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Abstract
The objective of this paper is to study the effect of rock anisotropy on the initiation and propagation of fracture driven by

fluid. For this purpose, an improved hydromechanical model considering rock structural anisotropy is established in the

framework of the particle flow simulation by assuming that the anisotropic rocks are characterized by a matrix phase with

non-persistent weak layers embedded. In this model, the mechanical behavior of rock matrix is described by bond contact

while that of weak layers by smooth joint contact, and the fluid flow is reproduced through a new aperture evolution model

of pipes redefined according to contact types and orientations. After the calibration of model’s parameters, the effec-

tiveness of proposed model is assessed with the help of a typical case of fluid driven fracture around a borehole. The

proposed model can successfully describe the local stress anisotropy and fracture reoriented propagation around borehole

due to fluid injection. Some additional numerical simulations with different confining stress are also conducted for the

typical case. Moreover, a series of sensitive analysis is further realized to investigate effects of inherent rock anisotropy

including elastic, strength and permeability on the initiation and propagation of fractures.

Keywords Anisotropic rocks � Discrete element method � Fracture � Hydromechanical model � Particle flow simulation

1 Introduction

Fracture initiation and propagation of rocks driven by fluid

are often encountered in underground engineering appli-

cations, which is essentially controlled by the coupling

interaction between fluid flow and rock deformation

[5, 30]. However, due to the existence of oriented fabric

elements such as bedding planes and weak layers, most of

rocks exhibit inherent anisotropy in terms of hydraulic and

mechanical properties [2, 10, 20, 36]. It is very important to

consider the influence of rock anisotropy during analysis of

hydraulically driven multiple fracture propagation.

For this purpose, large number of experimental

hydraulic fracturing studies have been carried out on dif-

ferent kinds of anisotropic rocks. For instance and without

giving an exhaustive list of reported studies, Guo et al. [12]

have conducted a series of fluid injection tests on shale and

found that hydraulic fracture propagation is closely related

to the local interaction modes between induced fracture and

weak layers. Similar tests have also been performed by Liu

et al. [19] on artificial anisotropic rocks and the obtained

results show that local fracturing patterns such as crossing,

arrested, diverting and dilated behaviors strongly depend

on the strength and orientation of weak layers. Tan et al.

[28] have further realized true triaxial fluid injection tests

on natural shales and investigated the dependence of

fracture propagation on weak layers under different con-

fining stresses. Some other studies [22, 44] have even

focused on fluid permeability anisotropy induced by ori-

entated weak layers. The geometrical, mechanical and

hydraulic properties of weak layers play a crucial role for

hydraulic fracturing process in anisotropic rocks.
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In order to describe the fracturing process in anisotropic

rocks, different kinds of continuum models have been

proposed during the last decades. In general, these models

such as the phenomenological models [7, 13] and the

micromechanical models [41, 43] describe microcracks

initiation and distribution by application of different ani-

sotropic damage criteria. However, it is actually an

intractable task to define appropriate criteria to determine

the onset condition and propagation direction of fractures

of anisotropic rocks. At the same time, due to strong

(displacement) discontinuities during localized cracks

propagation, different kinds of numerical methods have

also been developed, for instance the enriched finite ele-

ment methods [24], the extended finite element methods

[31, 32], the phase-field methods [21] and the discrete

element methods [1, 34]. As one of representative discrete

element methods, the Particle Flow Code (PFC) has gained

more and more attention. In this method, the grain-scale

micro-structure of rocks is approximately represented by

an assembly of discrete particles and pores [8, 26]. The

particles are bonded together. Their overall deformation

and failure depends on local behaviors of contacts or

bonds. With the help of different contact bond models, it

has been successfully applied to failure analysis of aniso-

tropic rocks [25]. More recently, by defining hydraulic

pipes at contacts (or bonds), this method is further used to

reproduce fluid flow in rocks. Due to the explicit simulation

of fluid flow, it can well describe the coupling failure

induced by fluid flow and local deformation. Afterward, a

great deal of numerical simulations on fluid driven fracture

have been carried out, both on isotropic [9, 27, 29], and on

anisotropic rocks [6, 29, 35, 42]. Recently, simulations of

hydro-fracking in rock mass at meso-scale have been per-

formed by using fully coupled DEM/CFD approach [17].

However, in most of previous studies, a simple model

originally embedded in the Particle Flow Code was always

used to describe fluid flow in different kinds of anisotropic

rocks. In this model, the hydraulic aperture of pipes is

isotropically and simplified as a linear function of normal

contact force. This definition cannot well describe the

aperture evolution with contact force and bond states as

well as fluid flow preferential orientation. Moreover, the

influences of weak layers geometrical feature are also not

taken into account during modeling of cracking process.

Therefore, further advances are still required for modeling

multi-scale fracturing process in anisotropic rocks.

For this purpose, a new empirical model proposed in our

previous study [38] will be used in this research, which

defines hydraulic aperture as a nonlinear function of nor-

mal force and bond breakage, and can efficiently describe

fluid flow in rock matrix and along fractures in isotropic

rocks under different stresses. The objective here is to

further develop it to describe fluid orientational flow in

anisotropic rocks [3, 18]. Based on that, a particle based

anisotropic rock sample is first generated by bond- and

smooth joint contacts referring to weak layers structural

feature. The pipe model between particles is then redefined

according to contact (or bond) types. The aperture evolu-

tion in pipe model depends on the type and orientation of

contact (or bond). Fluid flow in pipes is preferentially

oriented. With this model in hand, it shall significantly

improve the quantitative description of fluid driven multi-

fracture propagation of anisotropic rocks.

This paper is organized as follows. The numerical pro-

cedure for the generation of anisotropic rock sample is first

presented and then the hydromechanical coupling model

describing fluid flow preferential orientation is developed.

After the calibration of model’s parameters, we assess the

effectiveness of the proposed mode by considering a typ-

ical case of fluid driven fracture around a borehole. Some

additional numerical simulations with different confining

stresses are also conducted for the typical case to analyze

fracture propagation. A series of sensitive calculations are

realized and the results are used to investigate effects of

rock anisotropy on the initiation and propagation of

fractures.

