure of

the fracture in the near-wellbore region during flow-back,

while the main body of the fracture remains open, resulting

in incorrect (overestimated) fracture closure pressure.

Knowledge of near-wellbore fracture behaviors is also

important for understanding lost circulation mechanisms

and design of wellbore strengthening treatment, an

approach to prevent lost circulation during drilling [15, 18].

One of the common practices of wellbore strengthening is

to bridge the lost circulation fractures with lost circulation

materials (LCMs) to increase fracture propagation resis-

tance and hoop stress around the wellbore. Successful

bridging of the fractures requires the use of appropriate

LCM particle size distribution (PSD). So information on

near-wellbore fracture dimensions, width distribution

especially, is important for the PSD design of LCMs. In

addition, fracture tortuosity may also affect fracture

bridging. According to lessons learned from near-wellbore

fracture screenout due to proppant bridging in hydraulic

fracturing treatments, a more tortuous fracture should be

relatively easier to be bridged in wellbore strengthening

treatments thanks to larger fracture curvature and restricted

fracture width.

Therefore, the ability to predict near-wellbore behaviors

is important for these fracturing-related issues in the pet-

roleum industry. Different from planar fractures that may

be characterized by analytical models, e.g., the PKN and

KGD fracture models, curving fractures in the near-well-

bore region are very difficult, if not impossible, to describe

using an analytical approach. For this reason, significant

efforts have been devoted to developing numerical models

to simulate near-wellbore fractures by means of different

numerical approaches in the past few years. Cherny et al.

[12] proposed a 2D finite-different model for this problem.

However, the curvilinear fracture path in their model must

be prescribed, which significantly limits the applicability of

the model. Zhang et al. [51, 52] used a 2D displacement

discontinuity model to simulate fracture growth from a

wellbore by coupling fluid flow in the fracture and rock

deformation. The model was used to investigate the roles

of fluid viscosity and injection rate on the tortuosity of

near-wellbore fractures. However, their model assumes the

formation is linearly elastic material, without considering

poroelastic effect, pore fluid flow, and fluid leak-off across

the fracture surfaces. As will be illustrated in this paper,

porous properties of the formation, e.g., permeability and

leak-off coefficient, can have great impact on fracture

trajectory, fracture width, and injection pressure. Abdol-

lahipour et al. [2] simulated the propagation of multiple

completing hydraulic fractures from a wellbore using a 2D

displacement discontinuity model as well. The model also

assumes linearly elastic formation and, furthermore,

ignores the viscous pressure drop in the fractures. Gordeliy

et al. [20] used a 2D XFEM (extended finite element

method) model to investigate near-wellbore fracture

reorientation. The model couples fluid flow in the facture

and rock deformation and captures arbitrary fracture paths

without explicit remeshing. Nevertheless, their model for

rock deformation is also based on linear elasticity.

A number of numerical methods have been used to

simulate hydraulic fracture propagation in petroleum

engineering community, such as finite element method

(FEM) [16, 17, 20, 23, 53, 57], boundary element method

(BEM) [25, 46, 47, 49], and discrete element method

(DEM) [3, 9, 55, 56]. BEM has the advantage of efficient

calculation because only fracture faces are discretized;

however, its application is usually restricted to linear-

elastic materials [24, 28]. DEM can handle complex frac-

ture patterns and reveal detailed physics regarding the

interactions between rock particles and fluids during

hydraulic fracturing; but it is more expensive in computa-

tion and time-consuming in calibration of material con-

stants compared with FEM and BEM. Methods within

FEM framework mainly include adaptive remeshing

method, cohesive interface element method, and extended

finite element methods. Adaptive remeshing method

involves a non-trivial remeshing process while modeling

fracture propagation. Cohesive interface element method

requires assigning of interface elements at the edges of

bulk elements, which has been extensively used to model

hydraulic fracture growth along a pre-known and pre-de-

fined path in petroleum engineering, although it can be

used to model arbitrary fracture propagation if interface

elements are inserted at each element edge [28]. In this

paper, XFEM is applied. XFEM can handle complex

fracture patterns without the need of remeshing and addi-

tional interface elements, providing an attractive method

for modeling fracture tortuosity in the near-wellbore

region. A cohesive zone model (similar to that used in the

cohesive interface element method by Nguyen et al. [28])

is used in conjunction with XFEM to model fracture evo-

lution because it eliminates the crack tip singularity of

linear-elastic fracture mechanics (LEFM). In addition, a

cohesive zone model can directly predict fracture propa-

gation by satisfying global equilibrium, while LEFM may

need iterations to accurately predict how far a fracture can

propagate at each time step [24]. For simplicity, we do not

consider micro-branch instability and fluid lag in the

cohesive zone model. Interested readers are referred to [31]

for details on micro-branch instability and to [19] for fluid

lag.

It is also worth mentioning some other interesting

numerical methods for modeling complex fracture patterns.

For example, cracking particle method (CPM) [29, 30, 32]

has been developed to model arbitrary evolving fractures

without the need of enrichment as XFEM. In CPM, the
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fracture is treated as a collection of cracked particles with a

discontinuity at each cracked particle. The fracture crite-

rion is checked independently at each particle and thus the

method is able to capture complex fracture branching and

intersections. Another method for modeling complex

fractures is peridynamics (PD) [34, 35, 37]. In PD, frac-

tures occur naturally during simulation and no representa-

tion of fracture topology is needed, making it easy to

simulate complex fracture patterns. The traditional PD

method was first proposed by Silling [37], which requires

the horizon sizes to be constant to avoid spurious wave

reflections and ghost forces between particles. Ren et al.

[34] improved the method and presented the so-called

Dual-horizon peridynamics (DH-PD) method based on the

concept of horizon and dual horizon to remove the issue of

varying horizons and ghost force. However, the application

of these novel methods in modeling hydraulic fracturing is

still rare. For FEM-based computational fracture problems,

there are great improvements in the meshing techniques

recently. For example, an edge-based mesh refinement

method is proposed in [4, 5]. Interested readers are referred

to [4–7] for recent developments in efficient remeshing

techniques.

For hydraulic fracture propagation from a 2D plane-

strain wellbore in a linearly elastic media (Fig. 1) without

considering poroelastic effects, the severity of fracture

curving in the near-wellbore region can be characterized by

a dimensionless parameter b when the fracture growth is

dominated by fracture toughness [27] and by a dimen-

sionless parameter vF when the fracture growth is viscosity

dominated [22]. b and vF can be expressed as:

b ¼ SH � Shð Þ
ffiffiffi

R
p

KIC

ð1Þ

vF ¼ SH � Shð Þ
ffiffiffi

R
p

l0QE03ð Þ1=4
ð2Þ

where SH and Sh are the maximum and minimum hori-

zontal stresses, respectively; KIC is rock fracture toughness;

R is wellbore radius; l0 = 12l is scaled fluid viscosity; l is

dynamic fluid viscosity; E0 ¼ E
1�v2

is plane-strain modulus;

E and v are Young’s modulus and Poisson’s ratio of the

rock, respectively; and Q is injection rate into the fracture.

In general, the toughness- and viscosity-dominated fracture

growth conditions can be identified by a dimensionless

toughness j (Eq. 3): fracture growth is toughness-domi-

nated if j[ 4 and viscosity-dominated if j\ 1 [13].

j ¼ K 0

l0QE03ð Þ1=4
ð3Þ

where K 0 ¼ 4KIC

ffiffi

2
p

q

is a scaled fracture toughness; the

other parameters are the same as defined above.

Regardless of the fracture growth regime, Eqs. 1 and 2

indicate that, for a certain wellbore, fracture curving in the

near-wellbore region is only dependent on far-field stres-

ses, rock mechanical properties, and injection parameters.

