
Thermal shale fracturing simulation
using the Cohesive Zone Method (CZM)

Item Type Article

Authors Enayatpour, Saeid; van Oort, Eric; Patzek, Tadeusz

Citation Enayatpour S, van Oort E, Patzek T (2018) Thermal shale
fracturing simulation using the Cohesive Zone Method (CZM).
Journal of Natural Gas Science and Engineering. Available: http://
dx.doi.org/10.1016/j.jngse.2018.05.014.

Eprint version Post-print

DOI 10.1016/j.jngse.2018.05.014

Publisher Elsevier BV

Journal Journal of Natural Gas Science and Engineering

Rights NOTICE: this is the author’s version of a work that was accepted
for publication in Journal of Natural Gas Science and Engineering.
Changes resulting from the publishing process, such as
peer review, editing, corrections, structural formatting, and
other quality control mechanisms may not be reflected in
this document. Changes may have been made to this work
since it was submitted for publication. A definitive version was
subsequently published in Journal of Natural Gas Science and
Engineering, [, , (2018-05-17)] DOI: 10.1016/j.jngse.2018.05.014 .
© 2018. This manuscript version is made available under the CC-
BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-
nc-nd/4.0/

Download date 24/05/2023 20:25:53

http://dx.doi.org/10.1016/j.jngse.2018.05.014


Item License http://creativecommons.org/licenses/by-nc-nd/4.0/

Link to Item http://hdl.handle.net/10754/627941

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://hdl.handle.net/10754/627941


Accepted Manuscript

Thermal shale fracturing simulation using the Cohesive Zone Method (CZM)

Saeid Enayatpour, Eric van Oort, Tad Patzek

PII: S1875-5100(18)30214-2

DOI: 10.1016/j.jngse.2018.05.014

Reference: JNGSE 2572

To appear in: Journal of Natural Gas Science and Engineering

Received Date: 2 March 2018

Revised Date: 27 April 2018

Accepted Date: 8 May 2018

Please cite this article as: Enayatpour, S., van Oort, E., Patzek, T., Thermal shale fracturing simulation
using the Cohesive Zone Method (CZM), Journal of Natural Gas Science & Engineering (2018), doi:
10.1016/j.jngse.2018.05.014.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to
our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.

https://doi.org/10.1016/j.jngse.2018.05.014


M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
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aPetroleum and Geosystems Engineering, The University of Texas at Austin, TX, USA
bEarth Science and Engineering Department, King Abdullah University of Science and

Technology

Abstract

Extensive research has been conducted over the past two decades to improve

hydraulic fracturing methods used for hydrocarbon recovery from tight reser-

voir rocks such as shales. Our focus in this paper is on thermal fracturing of

such tight rocks to enhance hydraulic fracturing efficiency. Thermal fracturing

is effective in generating small fractures in the near-wellbore zone - or in the

vicinity of natural or induced fractures - that may act as initiation points for

larger fractures. Previous analytical and numerical results indicate that ther-

mal fracturing in tight rock significantly enhances rock permeability, thereby

enhancing hydrocarbon recovery. Here, we present a more powerful way of sim-

ulating the initiation and propagation of thermally induced fractures in tight

formations using the Cohesive Zone Method (CZM). The advantages of CZM

are: 1) CZM simulation is fast compared to similar models which are based on

the spring-mass particle method or Discrete Element Method (DEM); 2) unlike

DEM, rock material complexities such as scale-dependent failure behavior can

be incorporated in a CZM simulation; 3) CZM is capable of predicting the extent

of fracture propagation in rock, which is more difficult to determine in a clas-

sic finite element approach. We demonstrate that CZM delivers results for the

challenging fracture propagation problem of similar accuracy to the eXtended

Finite Element Method (XFEM) while reducing complexity and computational
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effort. Simulation results for thermal fracturing in the near-wellbore zone show

the effect of stress anisotropy in fracture propagation in the direction of the

maximum horizontal stress. It is shown that CZM can be used to readily obtain

the extent and the pattern of induced thermal fractures.

Keywords: Thermal Stimulation, Thermal Fracturing, Cohesive zone method

(CZM), Hydraulic Fracturing

1. Introduction

Extracting hydrocarbons from 100-300 ft thick shale layers at a vertical

depth of 6,000-10,000 ft can only be accomplished in an economically viable way

through the combined technologies of horizontal drilling, typically in the direc-

tion of minimum horizontal in-situ stress in normal faulting environments [1,5

2, 3], and well stimulation by hydraulic fracturing (HF) to increase rock per-

meability and improve connectivity to natural fractures [4, 5, 6]. Although our

understanding of the factors governing HF stimulation is rapidly improving, it

is fair to state that the general approach to HF optimization, e.g. determining

optimum HF fluid formulations, pumping rates, proppant size, strength and10

density, fracture stage spacing etc., is predominantly through trial and error. It

is therefore highly unlikely that the HF process, as currently practiced in field

operations, and associated hydrocarbon recovery from shales is already at op-

timum. This is also because some factors and variables that influence HF have

not yet been substantially addressed.15

One such factor is temperature. Temperature has a profound effect on the

magnitude of in-situ stresses, which in turn govern the extent and ease of HF.

Few attempts have been made to date to deliberately manipulate temperature

in horizontal wellbores and inside hydraulic fractures to benefit HF efficiency.

Previously, the authors have presented a novel method for such intentional ma-20

nipulation of temperature to create a more extensive fracturing pattern around

the wellbore [7, 8]. The method exploits thermal gradients induced by cool-

ing/freezing either the wellbore or the growing hydraulic fractures themselves.

2
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Cooling/freezing lowers fracture initiation and propagation pressures and can

induce thermal cracks at multiple sites, particularly in such heterogeneous me-25

dia as shales. It was previously shown that deliberately inducing thermal cracks

may increase hydrocarbon recovery by 15%-20% by conservative estimate.

In this study, we are concerned with efficiently modeling the thermal fractur-

ing process to optimize HF, and propose a physics-based continuum approach

combined with fracture mechanics to simulate it. In our approach, cohesive30

zone elements acting in accordance with fracture mechanics laws can be used to

simulate de-bonding between continuum elements. By combining both fracture

cohesive and continuum elements, we show that the physics of both transport in

a continuum framework as well as crack propagation can be effectively captured

using an implicit integration scheme in a finite element model. This approach35

also enables us to investigate the uncertainties and variations associated with

actual in-situ properties of inhomogeneous shales, with physical properties such

as elastic moduli and heat conductivity, strength anisotropy resulting in pre-

ferred failure planes, etc. The quantitative approach presented here can be used

to perform statistical sensitivity studies to investigate the sensitivity of the ther-40

mal fracturing process with respect to input parameters such as cooling/freezing

temperatures, rock exposure time to cooling/freezing, etc.

There are several methods available to investigate the process of thermal fractur-

ing in rock, each method with its advantages and disadvantages. In a previous

approach (Enayatpour et al. [9]), the discrete element method (DEM) has45

been used for thermal fracture simulation. DEM can overcome some of the

limitations associated with continuum approaches, capturing HF patterns by

incorporating local failure between particles. A potential problem, however, is

that the simulation time could be hours or days for a sample of 100,000 mass

particles (Enayatpour et al. [9]). Moreover, DEM may not properly represent50

the heat transport phenomenon and the energy balance, which are essential

to proper simulation of thermal fracturing. Here, we use the Finite Element

Method (FEM) to simulate the thermal fracturing in shale reservoir rock using

embedded multiple-site cohesive zone elements. The intent of this paper is (1)

3
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to further introduce thermal fracturing as a novel method of rock stimulation55

to amplify HF, and (2) to present the idea and physical details of the CZM

used in the context of Finite Element Method (FEM) to study the pattern and

efficiency of thermal fractures, including delineating the sensitivity of thermal

fracturing to CZM input parameters. To assess the effect of thermal fracturing

on improved hydrocarbon production, advanced geomechanical simulations such60

as thermal poro-elastic analysis, i.e., stress deformation coupled with thermal

analysis and flow in porous media, are required. Moreover, the time-dependent

creep behavior of shale and its nonlinear rock properties must be included in the

simulation. The methodology presented here is capable of incorporating all of

these advanced simulation features; however, our focus remains on the perfor-65

mance of the CZM method for thermal rock fracturing. Note that some fracture

topics, such as dynamic fracture propagation and fracture instability, are not

covered but ultimately will need to be addressed in a full dynamic description

of the thermal fracturing phenomenon.