The following sign convention will be adopted

throughout the paper. The compressive normal stress is

denoted as a positive value and the tensile normal stress as

a negative one. However, the normal opening (aperture) is

denoted as positive and the closure as negative.

2 Hydraulic coupling methodology
of anisotropic model

In the framework of particle flow simulation, cohesive

rocks are represented by an assembly of discrete particles

which are connected by bonded interfaces. The macro

deformation and failure of rocks are driven by the local

behavior of contacts (or bonds). For bond contact model

(BM), the neighboring particles are rolling around contact

interfaces; for smooth joint contact model (SJM), the

neighboring particles are restricted to sliding along the

orientated direction. We assume anisotropic rock is repre-

sented by an isotropic rock mass with non-persistent weak

layers embedded. The isotropic rock mass is composed of a

random assembly of particles with bond contacts, while

those weak layers are represented by oriented smooth joint

contacts.

The numerical procedure to embed smooth joint con-

tacts in isotropic rock matrix is first proposed as illustrated

in Fig. 1d. A number of reference contacts are first selected

by calculating the differential angle d between the direction
of bond contact (/) and the specified orientation (h). If the
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differential angle d meets the tolerance value ed, the contact
between two neighboring particles is then chosen as a

reference contact O. Each reference contact is further taken

as the center point of a smooth joint zone which is assumed

to be a strip shaped with length of L. All bond contacts

inside the strip shaped weak layer zone are replaced by

smooth joint contacts, such as points of C1 and C2 in

Fig. 1d. After a series of replacement, the structural ani-

sotropy of rocks can be well reproduced by the particle

based model with bond contact and smooth joint contact.

2.1 Anisotropy of elastic stiffness

As mentioned above, in the case of isotropic rocks, the

contacts are randomly distributed without preferential ori-

entations. The mechanical behavior of a bond contact is

described by an elastic model as Eq. (1). The local elastic

stiffness coefficients are the same for all contacts. While in

anisotropic rocks, mechanical properties are orientation

dependent. The elastic response is depended on the orien-

tation of weak layers. Therefore, inspired by Zhang et al.

[40], the local elastic stiffness can be further expanded

according to the relative angle (d) of bond contact direction
(/) with respect to weak layer orientation (h) by Eq. (2),

and that:

Fn ¼ knln
DFs ¼ �ksDls

�

ð1Þ

Fn, kn and un are, respectively, the normal force, normal

stiffness and displacement at the contact; DFs, ks and Dus
denote, respectively, the shear force, shear stiffness and

relative displacements in each time step Dt.

Fig. 1 Illustration of anisotropic rock sample generation: a micro-structure scanning image of anisotropic rock [3]); b characterization of micro-

structure in numerical sample; c comparisons of mechanical behavior of particles in two contact models; d illustration of choice of smooth joint

contacts [25]

Fig. 2 Peak and residual strength envelopes of bi-linear criterion for

two type of contacts [40]

kn ¼ ð1þ rkf ð/; hÞÞk0n
ks ¼ ð1þ rkf ð/; hÞÞk0s
f ð/; hÞ ¼ a=ðbþ ð1� bÞe�cdÞ � a

; k0n ¼ 2E0
cðR1 þ R2Þ

; k0s ¼ krk
0
n

; d ¼ arctan tanð/� hÞj j

8

>

<

>

:

ð2Þ
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k0n and k0s denote the elastic stiffness of contacts with

/ ¼ h. The value of k0n is determined from the equivalent

elastic modulus E0
c . R1 and R2 are, respectively, the radii of

the two neighboring particles. The value of k0s is related to

that of k0n by the ratio coefficient kr, which is related to the

macroscopic Poisson’s ratio and generally taken as 1.0–3.0.

The variable of rk and function of f ð/; hÞ are introduced to

define the degree of stiffness anisotropy and will be dis-

cussed in the Sect. 2.4.

2.2 Anisotropy of mechanical strength

When the local contact force reach the critical values, the

bond contact will break according to its strength failure

criterion. During this process, two failure modes need to be

considered, respectively, the tensile and shear failure, as

shown in Fig. 2. Tensile failure occurs when the normal

force reaches the critical tensile strength Ft;f ¼ unt. The

condition for the shear failure is relatively complex due to

the fact that the shear strength of contact is strongly

dependent on the compressive normal force Fn. In order to

better describe this characteristic, a unified mechanical

model with bi-linear shear failure criterion for both bond

and smooth joint contacts has been proposed in our pre-

vious work [39]. This model is still used in the present

study. Moreover, accounting for strength anisotropy, the

local strength parameters are also redefined similar to the

law used in the extension of elastic stiffness by introducing

the variable of rs and function of f ð/; hÞ, and that:

/1 and /2 are the frictional coefficients, respectively, for

the low and high normal force regime. /ncr denotes the

critical transition value of normal force between the two

regimes. ut0 and us0 are the strength parameters for the

contacts parallel to weakness layers, i.e., / ¼ h. In addi-

tion, for the sake of simplicity, the tensile strength is

assumed to disappear completely when bond breakage

happens. At the same time, due to roughness of breakage

interfaces, the shear strength degrades to a linear function

of residual frictional coefficient as Fs;r ¼ Fn tan/r.