However, these equations only apply to fracture growth in

linearly elastic, impermeable media. As has been men-

tioned above and will be shown later in this paper, in

poroelastic formations, the porous features of rock will also

significantly influence the near-wellbore fracturing, and

thus the dimensionless parameters of Eqs. 1 and 2 are not

sufficient in characterizing the near-wellbore fracture

curving.

This paper develops a 2D fully coupled model which is

able to take into account a variety of crucial physical

aspects during hydraulic fracture growth in the near-well-

bore region, including fracture extension and turning, fluid

flow in the fracture, fluid leak-off through wellbore wall

and fracture surfaces, pore fluid flow, and rock deforma-

tion. A cohesive segment model is used for capturing

fracture extension and the associated fracture fluid flow and

leak-off. Rock deformation and pore fluid flow are modeled

based on poroelasticy theory and Darcy’s law. The differ-

ent components are incorporated into a XFEM framework

using the finite element code Abaqus. By doing this, the

XFEM model can simulate arbitrary fracture growth paths

while considering fluid dynamics in the fracture and

poroelastic behavior of the rock. In the following, the basic

equations used in the proposed model are first presented.

Then, the model is verified against published experimental

results in the literature. Next, simulations of near-wellbore

factures under various conditions are performed and effects

of some key factors on the fracture behaviors are investi-

gated based on the simulation results. This paper concludes

Fig. 1 Hydraulic fractures emanating from a circular wellbore (mod-

ified after [51])
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with a discussion of the model capability and implications

of the simulation results on relevant field operations.

2 Methodology

To model hydraulic fracture propagation in porous for-

mation, three components should be coupled and modeled

simultaneously: (1) deformation of porous formation (in-

cluding fracture opening), (2) fluid flow in porous forma-

tion, and (3) fluid flow in the fracture. For simplicity, we

restrict the current model to 2D, isotropic, and homogenous

formation fully saturated with a single-phase fluid. The

model does not account for fluid lag (i.e., the fluid front in

the fracture is identical to the fracture front). We also do

not consider crack branching which can be important in

hydraulic fracturing simulations, especially for modeling

intersections between hydraulic fractures and natural frac-

tures, topics beyond the scope of this paper. In this section,

we provide the governing equations, weak forms, FEM

discretization, and some implementation aspects of the

coupled near-wellbore fracture problem.

2.1 Governing equations

2.1.1 Deformation of porous formation

The formation is assumed to be an isotropic, homogeneous,

and poroelastic medium, fully saturated with a single-phase

fluid. The equilibrium equation without body force is stated

in the strong form as

r � r ¼ 0 ð4Þ

where r is the total stress tensor. According to poroelas-

ticity theory [41], the total stress is related to effective

stress and pore pressure as

r0 ¼ rþ apI ð5Þ

where r0 is the effective stress tensor, p is the pore pres-

sure, a is the Biot’s coefficient, and I is the unit tensor.

2.1.2 Fluid flow in porous formation

The continuity equation for pore fluid flow in the porous

formation can be expressed as

1

M
_pþ ar � _uþr � vd ¼ 0 ð6Þ

where M is the Biot’s modulus, u is the displacement of the

solid phase, vd is the fluid flow velocity of the pore fluid.

The fluid flow is assumed to obey Darcy’s law as

vd ¼ � k

l
rp ð7Þ

where l is the viscosity of pore fluid, k is the permeability

tensor. In this study, rock permeability is assumed to be

isotropic.

2.1.3 Fluid flow in the fracture

Upon the opening of a hydraulic fracture, fluid will flow

into the fracture with two components: tangential flow

along the fracture and normal flow (fluid leak-off) from the

fracture surfaces into the formation. Assuming incom-

pressible fluid, the continuity equation of fracture fluid flow

is expressed as

_wþ oq

os
þ qt þ qb ¼ 0 ð8Þ

where w is the fracture width (aperture), q is the tangential

flow inside the fracture, s is the curvilinear coordinate

along the fracture, qt and qb are fluid leak-off into the top

and bottom fracture surfaces, respectively.

The tangential flow is governed by the classical cubic

law as [39]

q ¼ � w3

12l
opf

os
ð9Þ

where l is the viscosity of fracturing fluid, which is

assumed to be identical to that of pore fluid in this paper; pf
is the fluid pressure in the fracture.

The normal flow (leak-off) across the top and bottom

fracture surfaces can be described as

qt ¼ ct pf � ptð Þ
qb ¼ cb pf � pbð Þ

�

ð10Þ

where pt and pb are the pore fluid pressures in the porous

medium adjacent to the top and bottom surfaces of the

fracture; ct and cb are the parameters controlling the fluid

flow across the top and bottom fracture surfaces, usually

referred as ‘‘leak-off coefficients.’’

2.2 Boundary conditions and weak forms

Figure 2 shows a porous medium with a hydraulic fracture

and the boundary conditions. The essential boundary con-

ditions are described by

u ¼ �u on Cu

p ¼ �p on Cp

�

ð11Þ

where �u and �p are prescribed displacement and pore

pressure at the external boundaries.

The natural boundary conditions are expressed as
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r � n ¼ �t on Ct

vd � n ¼ qw on Cq

�

ð12Þ

where �t and qw are prescribed traction and flux on the

external boundaries; n is the unit outward normal vector to

the external boundaries.

On the surfaces of the fracture, the following boundary

conditions are defined

r � nCd
¼ tc � pfnCd

vd½ �½ � � nCd
¼ qwd

�

ð13Þ

where tc is the cohesive traction (the fracture growth is

modeled based on a cohesive law which will be described

later); nCd
is the unit normal vector to the fracture; qwd is

the fluid leak-off flux from the fracture to the formation;

and the notation denotes the discrepancy between the

values at the two fracture surfaces.

The weak form of the equilibrium equation can be

obtained by integrating Eq. 4 with a test function g over the
domain X:

r
X
rsg : rdXþ r

Cd

g½ �½ � � tc � pfnCd

� �

dC ¼ 0 ð14Þ

where rs is the symmetric part of the gradient operator.

Note that the total stress tensor r in this equation must be

replaced by the effective stress tensor in Eq. 5.

The weak form of the continuity equation of pore fluid

flow (Eq. 6) can be obtained by multiplying the equation

with a test function f, substituting the Darcy’s law (Eq. 7),

and integrating the equation over the domain:

r
X
f

1

M
_pþ ar � _u

� �

dXþ r
X

k

l
rf � rpdX� r

Cd

fqwddC

þ r
Cp

fqwdC

¼ 0

ð15Þ

Similarly, the following weak form of the continuity

equation of fracture fluid flow (Eq. 8) can be obtained with

a test function n:

r
Cp

n _wþ qt þ qbð ÞdCþ r
Cp

o nqð Þ
os

dCþ r
Cp

w3

12l
opf

os

on
os

dC ¼ 0

ð16Þ

For the hydraulic fracturing problem in a porous med-

ium, the fields we want to solve are the displacement field,

the pore pressure field, and the fracture fluid pressure field.

The coupling between these variables is embodied in

Eqs. 14–16. The pore pressure is coupled with displace-

ment by Eqs. 14 and 15. The pore pressure is coupled with

fracture fluid pressure by Eqs. 15 and 16. The fracture

pressure is coupled with the displacement field (fracture

width) through Eq. 16.

2.3 Finite element approximation
and discretization

XFEM is implementation based on the so-called phantom

node approach in this paper [33, 40]. Figure 3 illustrates

the decomposition of a fractured element into two elements

formed by original nodes and additional phantom nodes.