70

1.1. Historical Work

The efforts by Inglis [10], Irwin [11] and Griffith [12] were fundamental to the

development of fracture mechanics in all engineering areas, including petroleum

engineering. In 1913, Inglis [10] obtained the stress around an elliptic crack,

which was used by Griffith in 1920 [12] to derive a criterion for unstable fracture75

propagation. Griffith used the first law of thermodynamics to write an energy

balance equation, showing that a crack becomes unstable when the variation of

strain energy due to crack growth exceeds the surface energy of the material.

Griffith’s theory clearly shows the relation between strength and fracture size,

for instance in glass specimens which are internally notched by a crack. Efforts to80

extend Griffith’s idea to metals were not successful, because his model assumes

that the fracturing energy is composed of surface energy only, which is true only

for brittle materials.

In 1957, Irwin [11] presented the idea of energy release rate. Based on the work

4
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by Westergaard[13], Irwin proposed the stress intensity factor (SIF) whereby the85

stress and displacement fields around the crack tip can be related to the energy

release rate. By 1960, the fundamentals of linear elastic fracture mechanics

(LEFM) were fully understood, and studies of fracture mechanics started to

focus on plasticity at the crack tip. Once plastic deformations at the crack tip

become large, the assumptions of LEFM are no longer valid, and the results from90

LEFM analysis cannot be relied upon. Many researchers, including Irwin [11],

attempted to better understand the effects of plasticity at the crack tip. Wells

[14] introduced the displacement of the two crack surfaces as a replacement for

the plastic failure criterion when plasticity effects are not negligible. His work led

to the development of the Crack Tip Opening Displacement method (CTOD).95

In 1968, Rice [15] defined another parameter for description of the nonlinear

material behavior at the crack tip. He introduced the J-integral, based on

the Eshelby’s work on development of path-independent integrals, showing that

this integral is equal to the energy release rate. In the same year, Hutchinson

put forward the so-called HRR (Hutchinson-Rice-Rosengren) theory of elastic-100

plastic stress fields in power hardening materials, which paved the road to the

modern Non-Linear or Elasto-Plastic Fracture Mechanics (NLFM, Hutchinson,

1968, and Rice and Rosengren, 1968). In HRR theory, the J-integral is related

to the stress distribution in the crack tip of nonlinear materials. One of the

applications of the J-integral method is to characterize the crack growth energy105

release rate in a rate-independent quasi-static fracture analysis. The J-integral

thereby can provide a method for analyzing fractures in nonlinear materials.

There are, however, some limitations associated with nonlinearity which can be

overcome by using CZM. Based on the crack geometry shown in Figure 1, the

J integral is defined as follows:110
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Figure 1: J–integral calculation

J =

∫
Γ

(Wn1 −
∂ui
∂x1

σijnj)ds (1)

In this equation, W is the strain energy density, Γ is a contour beginning on the

bottom crack surface and ending on the top surface, n is the outward normal

to Γ, n1 is the vector in the direction of q or along crack propagation direction,

ui is the crack tip displacement, q is a unit vector in the virtual crack exten-

sion direction, and σij is the stress component on the path where integration is

performed. With the contours taken around the crack tip in Figure 1, the singu-

larity point will be eliminated and the calculation of J will be path-independent.

There are inherent assumptions in defining the J integral method. These are:

1) the material is homogeneous in the crack direction, 2) the material is elas-

tic. Assumption 2 simplifies calculations, but presents limitations. One of the

benefits is that for elastic materials, the value of J is equal to the energy release

rate associated with crack propagation; i.e., J = G. Therefore G, which is a

material property and is obtained from laboratory experiments, can be used

instead of the Direct calculation of J for a mode I fracture in a linear elastic

material results in the following relationships between J and KI which is the

mode I stress intensity factor:

J = G =
1− ν2

E
K2
I (plane strain) (2)

and

J = G =
1

E
K2
I (plane stress) (3)
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There are two cases to consider for mesh changes in numerical fracture simula-

tions. When using the classic finite element method, the user has to conform the

mesh to the cracked geometry. However, as a crack tip is approached, stress and

strain gradients become large due to stress concentrations at crack tip. Mesh

refinement is incapable of eliminating the stress singularity. In fact, in linear

elastic simulation, strain exhibits a square root singularity. In other words,

ε ∝ r−1/2 (4)

This means that mesh refinement, i.e., reduction of dimension r, leads to larger

values of strain and stress. Note that the J-integral is an energy measure. For

Linear Elastic Fracture Mechanics (LEFM), accurate J values can generally be

obtained with surprisingly coarse meshes, regardless of the inaccuracy associ-

ated with the high values of local strain and stress. However, the stress singular-115

ity problem is pronounced for nonlinear problems involving material plasticity

and/or large deformation. For CZM, however, meshing is less dependent on the

cracked geometry. With this method, assigning the cohesive zone properties to

the element interface ahead of fracture tip provides freedom to assign the frac-

ture propagation path. Hence, re-meshing of the domain is not required. The120

mesh requirement limitations of the J-integral clearly favor the use of CZM,

which is therefore used in the simulations reported here.

The concept of a Cohesive Zone Law (CZL) was first put forward by Elliott [16]

who introduced an inter-atomic attraction-repulsion force per unit area to inves-

tigate the amount of energy required to fracture a crystalline substance. Later,125

Barenblatt [17, 18] and Dugdale [19] investigated the CZL concept from an en-

ergy standpoint in brittle materials. Dugdale worked on the size of the plastic

zone. Later, Smith [20] developed a general theory for cohesive behavior of

rocks and provided a series of traction-separation plots based on the displace-

ment along the fracture tip. An extended CZL model, the “fictitious crack130

model” has been employed for quasi-brittle materials such as fiber-reinforced

concrete and rocks in cases where the size of fracture process zone is not negligi-

ble [21, 22, 23, 24, 25]. Hillerborg et al. [21] introduced a softening regime using

7
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fracture energy and the tensile strength of rock. CZM has been widely used for

several applications in rock fracturing studies, including prior work on thermal135

fracturing [26]. From a modeling perspective, recent literature typically shows

a trade-off between the number of interacting fractures in the model and the

accuracy with which the model solves the stress equilibrium equations. Mod-

els which avoid the computational cost of explicit numerical solution typically

rely on analytical approximations which describe fractures of a simple geom-140

etry (PKN, KGD, etc). In return for these simplifications, such models offer

computational efficiency in capturing the interaction between a large number

of hydraulic and natural fractures [27]. In contrast, full numerical models of-

fer more realistic fracture simulations which require much more computational

power, and as a result typically include a smaller number of fractures [28].145

CZM simulations benefit from relatively short simulation time and the ability

to capture the thermo-mechanical behavior of rock.