2.3 Fluid flow behavior

In the particle-based model, the fluid flow occurs through

pipes or cracks between particles [38], as illustrated in

(a) (b) (c)

Fig. 3 Fluid flow model considering seepage anisotropy: solid particles (gray circles), two type of flow pipes (green, blue), domains (red

polygons) and domain’s centers (black points) (color figure online)

Fs;f ¼
0

us þ Fn tan/1

us þ uncrðtan/1 � tan/2Þ þ Fn tan/2

8

>

<

>

:

;Fn\unt

;unt �Fn �uncr

;Fn �uncr

ð3Þ

unt ¼ ð1þ rsf ð/; hÞÞut0

us ¼ ð1þ rsf ð/; hÞÞus0

f ð/; hÞ ¼ a=ðbþ ð1� bÞe�cdÞ � a ; d ¼ arctan tanð/� hÞj j

8

>

<

>

:

ð4Þ
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Fig. 3. Each pipe is characterized by its aperture and length

composed of two hypothetical parallel plates at contacts or

bonds. A fictitious domain is created around a pore by

connecting the centers of all surrounding particles with red

lines. When there is a fluid pressure gradient between two

adjacent domains, the driven fluid will flow along pipes to

domains. Assuming the out-of-plane thickness is of unit

length, the volumetric laminar-flow rate q (m2=s) in pipes

can be expressed by :

q ¼ w3ðp1 � p2Þ
12lLp

ð5Þ

where w and Lp are the hydraulic aperture and length of

pipe. l is the fluid viscosity and p1 � p2 denotes the

pressure difference between adjacent domains. Accord-

ingly, during a time step Dt, the fluid pressure variation

inside the domain induced by fluid flow can be calculated

as:

Dp ¼ Kf

Vd

X

qDt � DVd

� �

ð6Þ

Kf is the bulk modulus of fluid, Vd and DVd are the domain

volume and its variation. After that, the updated fluid

pressure induces mechanical deformation of domain by

applying the equivalent body force on the surrounding

particles. And in turn, the mechanical deformation modifies

the aperture of pipes and thus the hydraulic properties.

Moreover, the particle displacement induced domain vol-

ume change does not directly affect the domain pressure

and actually this coupling is one way in the sense of Biot

[4, 33]. The detailed coupling of fluid pressure and

mechanical deformation is illustrated in Fig. 3c.

During fluid pressure update, the state of bond contact is

judged according to its strength failure criterion in each

time step Dt. If the bond contact is intact, fluid pressure

evolution will obey the relation of Eq. (5). Once bond

breakage occurs, the fluid pressure in two adjacent domains

will be reallocated equally as �p ¼ p1 þ p2ð Þ=2. In the

subsequent time steps, due to the fluid change between

other domains, the values of fluid pressure become again

different in two adjacent domain and thus drive fluid flow

obeying the law mentioned above.

2.4 Anisotropy of hydraulic aperture

One can find out, the fluid flow in pipes is directly con-

trolled by hydraulic aperture. Therefore, the description of

pipe aperture evolution is crucial during mechanical

deformation process. Since the common linear model of

pipe aperture cannot describe well the dependency of

macro permeability on confining stress, an improved

empirical model is then proposed in another study of ours

[38] to define the evolution of pipe aperture as a nonlinear

function of normal force and bond breakage state. The

detailed formula is expressed by the first relation of Eq. (7).

On the other hand, in anisotropic rocks, the macro per-

meability is actually orientation dependent. For the sake of

simplicity, we further assume the permeability difference is

due to fluid preferential flow along weak layers. In order to

describe this inherent feature, a new model of hydraulic

pipes is proposed as shown in Figs. 3b and 4a. The

hydraulic pipes are redefined according to the types of

contacts (or bonds) that include the pipe-c at bond contact

and the pipe-s at smooth joint contact, respectively. The

aperture parameters of pipe-c is further expanded by using

a law similar to anisotropy of mechanical parameters,

while these of pipe-s always keep unchanged as largest

(a) (b)

Fig. 4 Calculation of hydraulic aperture of pipes with different orientations: a definition of differential angle d between the direction of / and h;
b the function of f ð/; hÞ; d ¼ arctan tanð/� hÞj j
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values. The improved hydraulic aperture model is expres-

sed by the following relations:

w ¼ wres þ ðwini � wresÞeð�aFnÞ ; compressive force

wini þ bDd ; tensile force; rupture

(

ð7Þ
wini ¼ w0=ð1þ rwf ð/; hÞÞ

f ð/; hÞ ¼ a=ðbþ ð1� bÞe�cdÞ � a

�

; d ¼ arctan tanð/� hÞj j

ð8Þ

wini and wres denote, respectively, the initial and residual

aperture of pipes. a, b are aperture evolution parameters.

Dd represents the distance between adjacent particles. w0

denotes the value of hydraulic aperture with / ¼ h,
depended on macroscopic permeability.

It should be noted that, the introduced function f ð/; hÞ is
used to define the ratio value of hydraulic aperture for pipes

(or mechanical parameters for contacts) with the direction

of / and that of h. Such as shown in Fig. 4b, when the

values of a and c take as 0.1, the variation of f ð/; hÞ with
the relative differential angle d (d1, d2) is presented for

different values of b. The maximum value of f ð/; hÞ
reflects the anisotropy degree of hydraulic aperture (or

mechanical parameters) and it is sensitive to the value of b.

The maximum value of f ð/; hÞ is found for d ¼ 90�,
meaning that the minimum aperture value (or maximum

mechanical parameters) is achieved for the pipes (or con-

tacts) perpendicular to weak layers. With the help of the

function f ð/; hÞ, it is possible to describe macro seepage

(or mechanical) property change with weak layer orienta-

tion in anisotropic rocks. The values of three parameters a,

b and c can be identified from experimental values of fluid

flow (or compression) tests performed on anisotropic rock

samples with different weak layer orientations.

3 Calibration and assessment of model’s
parameters

The improved hydromechanical model for different con-

tacts is first implemented in the standard Particle Flow

Code (PFC3D4.0). The mechanical and hydraulic param-

eters involved in this model is then calibrated through

numerical simulations of compression and fluid seepage

tests.

During this process, the terminology commonly used for

rock-like materials are adopted that, the breakage contact is

regarded as a tensile micro-crack when the cohesive con-

tact is broken by tensile force, while that as a shear micro-

crack by shear force, both in rock matrix and weak layers.

