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Abstract In order to better understand opening-mode

fracture initiation and propagation perpendicular to the

bedding plane at depth in sedimentary rocks, a series of

two-dimensional (2D) numerical simulations is conducted.

First, the stress states between two adjacent fractures for a

typical three-layer model with pre-assigned fractures are

simulated. Second, the same three-layer model without pre-

assigned fractures is adopted to study the initiation and

propagation of fractures in layered rocks. Numerical results

show that infilling fractures grow more easily from flaws

located near the interface than from those in the middle of

the fractured layer. Flaws can begin to propagate to form a

complete infilling fracture when the size of the flaws

exceeds half of the thickness of the central layer. Under

different overburden stress conditions and internal fluid

pressure, the numerically obtained ratio of the critical

fracture spacing to layer thickness varies between 0.465

and 0.833. This range encompasses the often-cited ratios of

spacing to layer thickness in the literature for well-devel-

oped fracture sets. In addition, both the fracture pattern and

the critical value of the fracture spacing to layer thickness

ratio are strongly dependent on the heterogeneous charac-

teristics of the central layer. In cases with a relatively

homogeneous central layer, more interface fractures occur,

and the interface delamination evidently influences the

fracture saturation.

Keywords Numerical simulation � Hydro-mechanical

behaviour � Fracture propagation � Damage �
Heterogeneity � Rock

1 Introduction

Opening-mode fractures, or joints, are prevalent structural

features of the earth’s crust that occur in many different

rock types and tectonic environments. These fractures

commonly influence the movement and redistribution of

fluids in most geologic environments and provide condi-

tions for many sources of water, petroleum, and mineral

deposits. Opening-mode fractures (joints) in layered sedi-

mentary rocks are often confined by the layer boundaries,

with their height being equal to their layer thickness

(Helgeson and Aydin 1991; Gross and Engelder 1995).

Many field observations suggest that joint spacing in lay-

ered sedimentary rocks is proportional to the thickness of

the fractured layer, with the ratio of spacing to layer

thickness ranging from \0.1 to [10 (Price 1966; Narr and

Suppe 1991; Gross 1993; Gross and Engelder 1995; Wu

and Pollard 1995; Becker and Gross 1996; Bai and Pollard

2000a, b; Bai et al. 2000; Joussineau and Petit 2007;

Stefanizzi et al. 2007; Tang et al. 2008; Schöpfer et al.

2011). Based on frictional coupling between adjacent lay-

ers and the fractured layer, Kelly and Tyson (1965) and

Price (1966) presented an important concept, called frac-

ture saturation. Fracture saturation is closely related to

fracture spacing. Wu and Pollard (1995) experimentally

confirmed this concept. Using a three-layer elastic model

with a fractured central layer and considering the interac-

tions of Poisson’s ratio, Bai and Pollard (2000a) demon-

strated the existence of a critical spacing to layer thickness

ratio for fracture development: when the ratio reaches a
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critical value (*1.0), normal stresses change from tensile

to compressive. A change from tensile to compressive

stress will halt the propagation of the fracture.

However, a preponderance of fracture data shows the

spacing to layer thickness ratios to be less than the critical

value (Laderia and Price 1981; Price and Cosgrove 1990).

Bai and Pollard (2000b) called these types of fractures

closely spaced fractures. The most prevalent explanations

(Narr and Suppe 1991; Rives et al. 1992; Gross 1993;

Becker and Gross 1996) for this phenomenon are variations

of the concept proposed by Hobbs (1967). Later, joints are

said to form in the intervals between the two adjacent joints

formed earlier as a result of the stress transferred from

adjacent layers, as the average strain increases. When the

average strain reaches a certain value, either the tensile

stress at the middle point achieves the level of the tensile

strength of the rock, or the stress intensity factor of any

flaw between the two earlier formed joints achieves the

fracture toughness of the rock, and a new fracture forms.