1.2. Scale Dependent Rock Failure

Fracture creation occurs when connectivity is lost between constituents of a

solid material. Cracks in solid bodies can be pre-existing, such as voids, notches150

and pore spaces, or exist as a set of randomly created and distributed openings

in material during the rock deformation process. Cracks exist in solid materials

at all scales. The existence of cracks plays a significant role in the strength of

a solid material. Experiments performed as early as 1913 by Inglis[10], showed

how defects and flaws control the strength of a material. Rock failure is such155

a complicated phenomenon because it encompasses a wide range of temporal

and spatial scales (Figure 2), the latter including continuum scale and discrete

atomic/molecular scale. At different observation scales, materials can behave

differently as the load transfer mechanism and strength are both scale depen-

dent. At the macro-scale, the effect of micro-structural crack development is not160

clearly observed in the strength formulation; rather, the contribution manifests

through strength reduction. For example, the Mohr-Coulomb failure criterion

compares the shear stress and shear strength at the most critical surface inside

8
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a material and determines whether or not the body fails under shear stress;

micro-scale material defects are not explicitly included. The final failure state165

of a material is the result of a series of small scale ruptures. During the small

scale failure, the localized shear events of atomic lattice causes the micro-cracks

to coalesce and this eventually leads to inter-granular failure. Therefore, the

macro-scale shear displacement is the result of the coalescence of the micro-

scale cracks.170

Fragments

Fractures

Bonds

C
o

n
ti
n

u
u

m
  
  
S

c
a

le

M
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le
c
u

la
r
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Cohesive Zone Model Cohesive Zone Law

Idealization Failure Law

Molecular Bond Force

Force

Displacement

Lattice Model

Figure 2: Idealization of rock failure at different scales. Cohesive zone model and the lattice

model are adapted from [29].

The structure of shale is composed of aluminium-silica plates and adsorbed

water layers (Figure 3). The molecular forces of clay particles make the pore

fluid pressure dissipation very slow [8].
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B

Water layers

A

Figure 3: (A) Shale complexity exhibited by the field emission electron photomicrograph of

nano-scale pore architecture in the Barnett Formation [30], (B) Complex molecular structure

of shale, Al+SiO2 plates and water layers created in VMD, a LAMMPS post processor.

This complexity of shale structure shown in Figure 3 is largely responsible

for the complexity in the process of fluid flow through shale and effective stress175

development in the shale matrix. Another level of unpredictability associated

with shale fracturing simulation is that during hydraulic fracturing, even at

the best controlled condition, multiple fractures grow at different lengths. The

source of this unpredictable behavior is the rock material anisotropy and stress

effect from propagating fractures in the vicinity of each fracture, known as the180

stress shadowing effect. Fracture propagation in tight formation exhibits an

unpredictable propagation pattern for these reasons. To optimize recovery one

should rely on enhancing and establishing the interconnectivity among existing

and induced fractures. Here we propose the CZM method as a technique to

quantify fracture interconnectivity in the context of thermal fracturing analy-185

sis. Later on, this method can be used for recovery enhancement studies and

predictions.

1.3. Thermal Fracturing

New methods and techniques are continuously being explored to make hy-

draulic fracturing more effective and to increase ultimate hydrocarbon recovery.190

A novel method, which relies on the beneficial manipulation of thermal stresses

around the wellbore to increase the crack density in hydrocarbon-bearing shale

formations, was proposed recently by Enayatpour, et al. [8, 7]. Thermal cracks

10
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can be formed by injection of cold / cooling fluids into hot reservoir shale rock.

The cooling effect will lower fracture initiation and propagation pressures of the195

main hydraulic fracture(s). Moreover, cooling may initiate branching fractures

near the wellbore and the hydraulic fracture surfaces, leading to increased crack

density. Shales lend themselves well to such thermal fracturing. They have

well-known heat conduction which varies within a limited range for all shales.

Unlike pore pressure, heat can diffuse easily in shales. Moreover, shale fabric is200

generally very weak in tension. This, in combination with the fact that cool-

ing temperature gradients in the near-wellbore region can cause large tensile

stresses in the shale, rock leads to effective thermally induced fracturing. This,

in turn, may significantly enhance the permeability and subsequent hydrocar-

bon recovery [8, 7].205

2. Theoretical

2.1. Cohesive Zone Methodology

Material under mechanical loading fails in either tensile or shear failure

modes. There are a number of methods to study the failure mechanism of210

solid materials including damage mechanics and fracture mechanics. Rock fail-

ure described by the CZM method occurs when the displacement or energy

imposed on the material body exceeds a threshold value. Therefore, failure in

CZM is based either on a traction-separation criterion or an energy dissipation

criteria. Here, we study stable fracture growth in which both fracture energy215

and maximum displacement for de-bonding are constant. We explain the CZM

formulation and methodology in greater detail in the following section. The

first introductions to CZM were made by Dugdale [31] and Barenblatt [32] with

extensive research on fracture propagation in brittle materials. CZM provides

useful force-displacement relationships for fracture mechanics studies when the220

shear and tensile stress of the interface zones exceed the strength of rock [33].

For example, the shear and tensile strength of cement and carbonates filling

11
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natural fractures are generally smaller than the surrounding reservoir rock [34].

Such an interface weakness in highly jointed rocks such as shales can be success-

fully exploited for induced failure during matrix stimulation by hydraulic frac-225

turing. The CZM finite element approach allows us to simulate the disparate

nature of joints and interfaces in shale where thermal fracturing is performed.

CZM essentially simulates the rupture process of originally bonded bodies us-

ing a traction-separation law, which can be regarded as a force-displacement

relationship with nonlinear stiffness characteristics. When a load is applied to230

a fracture the material will initially behave elastically at the tip of the fracture.

As the load is increased to the point where the shear/tensile stress of the bond-

ing material between the fracture walls exceeds the shear/tensile strength of

that material, rock matrix failure starts. Beyond this point, which is reflected

by the declining portion of the traction-separation relationship, rock damage is235

accumulated until the maximum damage is attained and a fracture is initiated.

One of the main challenges in fracture propagation is the fracture tip stress sin-

gularity mentioned earlier, which poses numerical issues in stress calculation at

fracture tip as mentioned earlier. One of the advantages of CZM is eliminating

this issue [35].240

2.2. CZM Formulation

Fundamental to CZM application is the definition of the traction-separation

relationship across fracture surfaces. CZM was developed to both eliminate

stress singularity in Linear Elastic Fracture Mechanics (LEFM) and approxi-

mate the nonlinearity of material separation during fracturing [36, 37, 38, 39, 40].245

Here we explain the formulation in detail to exhibit the parameters of the CZM

formulation that we use in our finite element simulations.The main parameters

of the traction-separation plot and the energy required for fracturing are defined

first. Then, the formulation is extended to the case of mixed mode fractures,

and the general form of a three-dimensional CZM model is presented. Figure 4250

shows several possible forms of the traction-separation plot. For our simulations,

we used plot (e) in Figure 4, the most widely used plot in literature [41].

12
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Figure 4: Effective traction-separation relationships: (a) cubic polynomial, (b) trapezoidal,

(c) smoothed trapezoidal, (d) exponential, (e) linear softening, and (f) bilinear softening [41].

Figure 5 shows this most common form of the CZM plot with the key pa-

rameters of the traction-separation behavior of a mode-I fracture.

13
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dn=1 Δn
Δn
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Figure 5: The most common form of the CZM plot with linear elastic and linear softening

segments

dn in Figure 5 is the damage parameter, which is a scalar number represent-255

ing the ratio of the number or density of broken bonds to that of intact bonds

within the volume of material. Table 1 lists the key traction-separation plot

parameters.
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Parameter Definition

T normal contact (tensile) force

∆n contact gap or normal separation

∆c
n contact gap at the completion of de-bonding

Tmax maximum normal contact (tensile) force

σmax maximum normal contact (tensile) stress

δn contact gap at the maximum normal contact (tensile) stress

dn damage or de-bonding parameter, 0 at A and 1 at point C

k normal contact stiffness

kReduced reduced normal contact stiffness

∆̄ dimensionless displacement, ∆n

δn

Table 1: Key parameters for the definition of a traction-separation plot.