The enriched local displacement is defined as

Fig. 2 A porous medium containing a hydraulic fracture subjected to

boundary conditions

Fig. 3 Schematic of the real and phantom nodes on an enriched

element before and after damage
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u xð Þ ¼
X

i2Sall
Ni xð Þui þ

X

j2Sfrac
Nj xð Þ H f xð Þð Þ � H f xj

� �� �� 	

aj

ð17Þ

where Sall is the set of all nodes; Sfrac is the nodes set whose

support elements are cut by fracture interior; Ni(x)is the

standard finite element shape function; ui is the usual nodal

displacement vector for the continuous part of the finite

element solution; H(x) is the enriched function, also called

Heaviside function, for the displacement jump across the

fracture; and aj is the nodal enriched degree of vector for

nodes whose shape function support domain is cut by the

fracture interior.

The Heaviside function is given by [26]:

H xð Þ ¼ 1; if x� x�ð Þ � n� 0

�1; if x� x�ð Þ � n\0

�

ð18Þ

where x is a sample point; x* is the point on the fracture

closest to x; n is the unit outward normal to the fracture at

x�.
For an element cut by a fracture and decomposed into

two elements in the phantom node approach (Fig. 3), the

displacement field is given as

u x; tð Þ ¼
X

i2S1
Ni xð Þu1iH �f xð Þð Þ þ

X

i2S2
Ni xð Þu2iH f xð Þð Þ

ð19Þ

where Si is the node sets of superposed element i; uji is the

nodal degree of freedom of superposed element j. Each

element is formed with both real nodes and phantom nodes

as shown in Fig. 3.

Since the fracture does not impose discontinuity in

pressure field, the fracture fluid pressure and pore pressure

are not enriched. They are approximated with the standard

FEM approximation as [44]:

p xð Þ ¼
X

i2Sall
N xð Þpi ð19Þ

where pi is the pore pressure at node i or the fluid pressure

in the fracture at phantom node i.

Next, we turn our attention to the discretization of the

momentum equation and fluid flow equation. The discrete

momentum equation can be obtained by performing FEM

discretization of the weak form Eq. 14 as

f ext ¼ f int þ f pore þ f fluid þ f coh ð20Þ

where f ext, f int, f pore, f fluid and, f coh are the external force,

internal force, pore fluid force, fracture fluid force, and

cohesive contact force. They are assembled from element

matrices and given as follows for an element e that is

splitted into a pair of elements (elements 1 and 2 as shown

in Fig. 3) [40, 44].

f extei ¼ r
Ce
t

NT�tH �1ð Þif e xð Þ
� �

dC ð21Þ

f intei ¼ r
Xe

BTreH �1ð Þif e xð Þ
� �

dX ð22Þ

f
pore
ei ¼ r

Xe

aNT op

ox
H �1ð Þif e xð Þ
� �

dX ð23Þ

f fluidei ¼ �1ð Þi r
Ce
d

NTpndC ð24Þ

f cohei ¼ �1ð Þi r
Ce
d

NTtcdC ð25Þ

where the subscript i represents the superposed elements,

either 1 or 2 as shown in Fig. 3; N is the matrix of the finite

element shape function; and B is the discrete strain–dis-

placement operator.

Neglecting the body force of fluid, the discrete form for

fluid flow is given by [28, 44]

C_pþ Q_uþHp ¼ f extp ð26Þ

where

C ¼ r
X

1

M
NTNdX ð27Þ

Q ¼ r
X
a rNð ÞT �NdX ð28Þ

H ¼ r
X
rNð ÞT �j � rNdX ð29Þ

f extp ¼ r
Cq

NTqwdX ð30Þ

where j is the so-called permeability coefficient of fluid

flow.

By solving the discretization Eqs. 20 and 26 together,

the strongly coupled problem between porous rock (de-

formation and pore fluid flow) and fracture evolution

(fracture creation and fracture fluid flow) can be solved.

2.4 Abaqus implementation aspects

In order to model hydraulic fractures in porous media using

XFEM, the phantom node technique is implemented in

Abaqus in conjunction with XFEM. Phantom nodes with

displacement and pore pressure degrees of freedom are

introduced to the enriched elements to represent the dis-

continuity of damaged elements. Before an element is cut

by a fracture, each phantom node is perfectly constrained

to its corresponding real node as shown in Fig. 3. When the

element is cut by a fracture, the phantom nodes on the

element are activated and the element splits into two ele-

ments. Each element is comprised of a combination of
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some real nodes and phantom nodes which are no longer

tied together and can move independently.

The cohesive segment method (described in next sec-

tion) is used in conjunction with the phantom node tech-

nique to simulate hydraulic fracture growth. The magnitude

of the separation is governed by the cohesive law until the

cohesive strength of the fractured element becomes zero,

after which the phantom and the real nodes move inde-

pendently. In order to capture fluid pressure (pf ) in the

fracture, additional phantom nodes with only fluid pressure

degrees of freedom are introduced onto the edges of each

enriched element, as shown by the blue solid circles in

Fig. 3. The edge phantom nodes are not activated until the

edge is cut by a fracture. The pore pressure (pt and pb)

acting on the top and bottom surfaces of the fracture is

interpolated from pore pressure at the real and phantom

corner nodes. The difference between pf and pt/pb drives

the leak-off of fluid from the fracture to formation.

The system of nonlinear, coupled equations is solved

using the Newton–Raphson method. The continuity equa-

tion is integrated in time using the backward Euler

approximation, which provides unconditional stability. A

minimum time step [43], which is helpful to eliminate

spurious oscillations, is used to reinforce the integration

procedure:

Dt� cF
6Ek

Dhð Þ2 ð31Þ

where Dt is the time increment; cF is the specific weight of
fluid; E is the elastic modulus of the solid skeleton; and

Dh is the typical element size.

2.5 Cohesive zone model

A cohesive zone model is embedded into the enriched

elements in the XFEM model to simulate initiation and

propagation of fluid-driven fractures and associated frac-

turing fluid flow and leak-off. The fracturing process is

modeled as progressive degradation of cohesive strength of

the enriched elements with a traction–separation damage

law.

Figure 4 shows the traction–separation law with linear

softening used in this study, which is defined by the frac-

ture toughness (area under the traction–separation curve)

and the cohesive strength (peak traction value at the trac-

tion–separation curve). The law defines damage initiation

and evolution in fracturing process. Before damage initia-

tion, the material follows linearly elastic behavior, deter-

mined by the stiffness of the material.

Damage initiation refers to the beginning of degradation

of the cohesive strength of an enriched element. It occurs

when a damage initiation criterion is satisfied. In this study,

the quadratic nominal stress criterion is used to define

damage initiation, which can be represented as [38]

tn

ton

� 
2

þ ts

tos

� 
2

þ tt

tot

� 
2

¼ 1 ð32Þ

where tn, ts, and tt are the tractions on the fracture interface

in the normal, the first shear, and the second shear direc-

tions, respectively. ton; t
o
s ; and tot are the cohesive strengths

when the deformation is purely normal to the interface

(pure tension), purely in the first shear direction, and purely

in the second shear direction, respectively. The symbol hi
represents the Macaulay bracket, used to signify that a pure

compressive stress state does not initiate damage at the

interface. Note that Eq. 32 is a general equation that

includes components on both shear directions. However, in

the following section, a 2D model is adopted; thus, only

one shear direction component is involved.