Furthermore, the finite element mehtod (FEM) and

laboratory results summarised by Bai and Pollard (2000a)

imply that with only an extension of the layers, it is

impossible for new fractures to form between two earlier

fractures if the spacing to layer thickness ratio of the earlier

fractures is equal to or less than the critical ratio because

the normal stress component in the direction perpendicular

to the fractures is compressive. Therefore, different

mechanisms must be considered to overcome the com-

pressive stress. One possible mechanism is that the com-

pressive stress between the two fractures is overcome by

the local tensile stress produced where flaws (small cracks)

exist in the fractured layer. Bai and Pollard (2000a)

assumed that new fractures could form at depth in the crust

under the action of overburden load and/or fluid pressure.

In fact, in the earth’s crust, many possible sources or

mechanisms, including lithostatic forces, fluid pressure,

tectonic forces, thermal energy, and other geological pro-

cesses, such as magmatic intrusion or folding, can produce

stresses that are strong enough to contribute to the forma-

tion of a new fracture (Engelder and Peacock 2001).

Previous studies on the relationship between joint

spacing and bed thickness have examined cracks that have

been subjected to far-field crack-normal tensile stress.

Although absolute tensile stresses can occur under certain

geological circumstances (e.g., above the neutral fibre in a

buckle fold), the predominant state of stress in the brittle

crust is triaxial or polyaxial compression. Many scholars

believe that joint propagation is driven by fluids, whether

by pore pressure changes (Secor 1965; Engelder and

Lacazette 1990; Fischer et al. 1995; Sibson 1996; Bai and

Pollard 2000a; Larsen et al. 2010) or by sub-critical crack

growth following fluid-induced rock weakening (Savalli

and Engelder 2005). The principal related work appears in

Pollard and Segall (1987) in which an analytical solution

was found for the variation in crack-normal stress with

distance x from the centre of the wall of a pressurised crack

in a homogeneous, infinite elastic medium. To explain the

formation of closely spaced fractures, Laderia and Price

(1981) and Price and Cosgrove (1990) conceptually pro-

posed that the joints in thick beds are produced by

hydraulic fracturing.

Typically, hydraulic fracturing occurs when the fluid

pressure in a flaw exceeds the least compressive stress by

an amount necessary to raise the stress intensity at the

crack tip to the fracture toughness of the rock. Fischer et al.

(1995) investigated the stress distribution around the joints

in layered rocks and found that the spacing of fluid-driven

joints should depend on lithology and fluid pressure, at

least for homogeneous fluid pressure distributions in joints

that are under compression. Sibson (1996) illustrated the

effects of ground stress on the permeability enhancement

of rock mass in various tectonic settings, as shown in

Fig. 1. The fluid-driven structure in the rock mass was

subsequently regarded as ‘‘self-generated’’ by the infil-

trating fluids.

In addition, Mandl (2005) reported that high fluid

pressures play a key role in the generation of tension joints.

According to Mandl (2005), there are two types of

hydraulic fractures. One type, called an internal hydraulic

fracture, occurs when the pore pressure inside the bed is

uniformly raised to a level sufficient to fracture the rock.

The other type is a hydraulic intrusion fracture that occurs

when the bed is ruptured by the ‘‘wedging’’ action of

highly pressurised fluid injected from outside. The two

fracture types are schematically shown for horizontal lay-

ers in Fig. 2.

The mechanical explanation for this relationship is well

understood when the joints are driven by far-field crack-

normal tensile stresses, however, poorly understood for the

origin and evolution of cracks driven by the difference

between the crack-normal compression stress and the fluid

pressure in the crack (Fischer et al. 1995). In most sedi-

mentary basins, these conditions are dominant (Breckels

and Eekelen 1982; Engelder and Fischer 1994). To better

understand the origin and evolution of cracks driven by

hydro-mechanical loading, we conducted a series of

numerical simulations using the rock fracture process

analysis (RFPA) code. Simulations modelled the progres-

sive evolution of a fracture set during a controlled loading

sequence and provided direct observations of the fracture

initiation and progressive infilling behaviours. Unlike static

stress analysis approaches in which the fractures have to be

inserted into the model, our numerical code can model the

complete fracture forming process. This fracture modelling

technique can provide valuable insight concerning fracture

processes that are impossible to observe in nature and
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difficult to consider using static stress analysis approaches.

By changing the material heterogeneity of the model, we

are able to examine how spacing is dependent on hetero-

geneity at each stage of development.