2.2.1. Mode I & II Traction-Separation Behavior

The normal critical fracture energy for mode I de-bonding is the energy re-

quired to fracture a material, and is equal to the area under strain-displacement

curve as:

GcI =
1

2
σmax∆c

n (5)

The equation for the AC segment of the plot is:

T = k∆n(1− dn) (6)

where 0 < dn < 1. For mode I de-bonding, dn can be obtained as:

dn =

(
∆n − δn

∆n

)(
∆c

n

∆c
n − δn

)
(7)

with dimensionless displacement ∆̄ defined as:

∆̄ =
∆n

δn
(8)

15
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The de-bonding parameter is specified as follows;

∆̄ ≤ 1⇒ dn = 0

and

∆̄ > 1⇒ 0 < dn ≤ 1

Similar equations are valid for mode II de-bonding, except that the subscript

n is changed to t for tangential mode and the normal stress σ is changed to

the shear stress τ for mode II fracturing. Mode II de-bonding is referred to

as the interface separation mode where tangential slip dominates the interface

separation in the normal direction. The equation for the tangential contact

stress and tangential slip distance is written as:

τt = kt∆t(1− dt) (9)

where dt is the shear mode de-bonding parameter. The tangential critical frac-

ture energy of mode II de-bonding is the energy required to fracture a material

in shear mode, and is equal to the area under strain-displacement curve for

mode II as:

GcII =
1

2
τmax∆c

t (10)

where τ is the shear stress and ∆c
t is tangential slip distance at the completion260

of de-bonding.

2.2.2. Mixed Mode Traction-Separation Behavior

To obtain the above equations for the case of mixed mode fractures, the

effective quantities for the force T̄(∆̄) and the displacement ∆̄ are defined as:

T̄(∆̄) =
√

(σ)2 + (τ)2 (11)

and

∆̄ =
√

(∆n/δn)2 + (∆t/δt)2 (12)

The parameters of Equation (12) were defined in Table 1 with the exception

that subscript t is used for shear mode and subscript n is used for normal mode.

16
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Tvergaard [42] related the above effective quantities (T̄, ∆̄) to the normal and

tangential tractions (Tn,Tt) as follows:

Tn =
T̄(∆̄)

∆̄

∆n

δn
(13)

and

Tt =
T̄(∆̄)

∆̄
αe

∆t

δt
(14)

where αe is a dimensionless constant associated with mode mixing. For mode I,

where ∆t = 0, the normal cohesive traction (Tn) is the same as T̄(∆̄). For mode

II, where ∆n = 0, the tangential cohesive traction (Tt) is equal to αeT̄(∆̄), see

Equation (14). Therefore, the dimensionless constant (αe) is a scaling factor

between tangential and normal cohesive tractions. The simulations presented

in this paper are 2D analyses at this stage, but can be extended to 3D CZM

simulation. The 3D formulation can be obtained by extending 2D traction-

separation models (i.e., the effective displacement model) to 3D cohesive zone

models [43, 44] as explained in the following. The effective displacement in this

case is defined as:

∆̄ =
√

(∆1/δ1)2 + (∆2/δ2)2 + (∆3/δ3)2 (15)

where ∆1, ∆2, and ∆3 are separations and δ1, δ2, and δ3 are characteristic

lengths along the local coordinates. Figure 6 shows the cohesive fracture gap

(∆1) and sliding separations (∆2,∆3) along the local coordinate system with265

axes normal and tangential to the fracture surface.
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Figure 6: Cohesive fracture gap (∆1) and sliding separations (∆2,∆3) along the local coordi-

nate system (a)two-dimensions and (b)three-dimensions.

2.2.3. Rock Failure Stages in CZM

The structure of rock can be ideally regarded as an assembly of pieces or

blocks, also known as fragments, attached along their boundaries using cohesion

and friction. The cohesive zone along the boundaries is called the contact zone.270

Depending on the rock material properties and the applied load, failure can

occur within the contact zone when the material is subjected to external loads.

In Figure 2, the fragments are idealized as mass particles or mass blocks, and

the contact zones or the potential failure zones are idealized as springs. The

rupture of the contacts is described by CZM following a traction-separation275

law, as shown in the right column of Figure 2. Cohesive zone failure follows

four distinct stages:

1. Pre-failure; this stage is mainly linear deformation of the fragments and

contacts. At this stage, the contacts are not broken yet, in other words,

there is no separation normal to-or along-the contact boundaries (no gap280

or sliding).

2. Failure; when the normal and shear strength of contacts are exceeded by

the external load (also known as traction), one or a number of fragments
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undergo excessive displacements and local fractures are initiated. This

stage is initiation of damage; i.e., local rupture of contacts or bonds.285

Failure is the peak point in the CZM plot in Figure 5.

3. Post-failure; this stage starts from the first bond rupture and may continue

if the external load keeps increasing. This phase is the evolution of local

failure or the damage evolution stage of rock fracturing, during which the

rock loses its strength and exhibits a softening behavior. The softening290

behavior is due to the stiffness reduction, which is reflected by the declin-

ing slope of stress-strain plot. The damage evolution is reflected by the

declining section of the stress-deformation plot (also known as traction-

separation behavior of CZM). The declining section of the CZM can be

either linear or nonlinear (Figure 4). The evolution of damage is a complex295

phenomenon, and has been studied previously [45].

4. Fracture; if the external load keeps increasing, the post-failure stage termi-

nates by creation of a populated crack density zone which leads to distinct

failure surfaces.

Next we will discuss CZM for thermal fracturing and show CZM model valida-300

tion for wellbore rock fracturing in the oil and gas industry. Problems such as

uniaxial tensile loading and wellbore stability will be used in the context of best

numerical methods to validate and introduce the most efficient method of using

CZM for rock fracturing purposes.

2.3. Near Well bore Thermal Stresses305

At reservoir depth, all the stresses are compressive, and rock fails due to

either shear stress or reduced compressive stress, as both reduce the margin

of safety based on Mohr-Coulomb shear failure envelope. In other words, the

stress in rock gets closer to shear failure envelope if the effective compressive

load decreases or shear stress increases. The failures around a well bore are in

the form of breakouts, breakdown, fractures, or coalescence of small fractures

leading to failure. Understanding the stress changes in the near well bore zone
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is essential to well design and stability management. Another important infor-

mation is the well orientation which is necessary to obtain hoop stress around

a well bore while overburden and in-situ stresses are available. In the case of

vertical well, the two stresses acting on the well cross-section are maximum and

minimum horizontal stresses, SHMax and Shmin. For a horizontal well however,

the direction of well determines the combination of stresses acting on well cross-

section. For example if the well bore is aligned with the direction of maximum

horizontal stresses, the two stresses acting on well cross-section are Shmin and

Sv. Sv is the vertical stress from overburden pressure of rock layers above that

point. The effective tangential stress for a vertical well in a homogeneous and

isotropic elastic rock in which the total vertical stress Sv is the principal stress,

at the wall of the well bore is given by Equation (16).

σθθ = Shmin + SHMax − 2(SHMax − Shmin)cos(2θ)

− 2Pp −∆P−∆σ∆T
θθ

(16)

Figure 7 shows how the breakdown and breakout pressures in the near wellbore

zone in terms of in situ stresses and wellbore pressure can be obtained from

Equation (16).

Figure 7: Breakdown and breakout pressures in terms of the in-situ stress and wellbore pres-

sure
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In Equation (16), θ is measured from the azimuth of the maximum horizontal

stress, SHMax and Shmin are the maximum and minimum horizontal stresses; Pp

is the pore fluid pressure; ∆P is the difference between the wellbore pressure

(mud weight) Pw, and the pore pressure, and ∆σ∆T
θθ is the variation of the

tangential stress around the well bore, induced by cooling of the well bore by

∆T [46]. With the sign convention of compression being positive and tension

being negative, the last term in Equation (16) takes the negative sign. The

negative sign indicates that thermal cooling of ∆T degrees reduces the tangential

stressσθθ by ∆σ∆T
θθ . Reduction of temperature in a confined solid rock body

changes the in-situ stresses of rock. The lower the temperature, the lower the

in-situ stress and the easier it becomes to fracture the rock. In other words,

reduction of temperature reduces the fracture initiation pressure or breakdown

pressure. To obtain breakdown pressure, θ = 0 is plugged into Equation (16).

σθθ = 3Shmin − SHMax − Pw − Pp −∆σ∆T
θθ

(17)

For a rock sample of tensile strength T, the breakdown occurs under the condi-

tion of σθθ+T < 0, in which case the right hand side of Equation (17) is defined

as the breakdown pressure. This leads to the following relation for breakdown

initiation around the wellbore.