Following damage initiation, damage evolution will

occur, characterized by a progressive degradation of the

cohesive strength. A scalar damage variable D is used to

represent the damage of the interface in the numerical

model as [38]

tn ¼
1� Dð ÞTn; Tn � 0

Tn; Tn\0

�

ð33Þ

ts ¼ 1� Dð ÞTs ð34Þ
tt ¼ 1� Dð ÞTt ð35Þ

where Tn, Ts, and Tt are the normal stress and shear stresses

in the first and second shear directions predicted by the

elastic traction–separation behavior for the current sepa-

rations without damage. tn = Tn when Tn\ 0 means no

damage to pure compressive traction (traction acting nor-

mally to fracture faces and against fracture opening). D is

the scalar damage variable which has an initial value of 0

and monotonically evolves from 0 to 1 upon further load-

ing from damage initiation to complete failure of the

interface. D can be expressed as [10, 42]

Fig. 4 Traction–separation law with linear softening behavior
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D ¼
df dmax � d0
� �

dmax df � d0
� � ð36Þ

where df and d0 are the effective separation at the complete

failure and at the initiation of damage, respectively; dmax is

the maximum effective separation attained during the

loading history. The effective separation across the fracture

interface with combined normal and shear separations can

be defined as:

dm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

d2n þ d2s þ d2t

q

ð37Þ

where dn is the displacement in the normal direction and

the Macaulay bracket means that a pure compressive

displacement (induced by pure compressive traction) does

not contribute to the effective displacement; ds and dt are
the shear displacements at the first and second shear

directions, respectively.

3 Model verification

This section aims to verify the capability of the XFEM-

based cohesive segment model on modeling curving

hydraulic fractures in the near-wellbore region against

published experimental results. To this end, two indepen-

dent set of experiments on investigating near-wellbore

fracture tortuosity reported by [1, 11] are numerically

duplicated.

3.1 Verification against Abass et al. [1]

Abass et al. [1] reported a series of experiments to inves-

tigate the effect of perforation orientation on near-wellbore

fracture tortuosity using cuboid blocks of hydrostone. The

dimensions of the blocks are 0.15 9 0.15 9 0.25 m. A

vertical wellbore with a radius of 0.01 m was cast in the

center of the blocks in the lengthwise direction. The blocks

were confined in a triaxial loading vessel with 20,700 kPa

vertical, 17,200 kPa maximum horizontal, and 9600 kPa

minimum horizontal stresses. The wellbore was perforated

along a 0.05-m interval at the middle of the wellbore with a

perforation depth of 0.0034 m. Different perforation angles

(angle h between perforation direction and SH direction, see

Fig. 1) from 0� to 90� were utilized in the experiments. The

injection fluid had a viscosity of 1.18E-3 kPa s and was

injected at a rate of 1.67E-8 m3/s to fracture the wellbore.

No initial pore pressure was present within the blocks.

For model verification, a 2D plane-strain model is used

to model fracture trajectory on the cross section through the

center of the perforated interval. Only the case with a 60�
perforation angle is modeled because a relatively clear

photograph for this case was provided by Abass et al.[1].

The perforations are modeled as prescribed starter fractures

on wellbore wall. It should be noted that the wellbore in the

experiment was cased and cemented, but no casing or

cement is considered in the numerical model. According to

a numerical comparison reported by Gordeliy et al. [20],

the near-wellbore fracture trajectories in an open hole and

cased hole do not have significant difference. The proper-

ties of the blocks in the experiments are summarized in

Table 1 and used as input parameters for the numerical

modeling.

Figure 5a is a photograph of the curving bi-wing frac-

ture observed from the experiment. It can be seen that the

fracture reorients to the direction of SH as it propagate

outwards from the wellbore. In order to validate the

numerical model, the fracture path in Fig. 5a is digitalized

and plotted in Fig. 5b together with the fracture path

obtained from the model. Only the path of the upper

fracture wing is compared because the two wings are

almost symmetric. The comparison indicates that the sim-

ulation result matches the experimental result quite well.

This agreement demonstrates the capability of the XFEM-

based cohesive segment method on modeling non-planar

fractures from a wellbore.

3.2 Verification against Chen et al. [11]

To further verify the proposed model, a similar experiment

performed by Chen et al. [11] is numerically duplicated as

well. This experiment also aims to investigate fracture

behaviors in the near-wellbore region from oriented per-

forations. The dimensions of the cubic blocks used in this

experiment are 0.3 9 0.3 9 0.3 m, which are larger than

those of Abass et al. [1] and should allow better observa-

tion of fracture reorientation. A wellbore with a radius of

0.01 m was cast in the center of the blocks. The wellbore

was then cased and perforated along a 0.05-m interval at

the wellbore center. The perforations have a depth of

0.03 m and a phasing angle of 180�. A series of perforation

orientations with h = 0�, 30�, 45�, 60�, and 75� were

considered in the experiments. Similarly, only the case

Table 1 Physical and mechanical properties of the rock samples in

Abass et al. [1]

Parameters Values Units

Young’s modulus 1.74 9 107 kPa

Poisson’s ratio 0.228

Fracture toughness 2500 kPa m0.5

Tensile strength 5560 kPa

Permeability 9.5 mD

Porosity 0.33
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with h = 60� is simulated for verification purpose and the

casing and cement are not explicitly considered. The block

was confined in a true triaxial loading vessel and the

principal stresses applied were: 15,000 kPa vertical,

6000 kPa maximum horizontal, and 1000 kPa minimum

horizontal stresses. Initial pore pressure is also not con-

sidered. Fracturing fluid with a viscosity of 1.33E-4 kPa�s
was injected at an extremely low rate of 2.1E-9 m3/s to

achieve stable fracture growth. The physical and mechan-

ical properties of the rock samples are summarized in

Table 2.

Figure 6a is a photograph provided by Chen et al. [11]

showing the curving fracture observed in the experiment.

The fracture trajectory is also digitalized and replotted in

Fig. 6b to compare with the results from numerical simu-

lation. Because of symmetry, only the trajectory of the

upper fracture wing is compared. Figure 6b shows that

there is relatively good agreement between the simulation

and experimental results. This comparison result again

verifies that the proposed model is a valid tool for pre-

dicting near-wellbore fracture complexity.

4 Numerical examples and results

4.1 Model formulation

Single, bi-wing, and multiple fractures initiated from star-

ter fractures on the wellbore wall are considered in this

paper. Figure 7 shows the case with a bi-wing starter

fracture. The formation is assumed to be an isotropic,

poroelastic material in a 2D plane-strain condition. The

total domain of the model is 3.2 9 3.2 m and the wellbore

radius is 0.1 m. The number, length, and angle of the

starter fractures can vary for different cases. The formation

geometry is discretized using enriched XFEM elements

with displacement and pore pressure degrees of freedom,

which allows arbitrary fracture propagation in the domain.

The wellbore is created by removing a set of elements

representing the wellbore. Before elements removal, SH
and Sh are applied, respectively, along the direction of x-

and y-axis to each element as the initial stresses, and a

uniform initial pore pressure is applied to the whole model

as well. The normal displacements at the external bound-

aries of the model are restricted, and a constant pore

Fig. 5 a A photography of the curving bi-wing fracture obtained from the experiment of Abass et al. [1]; b comparison of the fracture trajectories

obtained from the simulation and digitalized from the photography

Table 2 Physical and mechanical properties of the rock samples in

Chen et al. [11]

Parameters Values Units

Young’s modulus 8.4 9 106 kPa

Poisson’s ratio 0.23

Fracture toughness 200 kPa m0.5

Tensile strength 2590 kPa

Permeability 0.1 mD

Porosity 0.185
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pressure boundary condition is also applied to these

boundaries throughout the simulation.

During the simulation, fluid is injected into the wellbore

at a constant rate. This is achieved by explicitly modeling

the flow in the injection pipe using fluid pipe elements in

Abaqus, as shown in Fig. 7. Fluid pipe elements only have

fluid pressure degrees of freedom and allow simulation of

both viscous and gravity pressure losses in a pipe or a pipe

network. Flow in the pipe elements is expressed based on

Bernoulli’s equation as [38]:

DP� qgDZ ¼ CL

qv2

2
ð38Þ

where DP is pressure difference between two points; DZ is

elevation difference between two points; v is flow velocity

in the pipe; q is fluid density; g is the gravity acceleration

factor; CL ¼ fL
Dh

is friction loss coefficient; L is the pipe

length; f is the friction factor; Dh ¼ 4A
S

is the hydraulic

diameter of the pipe; A is the cross-sectional area of the

pipe; and S is the wetted perimeter of the pipe. In this

study, the fluid pipe elements are only used as an approach

to apply dynamic mechanical and pore pressure boundary

conditions on wellbore wall and fracture inlets drilling

injection; the gravity and viscosity pressure losses along

the injection pipe are not the focus.