In this article, first, the stress states between two adja-

cent fractures for a typical three-layer model are numeri-

cally simulated. Second, the same three-layer model,

except without pre-existing fractures, is applied to inves-

tigate the progressive evolution of a fracture subjected to

coupled hydro-mechanical loading. The term ‘‘fracture’’ in

this article describes a planar discontinuity that shows

predominantly opening-mode displacement and cuts

through the fractured layer, i.e., it extends from one of the

interfaces of the fractured layer to the other. The term

‘‘flaw’’ is used for a primarily opening-mode discontinuity

that does not fully extend the thickness of the fractured

layer. Fractures form by propagation of flaws or a coales-

cence of multiple flaws.

2 An Introduction to the Numerical Method

Briefly, RFPA (Tang et al. 2002) represents a two-dimen-

sional finite element code that can simulate the fracture and

failure process of quasi-brittle materials, such as rock. To

model the failure of rock material (or rock mass), the rock

medium is assumed to be composed of many mesoscopic

elements whose material properties are different from one

another and are specified according to a Weibull distribu-

tion (Tang et al. 2000). The finite element method is

employed to obtain the stress fields in the mesoscopic

elements. Elastic damage mechanics is used to describe the

constitutive law of the mesoscale elements. An element is

considered to have failed in the tension mode when its
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Fig. 1 Schematic illustration

of the inception of a fault-

fracture structure as a

consequence of pressured fluid

infiltration into stressed

heterogeneous crust (Sibson

1996)

Fig. 2 Hydraulic fractures: a internal fractures and b intrusion

fractures (Mandl 2005)
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minor principal stress exceeds the tensile strength of the

element (Eq. 1) and is considered to have failed in the

shear mode when the shear stress satisfies the Mohr–Cou-

lomb failure criterion (Eq. 2):

r
0

3� � r
0

t; ð1Þ

where r
0
3 is the minor effective principal stress, and r

0
t is

the tensile failure strength of the element.

F ¼ ðc0 þ r
0
tan u

0 Þ � s
0
; ð2Þ

where s
0

is the effective shear stress, r
0

is the effective

normal stress, c
0

is the effective stress cohesion intercept,

and /
0

is the internal friction angle of the elements (Tang

and Kaiser 1998; Tang et al. 2000; Wong et al. 2006; Zhu

et al. 2006; Wang et al. 2011).

For heterogeneous rock, the material properties,

including the Young’s modulus, Poisson’s ratio and

strength properties r
0
t; c

0
; /

0
� �

, for different elements

were randomly distributed throughout the domain of

analysis following a Weibull distribution,

/ ¼ m

l0

l
l0

� �m�1

exp � l
l0

� �m� �
; ð3Þ

where l is a material property variable, and l0 is the mean

value of the corresponding material property. The homo-

geneity index m is a parameter defined by the shape of the

distribution function that, in turn, defined the degree of

material heterogeneity; a larger m implies a more homo-

geneous material, and vice versa. In general, it is assumed

that Young’s modulus and strength properties conform to

two individual distributions with the same heterogeneity

index. The distribution of Poisson’s ratio is not notably

dispersed in reality, and, therefore, a high homogeneity

index of 100 is specified in the following simulations.

Systematic studies of the homogeneity index m have been

conducted previously (Tang et al. 2000; Wong et al. 2006;

Zhu et al. 2006).

When rocks fail under applied loads, fissures or fractures

form; therefore, the permeability of rock will undoubtedly

increase dramatically. The failure of the rock results in a

dramatic increase in permeability. During elastic defor-

mation, the rock permeability decreases when the rock

becomes compact and increases when the rock is extended

or is under tension. However, the variation of permeability

in these situations is limited. After reaching the strength

point, dramatic increases in rock permeability can be

expected, as a result of the generation of numerous frac-

tures. In other words, the damage to the rock leads to a

significant increase in the permeability. On reaching the

strength value, the permeability drops again if the failed

rock continues to be compacted, or the permeability

increases continuously if the failed rock is further exten-

ded. This extension constitutes a coupling relationship of

seepage and damage (Tang et al. 2002).