3.1 Generation of anisotropic rock samples

In view of performing numerical simulations, a series of

two dimensional samples are first generated. The numerical

sample is rectangle of 400 mm in width and 400 mm in

hight constituted of about 37,000 uniformly distributed

particles. The largest radius of particle is 1.2 mm and the

smaller one is 0.8 mm. The choice of particles radius is

motivated by the fact that, the particle size effect will

largely reduce when the average particle radius is about

40–50 times smaller than the sample size, referred in pre-

vious studies [37, 39]. The insertion of parallel smooth

joint contacts is conducted according to the algorithm

proposed above. Same reason to the choice of particle

radius, the tolerance angle ed as well as the reference zone L

also takes a relative small value so that the thickness of

weak layers is also small enough compared to the size of

sample. After that, by taking the tolerance angle ed of 2:5�

and the reference zone L of 5.0 mm, a series of anisotropic

rock samples are completed. Seven different orientations of

weak layers are considered, ranging from 0� to 90� with a

constant interval of 15�. Moreover, four representative

samples are presented in Fig. 5.

Fig. 5 Four representative anisotropic rock samples
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3.2 Calibration of mechanical parameters

In order to describe the mechanical behavior of anisotropic

rocks, it is first necessary to identify the elastic and strength

parameters for bond and smooth joint contacts from the

macroscopic mechanical properties obtained in compres-

sion tests by using an iterative procedure. This process can

be done through the following two stages referred to our

previous study [40].

The first stage mainly identifies the local elastic

parameters. To this end, we first set some relative large

values for the local strength in both bond and smooth joint

contact models to eliminates the possible effect of micro-

cracking on elastic response. The initial trial values of kr
and fmax are, respectively, taken as 2.0 and 5.0. And then,

the elastic stiffness coefficients of khn and khs for contacts

with orientation of h can be obtained by Eq. (2) from the

corresponding macro elastic modulus Eh
c , for instance k0n,

k0s and E0
c as well as k90n , k90s and E90

c . After that, by com-

paring numerical elastic response with experimental

results, the value of fmax of f ð/; hÞ is updated and adjusted.

After several iterations, the final local elastic parameters in

two bond models can be obtained.

In the second stage, we first fix these identified param-

eters and the strength parameters in two contact models are

then identified from macro failure stresses of two

representative orientations of 0� and 45�. For the orienta-

tion of 0�, the effect of weak layers on failure is relative

small and in this case mainly considers the failure of bond

contacts. The strength parameters in two contact models

can be set same values and calibrated according to the

experimental peak stress of 0�. While for the orientation of

45�, the failure of weak layers gradually becomes a dom-

inant process. In this case, the strength parameters of bond

contacts are fixed while that of smooth joint contacts are

updated to reproduce the experimental peak stress. And

then, the first calibration on strength parameters for both

bond and smooth joint contacts is finished. Similarly, the

strength parameters can be also determined after several

iterations.

By following the procedure mentioned above, a series of

calibrations are carried out and a set of optimal parameters

are given in Tables 1 and 2. The simulated results of ani-

sotropic rock samples with confining pressure of 5 MPa are

first given in Fig. 6a–c. One can see that the numerical

predictions are in good agreement with experimental

results [23], especially for the elastic and strength response.

The micro-cracks distribution as well as macro fracture

patterns is captured successfully. In addition, a series of

uniaxial tension tests are also completed and the obtained

peak stress presents an increasing trend with orientation

angle (h). This change is closely related to the failure

pattern of anisotropic rock, which is controlled by weak

layers under the low orientation angle (h), but depends on
rock matrix for the high one (Fig. 6d).

3.3 Determination of hydraulic parameters

The improved hydrodynamic model mainly has five

microscopic parameters needed to be calibrated, respec-

tively, the initial aperture w0, the anisotropic coefficient rw,

two aperture parameters a and b, and the value of f ð/; hÞ.
Among them, the parameters of a and b control pipe

aperture evolution and take reference values used in pre-

vious studies [38]. The value of fmax keeps consistent as

calibrated above. The identification is here primarily on

parameters related to the anisotropy as w0 and rw.

Table 1 Geometrical and mechanical parameters used in numerical

simulations

Borehole-squared rock sample

Width of sample (mm) W 400.0

Height of sample (mm) H 400.0

Total grain number N 37000

Average radius (mm) eR 1.0

Diameter of injection borehole

(mm)

D 30.0

Mechanical parameters Bond

model

Smooth joint

model*

Normal elastic stiffness (N/m) k0n 2:5� 108 3:0� 107

Shear elastic stiffness (N/m) k0s 3:7� 108 4:5� 107

Friction coefficient for low

stress regime

tan/2 1.7 1.5

Friction coefficient for high

stress regime

tan/1 0.4 0.3

Tensile failure strength (N) ut0 4:2� 104 2:7� 104

Shear failure strength (N) us0 1:3� 105 6:9� 104

The critical normal force (N) uncr 3:0� 105 2:0� 105

Residual friction coefficient tan/r 0.05 0.05

*These parameters for smooth joint model are calculated with the

average radius of contacts between particles

Table 2 Input parameters related to anisotropy response

Parameters used in f /; hð Þ Elastic Strength Aperture

Variables a; c 0.1, 0.1 0.1, 0.1 0.1, 0.1

Variables b; fmax 0.05, 1.89 0.05, 1.89 0.05, 1.89

Variable rk 1.5 – –

Variable rs – 0.7 –

Variable rw – – 1.0
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For the first one, the approximation of initial value of w0

can be obtained with the help of an empirical formula as

reported in [42]. But, accounting for fluid pipes anisotropy,

its appropriateness should be further adjusted by comparing

numerical and experimental permeability in some repre-

sentative fluid flow tests. For the second one, there is no

preferred way to determine that parameter directly from

measurable macroscopic data. Inspired by previous studies

[27], the value of rw can be indirectly estimated from the

variation of macro permeability with weak layer orienta-

tion. Therefore, the numerical fluid flow tests are also

necessary. For this purpose, the implementation of fluid

flow test is illustrated in Fig. 7a. The improved fluid net-

work considering permeability anisotropy is first intro-

duced into numerical sample and two different fluid

pressure of Pin = 1 MPa and Pout = 0 MPa are applied on

the left and right sides. As the steady flow is achieved, the

relation of fluid flow rate and pressure gradient can be

obtained by the Darcy’s law:

qs ¼
kA

l
ðPin � PoutÞ

W
ð9Þ

qs denotes the steady flow rate per unit area. l is the fluid

viscosity of 7.5 � 10�4 Pa.s and W ¼ 400 mm is the

effective flow length. In general, the steady flow state gets

when the inflow and outflow fluid at two sides of rock

sample is equal to each other. However, one should note

that, depending on the value of permeability, the time

needed to reach the steady flow may be faster or shorter.