During the simulation, it is important to properly link

the fluid pipe elements to the formation elements to ensure

stress equilibrium and fluid continuity between injection

pipe and the formation. Basically, two requirements must

be satisfied: (1) fluid pressure at the bottom of the injection

pipe should be equal to the pore pressure on the wellbore

wall (assuming permeable formation), and (2) mechanical

pressure applied on the wellbore wall should be equal to

the fluid pressure in the injection pipe. These requirements

Fig. 6 a A photography of the curving fracture trajectory obtained from the experiment of Chen et al. [11]; b the trajectories of the upper fracture

obtained from the modeling and digitalized from the photography

Fig. 7 The geometry and mesh of the near-wellbore hydraulic

fracture model
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are achieved by using the ‘‘TIE’’ and ‘‘PORMECH’’ con-

straints available in Abaqus. The ‘‘TIE’’ constraint links the

end node of the injection pipe to the nodes on the wellbore

wall and ensures the same pore pressure degrees of the

freedom between these nodes, satisfying requirement (1).

The ‘‘PORMECH’’ constraint is used to automatically

apply the dynamic fluid pressure at the end of the injection

pipe onto the wellbore wall as a mechanical surface pres-

sure during injection, satisfying requirement (2). The

‘‘TIE’’ constraint also automatically divides the injection

fluid volume into the fractures during the simulations.

The mesh of the model is also shown in Fig. 7. A total

number of 28,163 enriched pore pressure/displacement

elements are used to discretize the formation, and 20 fluid

pipe elements are used to discretize the injection pipe.

Although the overall mesh of the formation is already quite

fine for accurately capturing the fracture paths, even finer

mesh is used in the wellbore vicinity because relatively

larger stress, displacement, and pressure gradients are

expected in this region.

The formation is modeled as a poroelastic material. The

elastic properties consist of Young’s modulus (E) and

Poisson’s ratio (v); the porous properties include porosity

(u) and permeability (K). The parameters defining the

traction–separation behavior of the formation, as described

in Sect. 2.2, include cohesive strength (To) and fracture

toughness (Gc) of the material. The injection fluid is

assumed to be incompressible and has a viscosity of l.
After a fracture opens, the fracture surfaces have a uniform

leak-off coefficient c. The formation properties and other

input parameters used in the base case for the parametric

study later in this paper are reported in Table 3.

The simulation includes three steps. The first step is a

‘‘Geostatic’’ step in Abaqus to achieve stress equilibrium in

the formation before the creation of the wellbore. In this

step, the fluid pipe elements are disconnected from the

formation and no fluid is injected into the pipe. The field

stresses, initial pore pressure, and outside boundary

conditions are applied to the model to obtain an initial

stress equilibrium. The second step is to create the well-

bore. In this step, a group of elements representing the rock

inside the wellbore is removed and the injection pipe is

connected to the wellbore wall. The third step is the

injection step, in which fluid is injected into the pipe with a

constant rate to increase the wellbore pressure and extend

the fracture from the wellbore to the far field.

A convergence study was conducted for both spatial and

time discretization using the base parameters in Table 3.

For spatial discretization, the mesh was refined uniformly

by applying twice as many as elements in the model and

the distribution of tangential stress along x-axis is com-

pared as shown in Fig. 8a. For time discretization, the time

increment (0.002 s) in each step is reduced by half and the

fracture opening at the tip element of the perforation was

compared as shown in Fig. 8b. The results confirm the

selection of the mesh size and time increment in this study.

4.2 Results of the base case

The model described above provides a fully coupled way

of modeling hydraulic fracture growth in the near-wellbore

region. It can capture fracture trajectory, fracture width,

injection pressure, distributions of stress and pore pressure

around the wellbore and fracture, and pressure distribution

in the fracture. Such information is helpful for under-

standing near-wellbore fracturing mechanisms and opti-

mizations of hydraulic fracturing and wellbore

strengthening operations. In this section, simulation results

of the base case with input parameters reported in Table 3

are analyzed to illustrate the capabilities of the proposed

model.

The base case models the propagation of a single

hydraulic fracture initiating from a starter fracture with

h ¼ 60�. Figure 9a shows the final trajectory of the frac-

ture, which hits the outer boundary after 10-s injection. As

expected, the fracture reorients to the direction of SH as it

Table 3 Input parameters for the base case of the near-wellbore hydraulic fracture model

Parameters Values Parameters Values

Model size 3.2 9 3.2 m Young’s modulus 6.5E?7 kPa

Wellbore radius 0.1 m Poisson’s ratio 0.25

Perforation length 0.1 m Permeability 0.01 mD

Perforation angle 60� Porosity 0.2

Perforation number 1 Tensile strength 5000 kPa

Minimum horizontal stress 20,000 kPa Fracture toughness 1350 kPa m0.5

Maximum horizontal stress 23,000 kPa Leak-off coefficient 0

Initial pore pressure 10,000 kPa Injection fluid viscosity 1E-5 kPa s

Injection rate 1E-4 m3/s
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propagates outwards from the wellbore because minimum

fracturing resistance exists along this direction. Figure 9b–

d shows the distributions of fracture width, fluid pressure,

and flow velocity in the fracture at an injection time of

1.6 s. These figures are enlarged views of the area in the

red rectangle in Fig. 9a. Figure 9d indicates that the frac-

ture has larger width at its main body while smaller width

near the wellbore. This phenomenon was also predicted in

the numerical studies of [12, 50], which is believed due to

the restriction caused by near-wellbore stress concentra-

tion. Near-wellbore fracture tortuosity and width restriction

could be beneficial for effectively plugging lost circulation

fractures in wellbore strengthening operations, but they

could also cause proppant screenout in fracturing stimula-

tion treatments which could be fatal to success of the

treatments. Figure 9c shows that fluid pressure decreases

along the fracture path due to viscous pressure loss. This

demonstrates an improved capability of the proposed

model compared with many exiting models which assume

uniformly distributed internal pressure along the fracture.

In this particular case, the pressure drop from fracture inlet

to fracture tip is rather small (less than 1 kPa) due to small

fracture length and fluid viscosity. Figure 9d shows that the

flow velocity also decreases gradually along the fracture

from a maximum value of 0.049 m/s at the fracture inlet to

0 at fracture tip.

Fracture propagation can strongly perturb the stress field

around the wellbore. Figure 10 shows minimum principal

stress direction around the wellbore before injection and

after an injection period of 1.6 s. Figure 10a shows that,

before fracture propagation, the minimum principal stress

direction is parallel to Sh direction in the far field, indi-

cating the far-field stress field is not perturbed. However, in

the near-wellbore region, the minimum principal stresses

rotate and become normal to the wellbore wall, indicating

the radial stress becomes the least compressive stress. This

observation implies that a fracture initiating from a starter

fracture not long enough to escape the near-wellbore per-

turbation region will have a trend to orbit around the

wellbore. This possible phenomenon will be further dis-

cussed in the following sections. As the fracture propagates

away from the wellbore, the stress perturbation area

increases as shown in Fig. 10b. Near the wellbore, the

minimum principal stress is still normal to the wellbore

wall; while around the fracture, the minimum principal

stress becomes parallel to the fracture trajectory.