Pw > 3Shmin − SHMax − Pp −∆σ∆T
θθ + T (18)

For shale with very small tensile strength, T is taken as zero and the wellbore

pressure at breakdown will be

Pw > 3Shmin − SHMax − Pp −∆σ∆T
θθ

(19)

The effect of temperature on the wellbore wall is time-dependent, such that the

longer the rock is in contact with the wellbore fluid the further away from the

hole the temperature perturbation will propagate. In a simplified approach,

one can assume that the material is impermeable (a reasonable assumption for

ultra-low permeability materials such as shales). In this case, a relatively simple

integral equation can be written for the magnitude of ∆σ∆T
θθ , the variation of the
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tangential stress around the wellbore as a function of radial position r and time

t due to temperature effects ([46]). Although the exact solution for the temper-

ature distribution near a constant-temperature wellbore is a series expansion,

solutions exist which approximate the temperature in the near wellbore region

using only the first two terms of the expansion as shown in Equation (20), [47]:

∆σ∆T
θθ =

[
αE∆T

1− ν

] [(
1

2ρ
− 1

2
− lnρ

)
I−1
0 −

(
1

2
+

1

2ρ

)]
(20)

where: ρ = r
a ; I−1

0 = 1
2πi

∫ 0

−∞
e[4τz/σ2]

z

zlnz

Once steady state has been reached, the change of the tangential stress around

the wellbore is given by Equation (21), [48, 49]:

∆σ∆T
θθ =

[
αE∆T

1− ν

]
(21)

Where α is the linear coefficient of thermal expansion, E and ν are the static

Young’s Modulus and the Poisson’s Ratio of the rock respectively, and ∆T is310

the temperature difference between the borehole fluid and the in-situ formation

(note that since we chose to use −∆σ∆T
θθ in Equation (16), ∆T is positive if

the fluid in the borehole is cooler than the formation temperature). Cooling

of the wellbore (i.e., positive values of ∆T ) reduces the value of the tangen-

tial stress σθθ around the wellbore, thus lowering the threshold for placing the315

wellbore in a state of effective tension and lowering the threshold for hydraulic

fracture initiation. It will also lower the value of Shmin, the minimum horizontal

stress. For a rock fracture that is effectively cooled, this will reduce the frac-

ture propagation pressure. The fact that cooling leads to reduction of fracture

initiation and propagation pressure is well-known from deepwater drilling oper-320

ation, where circulating cold drilling fluid across downhole formations triggers

induced tensile wellbore fracturing and associated mud losses (see, e.g., [50]) As

shown in Figure 8, the upper figure shows the variation of tangential and radial

stresses around a well bore for a well condition in which the vertical stress Sv
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is the principal stress. It can be seen that the tangential stress is minimum325

at the azimuth of the maximum far-field principal stress direction. Therefore,

creating tensile stress at this point is the easiest and can take place by reducing

the temperature in the near well bore zone. The bottom Figure 8 shows the

compressive and tensile failures due to in-situ stresses at the well cross-section,

with our focus being on tensile failure.330

Figure 8: (Up) Variation of tangential and radial stresses around a well bore for a wellbore

condition in which the vertical stress Sv is the principal stress. (Bottom) Compressive and

tensile failures due to in-situ stresses at the well cross section. (Adapted from GeoMechanics

Intl. Inc.)

2.4. Mathematical Model

As described earlier, materials fail if the applied load either exceeds the ma-

terial yield strength or the displacement exceeds an ultimate value. Figure 9-(a)

shows the load displacement of a bonded pair of material which undergoes tensile

or shear stress. When the load is less than Tult there is no damage developed in

material. Loading and unloading below Tult does not create any residual strains
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in material and displacement will be back to the original displacement. Tult is

the maximum tensile stress that a material can undergo before failure. Beyond

failure, material experiences a progressive damage until it fails at maximum

displacement δf. The relation between traction causing separation of fracture

faces, can be written in the general form of Equation (22) in which m is the

cohesive law behavior index.

T = Tult

(
1− δ

δf

)m
(22)

Figure 9-(b) exhibits the realistic behavior of stress at the tip and ahead of a

fracture tip. For quasi-brittle to ductile materials, there is an inelastic zone

also known as fracture process zone (FPZ) which is the zone of micro-structural

damage ahead of fracture tip. In classic fracture mechanics, dealing with energy335

dissipation process in the FPZ is challenging. However, CZM formulation elim-

inates these challenges, hence easier to utilize. Figure 9-(c) shows the cohesive

parameters of a typical traction-separation model [51]. In general, a propa-

gating fracture can undergo three forms of external mechanical load; these are

normal tensile (tn), shearing mode (ts), and tearing mode (tt). The stiffness340

components associated with each of these loadings or corresponding deforma-

tions result in the following matrix form of constitutive law of Equation (23).

The traction and separation vectors are reflected in Equation (23) by ~t and ~δ.

For uncoupled failure modes 1 to 3, the off-diagonal members of the matrix

become zero and the system of equations can be solved as a de-coupled system.345

In addition to Equation (23), the progressive damage has to be incorporated

in the solution process. The damage parameter D in Equation (24) is reflected

by the declining portion of the traction-separation plot (Figure 9-(a)). D is the

damage parameter which is an scalar parameter that varies between 0 at the

maximum stress Tult and 1 at the maximum separation δf .350
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Figure 9: (a) Traction-Separation behavior of materials, (b) Inelastic zone at fracture tip, and

(c) Cohesive parameters of a typical traction-separation model [51]
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δn

δs

δt

 = ~K.~δ, (23)

t = (1−D)tmax (24)

2.5. Thermal Fracturing using Embedded Multiple-Site Cohesive Zone Elements

To create a branching fracture pattern around the wellbore to amplify hydro-

carbon production, a novel method was proposed by authors [8]. This method

introduces a thermal gradient around the wellbore by cooling/freezing the well-

bore. It imposes thermal stress and causes multiple-site thermal fractures. Com-355

plexity and high cost of field testing for this process motivated us to explore

different simulation approaches to design thermal fracturing process in virtual

simulation environment, so we utilized CZM as an alternative to Discrete Ele-

ment Method (DEM). As explained earlier, for simulation of thermal fracturing

using continuum models we assume that a block of rock is made up of smaller360

cubic blocks, Figure 10(a). These blocks are in contact using contact elements

possessing the fracture properties of rock, Figure 10(b). Thermal stresses and

deformations occur in the blocks and load transfer between blocks is carried

out by contact elements. There are several criteria for fracture initiation and

propagation. Here we focus on strain and energy criteria. In these two criteria,365

whenever the strain or energy in contact elements exceeds a threshold value, the
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contacts break in shear or tension. To obtain a critical value for deformation

of blocks at contact points, we use an energy approach in which as the poten-

tial energy of contacts or springs reaches the fracture energy of rock, fracturing

initiates.370

(a) The Rubik’s cube model of rock

a

K

(b) Geometry and contact elements

Figure 10: Rock model for thermal fracture propagation simulation

The critical value of crack opening for fracture initiation can be obtained

using Equations (25), (26), and (27) in which, K is the stiffness of springs, a

is the size of rock blocks, ∆ is the deformation of the opening between the two

blocks, Gc is the fracture energy release rate, E is the Young’s modulus of rock

and A is the area of each block. The stiffness of spring can be related to the

Young’s modulus using elastic Equation (25).

K =
F

∆
=
σA

∆
=
EεA

∆
=
E∆
a A

∆
=
EA

a
(25)

From fracture mechanics, we know that the energy release rate is the energy

required to create a unit surface of fracture. Then, to obtain the deformation,

the energy release rate is made equal to the potential energy of springs as they

deform.

Gc =
1

2
K∆2 ⇒ ∆ =

√
2Gc
K

=

√
2Gca

EA
(26)
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Finally, the critical value of deformation is obtained from Equation (25). For

the case of Shale using typical values, ∆ is obtained as follows;

∆ =

√
2× 100(J/m2)× 1(m)

50× 109 × 1(m2)
= 63µm (27)

This value is used as the maximum opening between the two contact surfaces

at the onset of de-bonding.