Therefore, the stabilized values of inflow rate is often taken

as the steady flow rate [27] and then used for the estimation

of average macro permeability k.

A series of fluid flow tests are first performed on ani-

sotropic rock sample with weak layer orientation of 0�. The
variation of permeability k with confining stress is shown

in Fig. 7d for different hydraulic apertures w0 and for the

coefficient of rw ¼ 1:0. Some empirical relations between

permeability and confining stress linked through porosity

can be referred [33] to indirectly identify hydraulic aper-

ture w0. For the sake of simplicity, a more direct way is

used here that the value of w0 can be adjusted and then

calibrated by comparing numerical and experimental per-

meability k. But for the coefficient of rw, it is hard to be

determined by fluid flow tests only considering one kind of

Fig. 6 Results of mechanical parameters calibration: a stress-stain curves [23]; b comparisons of elastic modulus and peak stress; c distribution
of micro-cracks of post-failure: blue, cyan represent the tensile, shear cracks in rock matrix; red, yellow denote the tensile, shear cracks in weak

layers; d peak stresses of tension test (color figure online)
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orientated weak layers. Some additional fluid flow tests

containing different weak layer orientations are further

conducted with confining stresses of 1 MPa. Two repre-

sentative fluid pressure evolution for orientations of 0� and
45� are given in Fig. 7b, c. The fluid pressure gradient

presents obvious orientation dependent. Figure 7e gives the

variation of permeability to weak layer orientation for

different rw. It is clear the permeability k gradually

decrease with weak layer orientation increase and further

that differential value becomes larger with the increase in

rw. According to previous studies, for instance in Refs [44],

the differential value measured experimentally is nearly

about 1.5–5 times. Here, we take the value as 3.0 and then

rw can be identified to 1.0. Also by several trial and error, a

set of optimal parameters are obtained in Tables 2 and 3.

4 Validation and assessment of improved
model

In this section, the effectiveness of proposed numerical

model is systemically assessed by a classical case of fluid

injection on borehole-squared rock sample, in respect of

the local stress evolution around borehole and the

description of fluid driven fracture propagation.

Fig. 7 Results of numerical fluid flow tests: a implementation of fluid flow test; b, c fluid pressure evolution for orientations of 0� and 45�; d
variation of permeability k to confining stresses (Pc) for different hydraulic apertures w0; e variation of permeability k to weak layer orientations

for different anisotropy coefficients rw

Table 3 Hydraulic parameters used in numerical simulations

Fluid parameters

Fluid injection rate (m3/s) 9:0� 10�6

Fluid viscosity (pa s) l 7:5� 10�4

Geometric parameters

Initial hydraulic aperture (m) w0 1:3� 10�6

Residual hydraulic aperture (m) wres 0:13� 10�6

Aperture evolution parameters a; b 2:7� 10�5; 0.6

Bulk modulus of fluid (GPa) Kf 2.0

Macroscopic permeability (m2) k ð1:0�2:0Þ � 10�17
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4.1 Setup of loading condition
and measurement circles

To this end, a typical borehole-squared sample with 50 mm

in diameter used for fluid injection is first completed on the

basis of anisotropic rock sample containing weak layers

with orientation of 45�. Some well-organized particles with

radius of 1.0 mm are placed around the borehole to elim-

inate effect of material heterogeneity in this zone as best as

possible. After the characterization of fluid pipes, a repre-

sentative rock sample and fluid network model are pre-

sented in Fig. 8a, c, respectively. The external boundary of

rock sample is four moving walls used to apply the desired

confining stress or displacement in both horizontal and

vertical directions. Between the boundary and fluid net-

work region, some uncovered particles are remained to

represent an impermeable rubber used in actual experi-

ments. In addition, 24 stress measurement circles with

radius of 12.5 mm are installed around borehole to record

local stress value, such as illustrated in Fig. 8b.

4.2 Assessment of local stress evolution

By adopting the calibrated parameters, a series of fluid

injection simulations are performed with two confining

stress of 5 and 20 MPa. During this process, the strength

parameters are set as large values to avoid borehole

breakage. In order to better assess local stress evolution, we

consider here three representative cases, respectively, iso-

tropic model (Iso), anisotropic models with (Ani?) and

without (Ani-) considering fluid flow anisotropy. Among

them, for the case of Iso, the stress distribution around

borehole can be calculated by assuming that the borehole

fluid does not communicate with the pore in rock matrix,

and that [14, 16, 45]:

rrr ¼
rH þ rh

2
1� R2

r2

� �

þ rH � rh
2

1� 4
R2

r2
þ 3

R4

r4

� �

cos 2hþ Dp
R2

r2

ð10Þ

rhh ¼
rH þ rh

2
1þ R2

r2

� �

� rH � rh
2

1þ 3
R4

r4

� �

cos 2h� Dp
R2

r2

ð11Þ

rrh ¼
rH � rh

2
1þ 2

R2

r2
� 3

R4

r4

� �

sin 2h ð12Þ

rH and rh are the maximum and minimum far-field stres-

ses, r is the distance from the interest point to borehole

center and R is the borehole radius, DP is the fluid injection

pressure, here taken the value of 30 MPa.

The numerical results and analytical solutions are

compared in Fig. 9a, b. There are always some differences

between them, in particular the values of rhh. When con-

fining stress is low, the fluid flow is dominant in all three

models and thus rhh is significantly lower than that cal-

culated analytically. In particular for Ani? model, since

fluid flow is orientation dependent, the variation of rhh is

more pronounced, presenting a wavy stress concentration.