The model can also capture displacement and pore

pressure distributions local to the wellbore and fracture

during fracture propagation. Figure 11 depicts the results at

an injection time of 1.6 s. Figure 11a shows that dis-

placements at two sides of the fracture have opposite

directions, but the displacement at the concave side has

relatively larger magnitude and has a tendency to rotate to

the wellbore, especially in the area close to the wellbore.

Figure 11b shows that high pore pressure exhibits around

the wellbore and main body of the fracture. Because the

permeability in this case is relatively small and the injec-

tion time is very short, pore pressure increase in these areas

is due to displacement-induced rock compression. Com-

pared with Fig. 11a, it can be seen that the high pore

pressure zone is roughly coincident with the area of large

displacement. There is a small region ahead of the fracture

tip with reduced pore pressure, which is consistent with the

simulation studies of other researchers [21, 48]. This low-

pressure zone can be explained by rock dilation ahead of

the fracture tip during fracture propagation [54].

Time evolutions of displacement (uyy) and effective

stress (ryy) at y-direction on a node A close to the fracture

are further investigated (see Fig. 12). At this point, the y-

direction is approximately normal to the fracture. It should

be noted that the sign of uyy is related to the coordinate

direction, i.e., uyy is positive if the displacement is along

the positive direction of y-axis and vice versa. Figure 12

shows that, before the fracture tip approaches node A

(before 0.6 s), ryy is approximately equal to the effective

minimum horizontal stress of - 1.0E4 kPa and uyy is

Fig. 8 Convergence studies. a Distribution of tangential stress along

the direction of x-axis for regular and fine mesh. b Fracture width at

the perforation tip during injection for regular and fine time

discretization
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roughly equal to zero, indicating the fracture has not

influenced this point. When the fracture tip approaches

node A, ryy decreases (i.e., becomes less compressive) due

to the dilation ahead of the fracture tip and, meanwhile,

there is a small negative displacement at point A. When the

fracture tip has passed point A (after 1.5 s), uyy increases

due to the continuous increase in the fracture width while

ryy maintains a relatively constant level. However, clear

fluctuations on ryy and uyy are observed, implying that the

fracture propagates intermittently rather than smoothly.

Taking the injection interval from 3 to 3.5 s for example,

the curve indicates that uyy gradually increases and ryy

Fig. 9 Final fracture trajectory (a), distributions of fracture width (b), fluid pressure (c), and fluid flow velocity (d) in the fracture at an injection

time of 1.6 s. b–d Enlarged views of the area in the red rectangle in (a)

Fig. 10 Direction of minimum principal stress before injection (a) and after an injection period of 1.6 s (b)
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becomes more compressive before 3.5 s, resulting from

pressure buildup in the fracture and the corresponding

fracture width increase (the fracture tip does not advance

during this period). However, at 3.5 s, there exhibits a

sudden decline in uyy and elevation in ryy, implying the

fracture tip has a sudden advancement which leads to an

immediate decrease in fracture width and relaxation of the

compressive stress near the fracture. The pressure buildup

and tip advancement will repeat during the entire fracture

propagation process.

4.3 Analysis of influential factors

Most previous studies of near-wellbore hydraulic fracturing

focus on the impacts of operational factors (e.g., injection

rate and fluid viscosity) on near-wellbore fracture

tortuosity. In this section, the parametric study mainly

focuses on the effects of the following parameters: porous

properties of the rock (i.e., permeability and leak-off

coefficient), initial loading conditions (i.e., horizontal

stress anisotropy and pore pressure), elastic properties of

the rock (i.e., Young’ modulus and Poisson’s ratio), and

strength properties of the rock (e.g., cohesive strength and

fracture toughness). The results are analyzed in terms of

fracture trajectory, injection pressure, and fracture width.

In each sensitivity analysis, only the investigated parameter

is changed while all the other parameters are kept the same

as those used in the base case (Table 3).

4.3.1 Influence of permeability

Permeability as an important porous property of the rock

can significantly affect fluid flow and pore pressure dis-

tribution in the wellbore vicinity and consequently influ-

ence near-wellbore fracture evolution. Figure 13a depicts

fracture trajectories for different permeabilities. The results

show that a high permeability can lead to sharper fracture

turning. Although all the fractures eventually reorient to

the direction parallel to SH, fractures with higher perme-

ability have a tendency to orbit around the wellbore at early

time. This can be explained by the fact that the minimum

principal stress around the wellbore at the early time is the

radial stress and, therefore, the fracture tends to propagate

around the wellbore before it escapes the near-wellbore

stress perturbation region. High permeability can cause

pore pressure increase around the wellbore which decreases

the minimum principal stress in the radial direction and

further facilitates fracture orbiting.

Fig. 11 Displacement (a) and pore pressure (b) in the rock at an injection time of 1.6 s

Fig. 12 Vertical stress and displacement at node A close to the

fracture
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Figure 13 shows the wellbore pressure during injection

for different permeabilities. The results indicate that shar-

per fracture turning results in lower breakdown pressure

and injection pressure profile. Similar simulation results

were also reported by Zhang et al. [52]. This is because the

confining stress resisting fracture opening is smaller along

the sharper turning fracture path in the near-wellbore

region; while in the region far away from the wellbore, the

confining stress is approximately the same for different

fractures and equal to Sh. Figure 13 indicates that the near-

wellbore confining stress still influences the injection

pressure even though the fracture has propagated far away

from the wellbore. Although sharper fracture turning may

result in lower breakdown pressure while injecting clean

fluid as shown in this study, it may significantly limit

transportation of particles in the fracture (e.g., proppant and

lost circulation materials) and eventually cause screenout

and rapid rise in injection pressure. Figure 14 displays

fracture width distributions for different permeabilities at

an injection time of 1.6 s. Similarly to the base case, near-

wellbore fracture widths in all these cases are restricted.

Fracture widths at the main body of the fracture decrease

with the increase in permeability, possibly due to the

smaller driving pressure in the fracture as shown in

Fig. 13b.

4.3.2 Influence of leak-off coefficient

It is well known that fluid leak-off from fracture surfaces to

surrounding rock also influences hydraulic fracture

behaviors. However, to the authors’ knowledge, no previ-

ous studies have investigated its impact on near-wellbore

fracture complexity. Figure 15a shows paths for fractures

with different leak-off coefficients. In this study, it is

assumed that the leak-off coefficient is constant and inde-

pendent of fluid pressure along the fracture. The base case

with zero leak-off is also included in Fig. 15a for reference.

The results show that the fracture with a very small leak-off

coefficient of 1E-11 m/s/kPa almost overlaps with the

based fracture with zero leak-off, and a larger leak-off

coefficient leads to a sharper fracture curving near the

wellbore. This observation can be explained by fact that

larger leak-off results in reduced minimum principal stress

local to the fracture and wellbore which is in the radial

direction and, therefore, facilitates fracture turning around

the wellbore.

The wellbore pressure versus injection time relation-

ships for fracture paths in Fig. 15a are displayed in

Fig. 15b. Similarly to above analysis, the results also show

that a sharper fracture turning results in a lower injection

pressure profile. Figure 15c shows the development of

fracture width at the end of the starter fracture. The fracture

width first increases and then decreases as the fracture

escapes the near-wellbore region and reorients to the

favorable direction. A larger leak-off coefficient leads to a

smaller fracture width.

4.3.3 Influence of field stress anisotropy

Field stress anisotropy, i.e., SH=Sh, can strongly affect near-

wellbore stress state and thus local fracture complexity.