2.5.1. Fracture Propagation Criterion

Fracture propagation criterion that we use in our simulations is based on the

fracture energy. This requires two parameters to define the traction-separation375

plot. These two parameters are the maximum contact stress and the fracture

energy for the two modes of failure. We could also use the maximum contact

stress and the contact gaps at completion of de-bonding (∆c
n), as the two pa-

rameters required to define the damage and failure criteria; however, we use the

fracture energy based criterion for the simulations performed in this paper, due380

to availability of the fracture energy values for shale in the literature.

3. Results and Discussion

3.1. Model Validation

Here we use the finite element code ANSYS 16.0 and compare the results

with the finite element method used by Mergheim et al. [52], who use discontin-385

uous elements with additional degrees of freedom at the crack tip to make the

solution mesh independent.

3.1.1. Verification Model 1- Tensile Mode Failure

In the first example, we use a 1mm×1mm square plate and apply a uniform390

tensile stress at one end. Geometry, loading and boundary condition of the prob-

lem are shown in Figure 11. The top edge is subjected to uniform displacement

and can freely move upward. The lateral movement of the two top corner nodes
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are constrained by two rollers and the bottom edge is fully constrained against

displacement in x and y directions. The material parameters in our simulation395

are taken from the reference paper [52] and are as follows; Young’s modulus

E = 100 N/mm2, Poisson’s ratio ν = 0, tensile strength ft = 1.0 N/mm2, and

fracture energy Gf = 0.1 N/mm which is equal to 100 J/m2. In this example,

if the fracture zone is defined along the entire length of the domain, the propa-

gation of fracture takes place instantly and the solution does not converge. To400

avoid this, a small seed of fracture is placed on the left side of the fracture shown

in Figure 11 and from there, fracture propagates through the domain. GI, the

first mode fracture energy, indicates that we assume no shear mode of failure

occurs and all the energy imparted to the block is used to fracture the block

in tensile mode. We obtain the global load-displacement plot for pure mode I405

failure and compare it against the plot obtained from the reference paper [52].

As the tensile stress increases due to increase of upward displacement on top

edge, the load-displacement curve approaches a critical load which is expected

to be equal to tensile strength of rock, 1.0 N/mm2, as depicted in Figure 13.

Once, the displacement gets beyond the value corresponding to the maximum410

load, the load-displacement plot enters a declining section in which stiffness de-

creases. The decrease in stiffness is due to the ongoing bond breakage at the

contact zone as the vertical displacement increases. The first part of the plot is

in perfect agreement with the reference plot; however, the second portion devi-

ates from it. This difference is attributed to the behavior of the cohesive zone415

beyond the damage initiation phase, i.e., when the contacts are subjected to

stress. Another factor that causes the deviation of our result from the reference

result is the additional nodes which are used in the formulation of discontinuous

elements defined by Mergheim et al. [52]. Notice that in Figure 12 the contact

stress will be maximum (here 1.0 N/mm2) when the fracture is about to open420

and once the fracture opens, the contact stress drops to zero.
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GI

Figure 11: Geometry, loading and boundary condition of the problem. Dimensions are given

in mm.

Figure 12 shows the distribution of the stress normal to the fracture face.

Maximum Tensile Stress
at fracture face: 1 Mpa

Figure 12: Maximum stress of contact point at failure
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Figure 13: Verification of the CZM model for tensile mode failure.

3.1.2. Verification Model 2- Wellbore breakdown

The second example we use to verify the rock failure mechanism is the well-

bore stability problem. From linear elastic analysis, the minimum hoop stress

around the wellbore as a function of the drilling fluid pressure pw, pore pressure

pp, maximum horizontal stress SHmax, and minimum horizontal stress Shmin can

be calculated using Equation (28);

σθθ,min = 3Shmin − SHmax − pw − pp (28)

when σθθ,min in Equation (28) becomes zero, wellbore pressure Pw will be equal425

to breakdown pressure. When σθθ,min exceeds the tensile strength of rock, ten-

sile failure occurs. We use the CZM capability of the finite element tool to test

the applicability of this model to obtain the value of breakdown pressure. Using

a known analytical solution, we show that our model is capable of obtaining the

value of breakdown pressure as well as providing the extent of fracture prop-430

agation. The extent of fracture opening is a valuable result that can not be

obtained using classic finite element models; but it is trivial when CZM is used.

Figure 14 (left) shows the geometry of a wellbore and Figure 14 (right) shows

the mesh and fragments of rock that we created for our simulation. Contact
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elements are placed at the interface of each two fragments, then each fragment435

is filled with nine elements. A zone of 10 feet around the wellbore is assigned

fragments and contact elements.

Rock fragment

Rock element

Figure 14: Geometry (left), and rock elements and fragments (right)

To investigate the variation of minimum hoop stress versus wellbore pressure,

we use a wellbore pressure range of 4000 to 7000 psi, zero pore fluid pressure

Pp, the in-situ stresses of SHmax = 3, 000 psi and Shmin = 2, 500 psi. Using these

values, the analytical breakdown pressure can be calculated as follows;

σθθ,min = 3× 2, 500− 3, 000− Pw = 0

whereby Pw is obtained as 4,500 psi at breakdown initiation. Figure 15 shows

the generation of tension cracks and breakdown using CZM model.
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Breakdown

Tension cracks

Figure 15: Generation of tension cracks and breakdown using CZM model.

The variation of the minimum hoop stress around the wellbore versus well-440

bore pressure can be seen in Figure 16. The left vertical axis shows the minimum

hoop stress values which are compressive when they are positive. The results

indicate that as wellbore pressure is increased, the minimum hoop stress is re-

duced and goes from compressive to tensile stress (from positive to negative

values). Assuming zero tensile strength for rock, when minimum hoop stress is445

zero, breakdown initiates at the wellbore pressure of Pw=4,500 psi. Our numer-

ical method is capable of capturing the tensile hoop stress beyond the onset of

breakdown. This is not possible in classic finite element methods, because the

domain becomes fractured. Our numerical results exhibit a very good agree-

ment (error of ¡5%) with the analytical results (the solid line), shown on the450

right vertical axis.
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Figure 16: Verification of the minimum hoop stress around the wellbore as a function of

wellbore pressure (left axis) and the error between numerical and analytical solutions (right

axis) using CZM model.

It should be noted that, the finite element simulation using CZM, can reveal

the zones in which smaller cracks are developed. These zones are indicated as

tension cracks zones in Figure 15. Moreover, the CZM model can predict the

extent of the fracture propagation which is not readily available in classic finite455

element approach. As a result, we use the CZM feature implemented in the

finite element package ANSYS for thermal fracturing purposes to obtain the

extent and the pattern of thermal fractures.

3.2. CZM Simulation Results

We are interested in studying the effect of in-situ stress on the initiation and460

propagation pattern of thermal fractures; therefore, we performed fracturing

analysis for four different cases of in-situ stresses. The geometry of the model is

the same geometry used in Figure 14. The model initial and boundary conditions

are shown in Figure 17. The values of maximum and minimum horizontal stress
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for the first two cases are shown in Figure 18 (a1, a2) in which we are using an465

in-situ horizontal stress anisotropy ratio of 3. The other two cases 3 and 4 are

shown in Figure 19 (a3, a4) in which an in-situ horizontal stress anisotropy ratio

of 1.5 is used. The stresses in each group are one order of magnitude apart, to

reflect the effect of low and high reservoir stresses. The simulation results for

these four cases reveal the impact of stress anisotropy and reservoir depth on470

thermal fracture opening and pattern.

100 ft

100 ft  r = 6 in Twb = 50 c

 Treservoir = 150 c

 Tboundary = 150 c

 Tboundary = 150 c

 Fixed boundary 

 Fixed boundary 

 SHMax 

 Shmin 

Figure 17: Model setup, mechanical/thermal, and initial/boundary conditions.