When the confining stress becomes large, effect of fluid

flow is weaken and the strength of weak layers plays a

prominent role. The measured stresses specially for the

case of Iso becomes closer to analytical values. The stress

values such as rhh in Ani- and Ani? models are also

closer. Moreover, Fig. 9c shows the fluid pressure distri-

bution around borehole. The pressure contours are more or

less circular in the Iso and Ani- models, but appear to be

elliptical in the Ani? model. This suggests that the pro-

posed model is able to capture local stress evolution around

the borehole in anisotropic rocks due to weak layers ori-

entation and fluid flow anisotropy.

Fig. 8 a Set of the numerical sample; b placement of the stress measurement circles; c fluid flow network
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4.3 Comparison of fracture propagation
description

In this section, the proposed model is further assessed on

the description of fracture propagation with three repre-

sentative cases mentioned above. The stress of rH = rh =

5 MPa is considered and the fluid injection rate is set to 3.0

� 10�6 m3/s. Other parameters remain as calibrated.

In Fig. 10, we first present the curves of borehole

pressure and micro-cracks count of the three models. One

can see that, the general trend of borehole pressure of the

three models is similar to that observed in experiment [44],

which has four remarkable characteristic pressure, respec-

tively, the initial crack pressure pi, borehole breakdown

pressure pb, fracture propagating pressure pb and fracture

breakthrough pressure pf . However, by contrast, there are

still some differences in the values of characteristic pres-

sure, for instance the pi and pb. More precisely, the pres-

sure values of pi and pb are decreasing in order for the three

models of Iso, Ani- and Ani?. This difference is closely

Fig. 9 Comparisons of local stress evolution of three models: a 5 MPa; b 20 MPa; c fluid pressure distribution

Fig. 10 Curves of borehole pressure and micro-cracks count of three models (5 MPa)
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related to local stress evolution around a borehole as

explained above. Overall, the local stress concentration due

to weak layers and permeability anisotropy leads to the

decrement of borehole pressure response.

The fluid pressure evolution along the hydraulic fracture

is shown in Fig. 11. The initial distribution of fluid pressure

around the borehole is consistent with that observed in the

Sect. 4.2. There are isotropically distributed in Iso and

Ani- models, but shows significant orientation depen-

dence in Ani? model. In particular, we calculate the

contact force distribution at the borehole pressure of DP =

15 MPa in three models. One can see the tensile force

concentration corresponds to fluid pressure evolution. As a

consequence, for Iso model, the initial cracking randomly

develops around borehole and finally forms a narrow fluid

pressure band. While for Ani? model, the local fracture

propagates along weak layers and the preferential fluid

flow leads to the formation of a wide fluid pressure zone.

Therefore, fluid driven fracture propagation in anisotropic

rock is not only controlled by weak layers but also related

to fluid flow.

5 Study of fluid driven fracture propagation
of anisotropic rocks

In this section, some additional numerical simulations are

now conducted with the typical case of Ani? mentioned

above. The objective is to bring a more detailed analysis of

hydraulically driven fracturing process in anisotropic rocks

with different confining stresses from the aspects of bore-

hole pressure and fracturing patterns.

For this purpose, a series of anisotropic rock samples

with a borehole containing different oriented weak layers

are generated with a sample size of 400 � 400 mm and

borehole diameter of 30 mm. Other parameters and the

domain geometry considered are kept the same as those

presented above.

5.1 Analysis of fluid injection pressure response

Two representative curves of borehole pressure for rock

sample containing weak layers with orientation of 45� are

first presented in Fig. 12a, b for confining stresses of 1 and

20 MPa. It is clear that four pressure signatures (pi, pb, pp
and pf ) are again captured by the numerical simulations.

When the confining stress is of 1 MPa, the pressure has a

significant drop stage after borehole breakdown and

Fig. 11 Fluid pressure evolution along fracture propagation in three models and contact force distribution at the pressure of DP = 15 MPa
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correspondingly micro-cracks increase sharply. The frac-

turing process exhibits obvious brittleness failure. When

the confining stress is 20 MPa, the variation of borehole

pressure and micro-cracks becomes gentle. The fracturing

failure becomes progressive.

A set of curves of borehole pressure for samples with

weak layer orientations of 45� is further given in Fig. 12c

for different confining stresses. One can see that the

borehole pressure and the time to fracture both have an

overall increasing trend. Correspondingly, the fracturing

process presents a transition of failure gradually from

brittleness to ductile. During this process, the breakdown

pressure implies local fracture formation and thus needs to

be deserved special attention. In this regard, some analyt-

ical solutions can be referred that Pb ¼ T þ 3rh � rH � P0

[11, 11, 15]. Here, the tensile strength T takes the value of

breakdown pressure (10.3 MPa) obtained by fluid injection

test without confining stress and the initial pore pressure

(P0) around borehole in rocks is assumed to be 0 MPa.

Numerical results and analytical solutions are compared in

Fig. 12d. Under low confining stress, there is a good

agreement between them. However, with the increase in

confining stress, the differential values in breakdown

pressure gradually becomes larger, especially for the case

of 45�. Therefore, the breakdown pressure response is

affected by the combination of weak layer orientation and

confining stress.

In order to further investigate this effect, an additional

series of simulations are performed on the three represen-

tative orientations of 0�, 45� and 90� with confining

stresses of 1 and 20 MPa. In the meantime, the local stress

around borehole before breakage are measured. Results in

Fig. 12e, f show that, the local stress values such as rrr, rrh
and rhh are consistent in all three cases under low confining

stress, but gradually become different with confining stress

increase. More precisely, for the high confining stress, the

tensile (or compressive) stresses of rhh for orientation of

45� are relatively concentrated and smaller (or larger) than

those in other orientations such as 0� and 90�. This local

stress concentration leads to the decrement in fluid pressure

needed to break borehole. As a result, there forms large

differential values in breakdown pressure for the orienta-

tion of 0� and 45� as well as 45� and 90�.