Figure 16a shows fracture trajectories for different stress

anisotropies which are obtained by varying SH while

keeping Sh constant at 20,000 kPa. As expected, larger

Fig. 13 a Fracture trajectories for different permeabilities; b wellbore pressure versus time for fracture trajectories in (a)
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stress anisotropy results in sharper fracture turning. When

SH=Sh is reduced to 1.05, the fracture is not able to reorient

to SH direction in the simulated domain. However, if the

starter fracture is assigned exactly along SH direction (not

included in the figure), the fracture will propagate without

any tortuosity, in agreement with the consensus in

hydraulic fracturing community that using oriented perfo-

rations in SH direction can effectively reduce premature

screenout.

Figure 16b displays the evolution of wellbore pressure

with injection time. It can be seen that a larger horizontal

stress anisotropy results in a higher breakdown pressure in

this particular case with the starter fracture oriented at 60�.
This result seems contradictory to the situation with a

starter fracture oriented at 0� (along x-axis), when the

breakdown pressure will decrease with the increase in

stress anisotropy. This is because, in the near-wellbore

region, increased stress anisotropy will lead to decreased

hoop stress and hence decreased breakdown pressure at 0�
direction, but it will result in increased hoop stress and

breakdown pressure at 60� direction. When the fractures

propagate away from the wellbore, the wellbore pressures

of the three cases become similar.

4.3.4 Influence of pore pressure

Besides horizontal stresses, pore pressure is another in situ

loading factor that can influence near-wellbore fracture

behaviors. Figure 17a shows fracture trajectories with dif-

ferent pore pressure but constant Sh (20,000 kPa) and SH
(25,000 kPa). The results indicate that higher pore pressure

results in sharper fracture curving in the near-wellbore

region, implying that fracturing stimulations in high-pres-

sure reservoirs may create more complex near-wellbore

fractures compared with pressure depleted reservoirs. Fig-

ure 17b displays the evolution of wellbore pressure with

time for fracture trajectories in Fig. 17a. Similar break-

down pressure is observed for the cases with different pore

pressure but the same far-field stresses. However, wellbore

pressure maintains at a high level for a longer time for the

cases with smaller pore pressure because of the corre-

sponding slower fracture turning.

Fig. 14 Fracture width distributions for different permeabilities at an injection time of 1.6 s
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4.3.5 Influence of Young’s modulus

Young’s modulus is an important elastic property for any

fracturing simulation studies. However, to the authors’

knowledge, no previous studies have investigated its

influence on near-wellbore fracture tortuosity. But,

according to the fracture-curving coefficient vF (Eq. 2) for

linearly elastic rocks provided by [22], a larger Young’s

modulus should lead to a stronger fracture curvature if the

fracture growth is viscosity dominated. The fractures for

the three cases in Fig. 18 with Young’s moduli of 6.5E?7,

4.0E?7, and 2.0E?7 kPa are in viscosity-dominated

regime if determined using the dimensionless toughness

(Eq. 3). However, simulation results herein for poroelastic

rocks indicate that the fracture trajectory is independent of

Young’s modulus, as shown in Fig. 18. But Young’s

modulus can influence fracture propagation speed:

Figs. 18a–c clearly show that a larger Young’s modulus

results in a larger fracture length after the same injection

period of 1.6 s. At the end of the injection (10 s), the

fractures with relatively larger Young’s moduli of 6.5E?7

and 4.0E?7 kPa extend to the boundary of the model,

while the fracture with a lower modulus of 2.0E?7 kPa

doesn’t. This is because the fracture has a smaller width in

the rock with a larger Young’s modulus (Fig. 19b) and,

consequently, creates a larger length with the same amount

of fluid injected into the wellbore. Figure 19a shows that a

smaller Young’s modulus results in a lower wellbore

pressure profile, especially after the fracture escapes the

near-wellbore stress perturbation region.

Fig. 15 Fracture trajectories (a), evolution of wellbore pressure (b), and evolution of fracture width at the end of the starter fracture (c) for
different leak-off coefficients
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4.3.6 Influence of Poisson’s ratio

Although the fracture path is independent of Young’s

modulus, it can be affected by another elastic parameter—

Poisson’s ratio. Figure 20a shows that a larger Poisson’s

ratio leads to faster fracture turning, which can also be

identified by the injection pressure behaviors in Fig. 20b.

Different from Young’s modulus which has clear influence

on the eventual injection pressure and fracture width,

Poisson’s ratio seems not to affect the injection pressure

and fracture width after the fracture propagates beyond the

near-wellbore region, as shown in Fig. 20b, c.

4.3.7 Influence of cohesive strength

Cohesive strength defines the initiation of material damage

in the cohesive zone model as described in Sect. 2.2.

Figure 21a shows that the fracture has a larger resistance to

reorientation with a larger cohesive strength. Figure 21b

indicates that a larger cohesive strength results in a higher

injection pressure profile because the fracture is more dif-

ficult to initiate. Figure 21c shows that the fracture width at

the end of the starter fracture builds up to a larger value

with a larger cohesive strength, but it will decline sharply

when the fracture extends beyond the near-wellbore region.

Fig. 16 a Fracture trajectories for different horizontal stress anisotropies; b wellbore pressure versus time for fracture trajectories in (a)

Fig. 17 a Fracture trajectories for different pore pressure; b wellbore pressure versus time for fracture trajectories in (a)
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4.3.8 Influence of fracture toughness

Fracture toughness of sedimentary rocks usually ranges

between 1000 and 5000 kPa m0.5. Within this small range,

Fig. 22 shows that fracture toughness has negligibly small

influence on near-wellbore fracture trajectory as well as the

evolutions of injection pressure and fracture width at the

end of the starter fracture in this particular case.

Fig. 18 Fracture trajectories for different Young’s moduli at injection time of 1.6 and 10 s

Fig. 19 Evolutions of wellbore pressure (a) and fracture width at the end of the starter fracture (b) with injection time
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4.4 Multiple competing fractures

The proposed model can also be used to simulate propa-

gation of multiple fractures from the wellbore. Figure 23b,

c shows the fractures initiating from two starter fractures

on the wellbore wall. One starter fracture is fixed at an

orientation angle of 60�, while the other orients at 0�, 30�,
and the bi-wing (240�) direction. The case with a single

starter fracture at 60� (Fig. 23a) is also included for com-

parison purpose. All the cases have the same injection rate.

Figure 23b shows that the bi-wing fractures have stronger

curving compared with the single fracture. This is due to

the more complex interactions between the fractures and

the wellbore, and the reduced flow rate into each fracture

wing compared with the single fracture, as it has been well

demonstrated that a lower injection rate can increase the

near-wellbore fracture tortuosity.

The two fractures will extend equally when the two

starter fractures are located symmetrically with a bi-wing

pattern (Fig. 23b). However, if the starter fractures are not

bi-wing, there may be only one dominating fracture while

the growth of the other fracture is suppressed, such as the

cases in Figs. 23c and 22d. In Fig. 23c, the two starter

fractures are very close. Before injection, the hoop stress

normal to the fracture is smaller for the 30� starter fracture
compared with the 60� starter fracture. Therefore, the 30�
starter fracture will extend first. With the growth of the 30�
starter fracture, the hoop stress around the wellbore,

especially in the area close to the fracture, will be elevated.

So the growth of the 60� starter fracture is further restricted
and stops after a very short time. The two starter fractures

Fig. 20 Fracture trajectories (a), evolution of wellbore pressure (b), and evolution of fracture width at the end of the starter fracture (c) for
different Poisson’s ratios
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positioned at 0� and 60� in Fig. 23d are relatively further

away from each other compared with the fractures in

Fig. 23c. Similarly, because of the lower hoop stress at

smaller angle to SH direction, the 0� fracture will propagate
first. However, due to the relatively larger distance between

the two fractures and thus the relatively smaller stress

interference, the 60� starter fracture in this case also

propagates, but it bends to and eventually links up with the

0� fracture. This result is qualitatively consistent with the

statement of [36] that fracture initiated from perforations at

close angles may link up and form one fracture which

would be in the direction of the less deviated perforation.