The wellbore radius is taken as 6 in and the reservoir size is 100ft × 100ft.

A script was written to create 504 rock fragments and 4,700 elements around

the wellbore. The scripts with 560, 2300, 3400, 4700, 6800, and 9400 elements

were used for a mesh sensitivity analysis to indicate that beyond a certain mesh475

density, the numerical results are independent from the number of elements.

The mesh sensitivity analyses resulted in an optimum number of 4700 elements

for our simulations to provide accurate results. The material parameters for the

four simulation cases are listed in Table 2. A random function is used to gener-

ate random material properties for fracture energy of rock fragments. Fracture480

energy of shale is in the range of 5–100 J/m2 and tensile strength of rock is
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in the range of 0–100 psi. We generated values of these two parameters in the

given possible ranges for all elements of the model.

Parameter Value

Young’s Modulus, E 100 (GPa)

Poisson’s ratio, ν 0.25

Rock tensile strength, ft 0–100 psi

Rock fracture energy, Gf 5–100 J/m2

Contact gap at de-bonding, δ0 2×10−6m

Coefficient of thermal expansion, α 1×10−5 1
◦c

Isotropic thermal conductivity, k 2 W
m ◦c

Table 2: Material parameters for the three cases of reservoir thermal rock fracturing.

Our past studies [7, 8] show that the zone of heat transfer around the well-485

bore is typically 3-10 ft. We therefore limited our mesh refinement to a 10

feet zone around wellbore. The CZM simulations are 1) nonlinear due to the

presence of contact elements at the interface of rock fragments, and 2) coupled

due to thermo-mechanical (TM) interactions. Assigning a 10-foot zone for heat

transfer reduces the simulation time drastically. The analysis type is based on490

2D plane strain assumption. The reservoir rock is subjected to two different

loading conditions: thermal and mechanical. Thermal loading is the cooling

process which takes place at the wellbore face. Initially the domain is at 150◦C

temperature and the wellbore temperature is then set to 50◦C. Heat transfer is

simulated and the solution of temperature distribution field is mapped to the495

structural mesh. The mechanical load is supplied by the in-situ stress. Fig-

ure 18 shows the thermal fracture patterns (c1 and c2) for the horizontal in-situ

stress ratio of 3, for two cases of (a1): high in-situ stress, and (a2): low in-situ

stress. Since the actual fracture openings are not visible at reservoir scale, they
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are magnified for visibility purposes in Figure 18 (b1) and (b2).500

3000 psi

1000 psi

300 psi

100 psi

(a1) (a2)

(b1) (b2)

(c1) (c2)

Figure 18: Thermal fracture patterns (c1 and c2) for the horizontal in-situ stress ratio of 3,

for two cases of (a1): high in-situ stress and (a2): low in-situ stress. (b1 and b2) are the

magnified displacement fields.

It can be seen from Figure 18 that the fracture propagation direction is along

the maximum in-situ stress. Moreover, the pattern of thermal fractures in case

2 shows more branching; in other words, the reservoir rock is more efficiently

stimulated when in-situ stress is lower. Similar simulations are performed for

stress anisotropy ratio of 1.5 to investigate the impact of stress ratio in the ther-505

mal fracture opening and pattern, as shown in Figure 19. The first observation

is that fracture propagation direction is along the maximum in-situ stress as
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expected. Also, the stimulation zone is larger for the lower in-situ stress case 4

than that of case 3.

4500 psi

3000 psi

450 psi

300 psi

(a3) (a4)

(b3) (b4)

(c3) (c4)

Figure 19: Thermal fracture patterns (c3 and c4) for the horizontal in-situ stress ratio of 1.5,

for two cases of (a3): high in-situ stress and (a4): low in-situ stress. (b3 and b4) are the

magnified displacement fields.

The maximum fracture opening values are crucial in estimation of rock per-510

meability enhancement. Figure 20 shows the fracture width values and compares

all four cases. The fracture width at a stress ratio of 3 ranges from 0.36 mm

for the high in-situ stress case (1) to 0.64 mm for the low in-situ stress case (2).

At a stress ratio of 1.5, fracture openings are smaller and within the range of
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0.25 mm (high stress case 3) to 0.38 mm (low stress case 4). This demonstrates515

the effect of stress anisotropy in fracture opening values. The higher the stress

anisotropy, the bigger the fracture width.

It should be noted that the thermal fractures for stress ratio of 1.5 and 3 are

totally different. This is due to the fact that thermal stresses compete against520

the combination of 3Shmin − SHmax (as discussed in Equation (28)) between

the maximum and minimum horizontal stresses. As the in-situ stress ratio

increases from 1.5 to 3, the term 3Shmin − SHmax gets smaller and creation of

thermal fracture is easier; hence, wider fractures are observed and fractures

extend further from the cooling source.525

(Case 1) (Case 2)

(Case 3) (Case 4)

Figure 20: Comparison of thermal fracture opening for all four cases of stress ratio of 1.5 and

3 for high and low values of in-situ stress.

The element size and domain discretization are of crucial significance to the
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validity of a finite element model. In particular, the numerical results must

be independent from the number of elements beyond a certain mesh density.

Figure 21 shows the convergence of results at a given point at θ = 0 on the

wellbore wall for case 3 (a representative case among the four cases presented530

above). Two types of elements, low order and high order elements, were used

in our simulations. Figure 21-a shows the convergence results for low order

elements and Figure 21-b shows the convergence results for high order elements.

In both cases, the stress values from the Finite Element simulation converged

to the analytical value of stress when mesh density increases. Beyond 4000535

elements, the numerical results get to a plateau, indicating that the results are

mesh independent. We used 4700 elements in our simulations based on these

mesh sensitivity analysis results. In addition, the error plots are added to the

mesh sensitivity plots. In all cases, they show a declining pattern of error as

mesh density increases. At above 4000 elements, the error is always less than 2%,540

which indicates good agreement between the numerical results and analytical

values.
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(a)

(b)

Figure 21: Mesh sensitivity analysis for case 3 at θ = 0. (a) Low order elements, (b) High

order elements.

Similar results were obtained for θ = 90 and are presented in Figure 22.
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(a)

(b)

Figure 22: Mesh sensitivity analysis for case 3 at θ = 90. (a) Low order elements, (b) High

order elements.

Creation of small gaps in tight formations has a significant impact on the

conductivity of such formations to gas flow. The values of gaps we obtained from545

CZM simulations indicate that thermal fracturing has the potential to meaning-

fully improve the recovery in tight formations. Recent observation of samples

taken from Eagle Ford stimulated rock volumes following hydraulic stimulation

shows the existence of a great number of open un-propped fractures [53]. This

indicates the significance of thermal fractures as they can stay open and con-550
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tribute to permeability enhancement even if they may be un-propped. It should

be noted that thermal fractures propagate only a short distance from the source

of cooling, but as soon as initial fractures open, fluid penetrates into these open-

ing and further propagation is expected to continue. Further work is necessary

to study the pressure driven fracture propagation.555

3.2.1. Effect of Cooling on Fracture Initiation Pressure

The analytical form of the wellbore cooling effect on fracture initiation pres-

sure (FIP) was shown in Equation (17). To study the sensitivity of FIP to

temperature reduction, the model of Figure 14 was used in which reservoir

rock temperature is kept at 150◦C and wellbore temperature is maintained at560

several temperature levels of 150◦C, 125◦C, 100◦C, 75◦C, and 50◦C. The ana-

lytical minimum hoop stress σθθ value is obtained from Equation (17) and the

numerical values of FIP using CZM are obtained and plotted in Figure 23. The

same values of pore pressure, maximum and minimum horizontal in-situ stresses

used in validation model were used here i.e., zero pore fluid pressure Pp = 0,565

SHmax = 3, 000 psi and Shmin = 2, 500 psi.

Figure 23: Reduction of the Fracture Initiation Pressure versus reservoir/wellbore temperature

difference at steady state condition.