5.2 Distribution of micro-cracks and localized
fracture

At the same time, Fig. 13 further presents hydraulic frac-

ture propagation as well as micro-cracks distribution of

rock samples for that two confining stresses. One can see

that regardless of low or high confining stresses, the frac-

turing process strongly depends on weak layer properties,

always propagating along weak layer orientation. However,

there are still some differences in micro-cracks

(a)

(d) (e) (f)

(b) (c)

Fig. 12 Variation of borehole pressure response and evolution of local stress around borehole: a, b two typical curves of borehole pressure for

confining stresses of 1 and 20 MPa; c variation of borehole pressure to confining stresses for the orientation of 45�; d comparisons of numerical

and theoretical values of breakdown pressure; e, f local stress evolution around borehole before breakdown for confining stresses of 1 and

20 MPa
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distributions. Such as shown in Fig. 13a, when confining

stress is low, the number of cracks (red ones) along weak

layers is significantly larger than that (blue ones) in rock

matrix, and thus the failure pattern exhibits obvious brit-

tleness with some bifurcate-shaped cracks formation.

Whereas when the confining stress becomes large, the

numbers of cracks in both weak layers and rock matrix is

similar. The failure process in this case is progressive,

forming a relatively smooth fracture.

Further quantitative analysis are provided in Fig. 14a

that compares the ratios of micro-cracks in weak layers and

rock matrix for seven weak layer orientations and four

confining stresses. It is clear the ratios of tensile cracks

play a dominant role in both weak layers and rock matrix,

Fig. 13 Fracture propagation patterns of rock samples with different weak layers for two confining stresses: a 1 MPa; b 20 MPa (color

figure online)

Fig. 14 a Variation of micro-cracks ratio to weak layer orientation in rock matrix and weak layers for different confining stresses; b fluid pressure

and hydraulic fracture distributions for sample containing weak layer with orientation of 45� under confining stresses of 1 and 20 MPa
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either for low or high confining stress. For rock matrix, the

ratios of tensile cracks (blue ones) in all cases of seven

weak layer orientations increase first and then tend to

gentle values with confining stress. While for weak layers,

the change of crack ratios is relatively complex that is

dominated by tensile cracks (red ones) under low confining

stress, and by the combined tensile and shear cracks (red

and yellow ones) for high confining stress.

In addition, the fracturing process is also related to fluid

pressure diffusion. Two representative examples of fluid

pressure evolution along hydraulic fracture are presented in

Fig. 14b for the orientation of 45�. It is interesting to find

that fluid pressure appears a beaded distribution under low

confining stress, and a smooth diffusion for high one. This

change is mainly due to fluid flow difference. When con-

fining stress is low, the overall permeability of rocks is

relatively large, especially in weak layers. It is easily to

cause the accumulation of fluid pressure at weak layers

during local cracking breakthrough rock matrix. Whereas

when confining stress becomes large, due to the perme-

ability smallness in both weak layers and rock matrix, fluid

pressure mainly evolutes along hydraulic fracture and

finally forms a smooth pressure grade zone.

6 Investigation of rock anisotropy effect
on fracture propagation

In this section, the effects of rock anisotropy including

elastic, strength and permeability on fracturing process are

further investigated and discussed. To this end, a bench-

mark case of hydraulically driven fracture propagation

around a borehole in anisotropic rocks containing weak

layers orientation of 90� is here considered with confining

stress of rH = 10 MPa and rh = 5 MPa. Other parameters

remain the same as those used above.

The simulated results of benchmark case in Fig. 15a

indicate that under the influence of differential stress, the

borehole pressure quickly drops after borehole breakdown

(pb) without obvious pressure propagation stage, and

accordingly the number of tensile cracks increase sharply

in both weak layers and rock matrix. The fracturing pattern

shows obvious brittleness characteristic. Moreover, the

Fig. 15 Numerical results of hydraulically driven fracture with confining stress of rH = 10 MPa and rh = 5 MPa: a borehole pressure with time;

b fracture propagation pattern; c fluid pressure distribution

(a) (b) (c)

Fig. 16 Numerical results of hydraulically driven fracture with different values of rk: a, b two representative cases on curves of borehole pressure

and micro-cracks count; c variation of breakdown pressure and micro crack ratios to rk
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fracture propagation is re-oriented along the direction of

rH and meanwhile some longitudinal micro-cracks also

develop accompanying with fracture propagation due to the

existence of weak layers. As a result, a horizontal fishbone-

like fracture as well as fluid pressure evolution band finally

forms, as shown in Fig. 15b, c.

6.1 Effect of elastic anisotropy

The local deformation and fracturing process can be

influenced by the elastic modulus of rock matrix and weak

layers. In order to investigate this effect, a series of addi-

tional simulations are carried out on the benchmark case

above with the stiffness ratios (rk) of weak layers to rock

matrix increasing from 0.5 to 4.0. Other parameters remain

unchanged.

Two representative results on borehole pressure and

micro-cracks count are first presented in Fig. 16a, b. It is

clear that with the value of rk increasing from 0.5 to 4.0,

the characteristic pressure becomes larger and the time to

fracture gets shorter. Micro-cracks in weak layers and rock

matrix also change largely that for rk = 0.5, their number is

first close to each other and then dominated by cracks of

rock matrix when rk = 4.0. The local cracking process

becomes more and more obvious in brittleness. Further

quantitative analysis in Fig. 16c indicates that, the break-

down pressure pb slightly increases with the value of rk,

and the proportion of tensile cracks in rock matrix gets

larger and larger, gradually becoming a dominant factor for

fracturing process.