Although the 60� fracture only propagates a short distance,

the stress interference between the two fractures causes the

extension of the 0� fracture not exactly aligned with the

direction of SH.

Figure 24 shows fracture trajectories of two cases with

three starter fractures phasing 120� on the wellbore wall. In

Fig. 24a, the 0� starter fracture propagates completely.

However, for the 120� and 240� starter fractures, although
they are located symmetrically with respected to x-axis,

only the 120� fracture has complete propagation while the

240� fracture terminates prematurely after a very short

extension. In Fig. 24b with starter fractures positioned at

30�, 150�, and 270�, the fracture perpendicular to SH does

not propagate while the other two fractures have full

propagation. These results in Fig. 24a, b imply the exis-

tence of stress interferences between multiple fractures and

non-uniform partition of the injection fluid into the well-

bore, which always prefers to flow into fractures with less

propagation resistance.

Fig. 21 Fracture trajectories (a), evolution of wellbore pressure (b), and evolution of fracture width at the end of the starter fracture (c) for
different cohesive strength
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5 Discussions and implications
for petroleum engineering

An optimal hydraulic fracturing treatment would generate a

single bi-wing fracture with minimum tortuosity at an

achievable breakdown pressure [8]. The near-wellbore

fracture complexities should be avoided as much as pos-

sible. The same requirement is also desirable in some other

fracturing-related injection operations, such as field injec-

tivity tests, CO2 injections, and waste water/cuttings rein-

jections. Conversely, near-wellbore fracture tortuosity may

be a desirable phenomenon in some particular situations,

such as wellbore strengthening treatment in which fracture

tortuosity may facilitate the bridging of the fracture and

increase sustainable pressure of the wellbore. Therefore,

the capabilities of the proposed numerical model in pre-

dicting near-wellbore fracture complexities have signifi-

cant implications for such field practices.

As mentioned earlier, assuming the rock is an imper-

meable and linearly elastic material, Mogilevskaya et al.

[27] and Jeffrey and Zhang [22] have reported that the

near-wellbore fracture tortuosity is controlled by dimen-

sionless parameters b or vF, which are functions of the far-

field stresses, rock mechanical properties, and injection

parameters. However, the simulation results in this paper

using a fully coupled poromechanical model have shown

that the porous features of the rock can also greatly influ-

ence the near-wellbore fracture path and injection pressure.

This implies that the fluid flow in the pores, fluid leak-off

from the fracture and wellbore surfaces, and their

Fig. 22 Fracture trajectories (a), evolution of wellbore pressure (b), and evolution of fracture width at the end of the starter fracture (c) for
different fracture toughness
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interactions with the solid phase of the formation can sig-

nificantly affect the stress distribution and thus the fracture

behaviors in the near-wellbore region. These important

porous effects cannot be considered in the previous models

based on linear elasticity. Unfortunately, for fracture

growth from a wellbore in poroelastic rocks, it is extremely

difficult, if not impossible, to characterize the fracture path

using a single dimensionless parameter as for linear-elastic

Fig. 23 Fracture trajectories for starter fractures with different orientation angles with respect to the direction of SH

Fig. 24 Fracture trajectories with three competing starter fractures positioned on the wellbore wall
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rocks because the facture growth is influenced by so many

factors. Therefore, the availability of a fully coupled model

as the one proposed in this paper can be very useful for

better prediction of near-wellbore fracture complexities

with fewer limiting assumptions.

The simulation results of the multiple competing frac-

tures in Sect. 5 indicate that the dominating fracture gen-

erally propagates from the starter fracture positioned with a

smaller deviation from the preferred propagation direction

(i.e., the SH direction). This result has useful implications

for perforation design in fracturing stimulations to generate

simpler, less curved fractures. This is especially true when

lacking information about field stresses and therefore the

preferred fracture direction. In such cases, the use of

multiple perforations (starter fractures) can help increase in

the chance of creating fractures in the preferred direction

[36]. However, the density of the perforations cannot be

too high due to near-wellbore stress interference, which

may prematurely arrest fracture propagation. For example,

Fig. 25 shows the fracture propagations for six perforations

with a phasing angle of 60�. Although there are more

starter fractures compared with the cases in Fig. 25 and

even two of them positioned exactly on the SH direction,

only one fracture fully propagates in this case due to the

larger competition between the fractures. It is clear that the

cases in Fig. 25 with less perforations have better fracture

propagations for improving well productivity. Of course,

there are other concerns regarding high density perfora-

tions, such as casing stability, which are beyond the scope

of this study.

6 Conclusions

In this paper, a fully coupled hydromechanical model is

proposed for modeling near-wellbore fracture complexities

using the XFEM-based cohesive segment method. The

model retains the capability of XFEM on capturing arbi-

trary fracture paths while considering fluid dynamics in the

fracture and poroelastic behaviors of the rock. The model

was verified against published experimental results and

good agreements were obtained. The model was then used

to investigate the factors that influence near-wellbore

fracture behaviors. The following conclusions were

obtained based on numerical simulation results.

1. The initial loading conditions of the formation,

including far-field stresses and pore pressure, can

strongly affect near-wellbore fracture behaviors. A

larger field stress anisotropy or pore pressure can result

in sharper fracture turning in the near-wellbore region.

When the stress anisotropy is small enough, the

fracture may not be able to reorient itself to the

direction of SH. When the starter fracture has a large

deviated angle from the SH direction, a larger stress

anisotropy can lead to a larger breakdown pressure.

Given a constant Sh, stress anisotropy and pore

pressure do not affect the final fracture propagation

pressure.

2. The porous properties of the formation, including

permeability and leak-off coefficient that cannot be

considered in previous linearly elastic models, also

strongly influence near-wellbore fracturing. An

increase in permeability or leak-off coefficient gener-

ally results in increased severity of fracture curving

and decreased injection pressure profile.

3. The elastic properties of the formation, including

Young’s modulus and Poisson’s ratio, influence near-

wellbore fracturing as well. Young’s modulus does not

influence fracture turning trajectory, but a larger

Young’s modulus causes faster fracture growth, higher

injection pressure, and narrower fracture width. To the

contrary, Poisson’s ratio influences fracture turning

trajectory but does not affect the injection pressure and

fracture width after the fracture escapes the near-

wellbore region. A larger Poisson’s ratio tends to

increase the severity of fracture curving.

4. The influences of fracture mechanics properties of the

formation, including cohesive strength and fracture

toughness, are also investigated. The results show that

a smaller cohesive strength may lead to a more curving

fracture and a lower injection pressure profile. How-

ever, the fracture toughness within the range for most

sedimentary rocks may have very small influence on

near-wellbore fracture behaviors.
Fig. 25 Fracture trajectories with six competing starter fractures

positioned on the wellbore wall
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5. When multiple competing starter fractures are posi-

tioned on the wellbore wall, the dominating fracture

generally propagates from the one positioned with a

smaller deviation angle from the preferred propagation

direction (i.e., the SH direction). The results manifest

the existence of stress interference and non-uniform

partition of injection fluid among the fractures. Mul-

tiple perforations can help increase the chance of

creating fractures in the preferred direction in the

absence of field stress information. However, the

perforation density should not be too high in order to

avoid too much stress interference and premature

fracture arrest.

The fully coupled model proposed herein overcomes

some limitations of the existing near-wellbore fracturing

models based on linear-elastic assumption and predicts

more realistic fracture tortuosity and injection pressures.

The model provides an attractive tool for design and

evaluation of many field operations, for which near-well-

bore fracture behaviors play an important role, such as

hydraulic fracturing, field injectivity testing, waste water

and cuttings reinjection, and wellbore strengthening.
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