Both analytical and numerical results show that the FIP decreases (Fig-

ure 23, left axis), as the temperature difference between the wellbore and reser-

42



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

voir increases. The error between numerical and analytical solutions are less

than 0.5% for all five cases and shown on Figure 23 (right axis).570

3.2.2. Effect of Cooling on Fracture Width

Figure 24 shows the variation of maximum fracture width versus temperature

difference between reservoir and well bore for one of the four cases of in-situ

stress presented earlier (i.e., SHmax = 3, 000 psi and Shmin = 1, 000 psi.)

Figure 24: Fracture width increase versus reservoir/wellbore temperature difference at steady

state condition.

The results indicate a nonlinear response of the system, i.e., the rate of575

change of the maximum fracture width versus temperature reduction is non-

linear. Maximum fracture width increases at a low rate for a temperature

difference below 50◦C; from 50 to 70◦C, fracture opening increases at a higher

rate; beyond 70◦C, the rate of increase lowers and the plot levels off and reaches

a plateau. This nonlinear trend can be tentatively attributed to the combined580

effect of the reservoir rock stiffness, the pattern of existing in-situ fractures,

thermal conditions and in-situ stresses. It should be noted that the CZM simu-

lation is a nonlinear simulation; in other words, once part of the reservoir rock

breaks in shear or tension, the stiffness of rock in the vicinity of the fractured

zone reduces, leading to an unpredictable nonlinear solution. The behavior of585
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rock after failure can be studied using the fracture width distribution and de-

formation contour plots. Figure 25 shows the evolution of fracture width versus

cooling. Blue line segments in the left column of figures indicate the maximum

opening between rock segments. The temperature difference keeps increasing

from 0◦C to 100◦C and thermal fractures develop. Maximum fracture width590

of 0.37mm is obtained when the temperature reduction is 100◦C. The trend

of fracture propagation direction is in the direction of maximum compressive

in-situ stress. At smaller temperature difference values, the continuous fracture

openings are limited in terms of magnitude and extent of propagation. The

plots of Figure 25 clearly demonstrate the discontinuous nature of rock failure,595

which features significantly in CZM simulation.
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Figure 25: Contour plots of deformation (R) and fracture width distribution (L) versus

reservoir/wellbore temperature difference at steady state condition for the case of SHmax =

3, 000 psi and Shmin = 1, 000 psi.

To investigate the effect of stress ratio further, new simulations for stress ra-
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tio of 1.5 are performed to compare the pattern and width of thermal fractures

with those of Figure 25. Simulation of fracture opening for the stress ratio of

1.5 exhibits the same effect in terms of creating thermal fractures for various600

thermal reductions shown in Figure 24; however, the pattern and magnitude of

fracture openings will be different (Figure 26).
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Figure 26: Contour plots of deformation (R) and fracture width distribution (L) versus

reservoir/wellbore temperature difference at steady state condition for the case of SHmax =

4, 500 psi and Shmin = 3, 000 psi.
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3.3. Comparison of XFEM and CZM

A comparison is added in Table 3 which compares the normalized CPU time605

for the validation cases of two simulations performed using CZM and XFEM

([54] and [55]). Both validation cases were compared to KGD solution.

XFEM CZM

Real time (s) 5.71 22.3

Core time (hr) 20 48

Element count 186,562 66,000

Number of utilized cores 96 48

Table 3: Comparison of CZM vs. XFEM validation cases reported in [54] and [55].

To compare the two cases, the computational effort is defined as shown in

Equation (29);

Computational effort =
Core time×Number of utilized cores

Real time× Element count
(29)

The computational effort calculated for XFEM and CZM are 0.00180 and

0.00157 which results in XFEM simulation time to be 1.149 times more expen-610

sive than CZM for such a validation case. This ratio may change significantly

as the number of fractures increases. Here in the validation cases, only one

fracture is simulated.

3.4. Application to Cemented Micro-fracture Reactivation

We believe that the CZM framework as described in this article will be able to615

simulate the cemented micro-fracture reactivation scenario. More complex phe-

nomena such as coupled thermo-mechanical fracture reactivation can be dealt

with, using CZM simulation. Complexities associated with nonlinearity of rock

stress-strain equation and the impact of fracture and formation fluid pressures
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can also be handled using coupled elements with displacement and fluid pres-620

sure degrees of freedom. Note that in the paper we have focused exclusively

on the aspect of thermal rock stimulation by thermal fracturing and are not

yet addressing other aspects such as cemented micro-fracture reactivation. This

could be discussed in future work.

4. Conclusions625

The work presented here deals with thermal fracturing to amplify hydro-

carbon recovery from tight rock formations such as shales. More specifically,

cooling/freezing of such tight rocks can make hydraulic fracturing more efficient

by lowering fracture initiation and propagation pressures, and by opening ther-

mal cracks. The latter is of particular interest here. The efficacy of thermal630

fracturing is a function of 1) the induced temperature reduction in the reservoir

rock that is being stimulated, 2) the rock mechanical properties and 3) prevail-

ing in-situ stress conditions. The thermal fracturing process is simulated using

the CZM finite element method. It is shown that embedded multiple-site CZM

is particularly well-suited for thermal fracturing modeling. The merits of the635

CZM approach include:

• CZM computation time is fast compared to large-scale molecular dynam-

ics simulations (such as using a Large-scale Atomic/Molecular Massively

Parallel Simulator (LAMMPS)).

• Tight reservoir rock such as shale is inhomogeneous and rock and stress640

properties are typically anisotropic. Such features, important to a realistic

simulation of the thermal fracturing process in actual tight rock forma-

tions, are relatively easily implemented in CZM analysis. For instance, in

the simulations presented here, inhomogeneity of fracture distribution is

represented by assuming a random distribution of fracture energy (which645

varies in the range of 50-100 J/m2).
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• In general, its ease of handling material non-linearity and rock constitutive

law make CZM a preferred method for rock thermal fracture analysis.

• CZM allows for simulation of both tensile and shear failure modes, using

two independent traction-separation properties associated with these two650

modes. Using this feature, we can investigate whether the mode of failure

is tensile-dominant or shear-dominant.

• CZM simulation can furthermore reveal zones in which smaller cracks are

developed. These zones are indicated predominantly by the presence of

tension cracks.655

• In addition, a CZM simulation can predict the extent of fracture prop-

agation, which is more difficult to determine in a classic finite element

approach. CZM can thereby readily be used to obtain the extent and the

pattern of induced thermal fractures.

• Stress anisotropy and magnitude affect the thermal fracture pattern and660

opening values. Our simulations show that, wider thermal fractures are

created at higher stress anisotropy and lower in-situ stress values.
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NOMENCLATURE

Tult = Maximum tensile stress

m = Behavior of cohesive law

~t = Traction vector

~δ = Separation vector

Ft = Tensile strength

Gc = Fracture energy

δ0 = Displacement at failure

δf = Displacement at rupture

L = Fracture length

H = Fracture height

K = Traction stiffness matrix

D = Damage parameter

E = Young’s modulus

ν = Poisson’s ratio

Shmin = Minimum horizontal in-situ stress

SHMax = Maximum horizontal in-situ stress

Sv = Vertical in-situ stress

γ = Fracture surface energy

T = Normal contact (tensile) force

∆n = Contact gap or normal separation

∆c
n = Contact gap at the completion of de-bonding

Tmax = Maximum normal contact (tensile) force

σmax = Maximum normal contact (tensile) stress

δn = Contact gap at the maximum normal contact (tensile) stress

dn = Damage or de-bonding parameter, 0 at A and 1 at point C

k = Normal contact stiffness

kReduced = Reduced normal contact stiffness

∆̄ = Dimensionless displacement, ∆n

δn
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Highlights 

• Shale hydrocarbon reservoir rock is a prime candidate for thermal fracturing  

• CZM is particularly well-suited for shale thermal fracturing analysis 

• CZM handles material non-linearity, constitutive law, tensile and shear modes  

• CZM computational effort is less compared to XFEM and large MD simulations  

• Stress anisotropy and magnitude affect thermal fracture opening and pattern 
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