Figure 17 shows the fracturing pattern as well as cor-

responding fluid pressure evolution for some selected

Fig. 17 Hydraulic fracture and fluid pressure distributions under different values of rk

(a) (b) (c)

Fig. 18 Numerical results of hydraulically driven fracture with different values of rs: a, b two representative cases on curves of borehole pressure

and micro-cracks count; c variation of breakdown pressure and micro-crack ratios to rs
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values of rk including 0.5, 1.0, 2.0 and 4.0. It is seen that

with the increase in rk, the fracture propagation is first

along the vertical direction depended on weak layers and

then along the horizontal direction controlled by the

maximum stress. Moreover, the T-shaped fracturing pattern

often observed in experiments [18] is also captured suc-

cessfully by the case of rk = 2.0. The enhancement in

elastic of rock matrix with respect to weak layers makes

rock matrix more prone to local cracking. However, due to

the strength and permeability unchanged, the increase in

breakdown pressure pb is limited and accordingly fluid

pressure presents similar evolution along fracture

propagation.

6.2 Effect of strength anisotropy

In this section, the effects of strength anisotropy on frac-

turing process are investigated. For this purpose, a series of

simulations are performed on the benchmark case by

increasing the strength ratios rs from 0.0 to 4.0. Other

parameters remain unchanged.

Also two representative results on borehole pressure and

micro-cracks count are compared in Fig. 18a, b. When the

value of rs ¼ 0:0, the breakdown pressure pb is small and

the time to fracture is short. Whereas when the value of

rs ¼ 3:0, the breakdown pressure pb and the time to frac-

ture both increase. The fracturing process presents a tran-

sition from brittleness to ductile. As can be seen from

Fig. 18c, the breakdown pressure pb has an obvious

increasing trend with the strength ratio rs. At a low value of

Fig. 19 Hydraulic fracture and fluid pressure distributions under different values of rs

(a) (b) (c)

Fig. 20 Numerical results of hydraulically driven fracture with different values of rw: a, b two representative cases on curves of borehole

pressure and micro-cracks count; c variation of breakdown pressure and micro-crack ratios to rw

Acta Geotechnica (2023) 18:2039–2058 2055

123



rs, the ratio of tensile cracks in rock matrix is larger than

that in weak layers, while for the high one, their ratios are

completely opposite.

In consistent to the variation of micro-cracks ratios, the

fracture propagation is also reoriented from horizontal to

vertical direction increasing with the strength ratio rs, as

shown in Fig. 19. More precisely, for a low ratio such as

0.0, rock strength is almost isotropically and in this case

local cracking is controlled by the maximum stress. While

for a high one, the strength of rock matrix with respect to

weak layer becomes large and local cracking is forced to

propagate along weak layers. Some extra fluid pressuriza-

tion are required to maintain fracture propagation. There-

fore, fluid pressure around borehole and along fracture both

increase, changing from light orange to dark red color.

6.3 Effect of permeability anisotropy

Permeability anisotropy affects the kinetics of fluid flow

and accordingly the fracturing process. In this section, the

effects of permeability anisotropy on fluid pressure evo-

lution and fracturing pattern are investigated. For this

purpose, a series of hydraulically-driven fracture simula-

tions are conducted with the coefficient of permeability

anisotropy rw increasing from 0.0 to 3.0.

Again two representative results on borehole pressure

and micro-cracks count are given in Fig. 20a, b. One can

see that in two cases of rw ¼ 0:0 and rw ¼ 3:0, the break-

down pressure pb seems to be consistent, but the number of

micro-cracks is different. In particular, when the value of

rw is equal to 3.0, the number of tensile cracks in rock

matrix increase sharply and the time to fracture propaga-

tion is shorten obviously. The local cracking process is

prone to brittle failure. This trend is also certified by the

variation of micro-cracks proportions presented in

Fig. 20c. However, the breakdown pressure pb does not

appear to be significantly affected.

In addition, the fracturing patterns and corresponding

fluid pressure evolution in Fig. 21 show that in the case of

rw ¼ 0, the fluid flow is isotropically with largest value in

any orientation and local fracture propagates along weak

layers. With the increase in rw, the fluid flow gradually

appears anisotropy and then local fracture is reoriented

along the horizontal direction. In particular, when rw ¼ 3:0,

the fluid is almost impermeable in rock matrix and only

flows along weak layers. In this case, local cracking both

occurs in horizontal direction and weak layers, and finally

forms a complex fracture with some branch cracks.

Moreover, due to permeability anisotropy, the fluid pres-

sure evolution around borehole and along fracture also

changes largely that forms a wide pressure diffusion zone

for rw ¼ 0, but a narrow concentrated band for rw ¼ 3:0.

7 Conclusions

In this paper, we have developed a new particle-based

hydromechanical coupled model suitable for modeling

hydraulic fracture propagation of anisotropic rocks. This

model can well take into account the anisotropy of rock

deformation and fluid flow by reconfiguring different kinds

Fig. 21 Hydraulic fracture and fluid pressure distributions under different values of rw
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of bond contacts and by redefining different evolution laws

of pipe apertures.

The effectiveness of the proposed model has been

assessed with the help of a typical case of hydraulically

driven fracture around a borehole. It is clear that the new

proposed model can successfully capture the local stress

anisotropy and the oriented fracturing process around a

borehole due to fluid injection. An additional series of

numerical simulations for this typical case with different

confining stresses indicate that, the fracture propagation

presents a strong dependence on weak layers and fluid

flow. The local cracking of rock matrix and weak layers is

dominated by the tension cracks regardless of small or

large confining stress, and the failure patterns have a

transition from brittleness to ductile with confining stress

increase.

In addition, a series of anisotropic parameter sensitivity

studies have also been carried out. The obtained results

suggest that, both the borehole pressure and fracturing

patterns are influenced by the anisotropy of elastic prop-

erties, strength and permeability. More precisely, the

increase in elastic modulus of rock matrix with respect to

weak layers makes local cracking more likely to occur in

rock matrix, but has a limited promotion for borehole

pressure. The strength enhancement in rock matrix forces

the fracture reorientation to propagate along weak layers,

and thus leads to an obvious increase in borehole pressure.

The variation of permeability seems to have little effect on

borehole pressure, but makes the fracturing patterns

become more complex.

The time-dependent creep deformation of rock can pay

an important role in long term fracturing process and

should be investigated in our future studies.
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