Furthermore, for the coupling relationship of seepage

and stress variations in saturated rock, Biot’s theory of

consolidation is adopted (Tang et al. 2002). The basic

formulations of the analysis are

Equilibrium equation :
orij

oxij
þ qXj ¼ 0 ði; j ¼ 1; 2; 3Þ

ð4Þ

Geometrical equation : eij ¼
1

2
ðui;j þ uj;iÞ

ev ¼ e11 þ e22 þ e33

ð5Þ

Constitutive equation :
r0ij ¼ rij � a p dij ¼ k dij ev þ 2Geij

ð6Þ

Seepage equation : kr2p ¼ 1

Q

op

ot
� a

oev
ot

ð7Þ

Coupling equation : kðr; pÞ ¼ nkoe�b rii
3
�apð Þ; ð8Þ

where rij is total stress in the ij-plane, q is unit weight of

rock matrix, Xj is body force in the jth direction, eij is strain

in the ij-plane, ui the displacement in the ith direction, r
0
ij is

the effective stress in the ij-plane, a is coefficient of pore

water pressure, p is pore water pressure, k is Lame coef-

ficient, dij is Kronecker constant, G is modulus of shear

deformation, k is the coefficient of permeability, Q is Biot’s

constant, n is the permeability increase factor, b is the

coupling coefficient, and rii/3 is the average stress. Equa-

tions 4 through 7 are derived from Biot’s theory of con-

solidation. Equation 8 is introduced to describe the

dependency of the permeability on stress and damage.

Based on Biot’s linear elastic constitutive theory, given a

volume of fluid-filled rock subjected to an increase in

confining compressive stress, the pore water pressure will

increase if the pore fluid is prevented from flowing (i.e., if

the stress state is undrained). Alternatively, if the pore

water pressure is increased or decreased, then the effective

stress on the volume of rock will change accordingly.

Depending on the boundary conditions applied to the

model, these changes in pore pressure may induce rock

deformation (Yang et al. 2004; Tham et al. 2005; Wang

et al. 2009).

In addition, in RFPA2D, because a failed element must

release the elastic energy stored during deformation, the

failure (or damage) of each element is assumed to represent

the source of an acoustic event (Tang et al. 2002). There-

fore, by recording the number of damaged elements and the

associated amounts of energy release, RFPA2D is capable

of simulating acoustic emission (AE) activity, including the

AE event rate, the magnitudes of microseismic events and
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their locations. In the numerical simulations of rock failure,

the AE distributions of some specimens are also used to

indicate the locations of fracture initiation and the paths of

propagation during the failure process. For a detailed

introduction to the models and verifications, see previous

numerical simulations (Tang and Kaiser 1998; Tang et al.

2002; Yang et al. 2004; Tham et al. 2005).

3 Numerical Modelling

3.1 Stress Distribution between Adjacent Fractures

The following analyses have been performed to study

fracturing behaviour in multiple-layer rocks. Before

reporting the results of our simulations in progressive

fracture modellings, we focus on the stress distribution

that governs the model’s fracturing behaviour. We use a

three-layer model discretised into a mesh that contains

600 9 150 = 90,000 elements with geometry of 2,000 9

500 mm. The thickness of the central layer (Tc) is 100 mm.

The overall thickness of the model (T) is 500 mm, which

can be defined as T = Tc ? Tb ? Tt, as shown in Fig. 3.

The Young’s modulus (Eb), compressive strength (rb),

and Poisson’s ratio (vb) are the same for adjacent

layers (Eb = 15 GPa, rb = 300 MPa, vb = 0.35), and the

values for the central layer are 50 GPa, 100 MPa, and

0.25, respectively. A compressive vertical stress (rv) of

15.0 MPa is imposed on the top boundary, and a horizontal

stress (rh) of 7.5 MPa is imposed on the right- and left-side

boundaries. Normal displacements are constrained on the

bottom boundary. Plane strain is assumed for all calcula-

tions. The objective of this section is to investigate the

stress distribution in the model with hypothetically pre-

assigned fractures; therefore, a uniform pore pressure of

15.0 MPa is imposed throughout the interior area of the

model. Boundary conditions imposed on the model include

impermeable top and bottom boundaries and 0 MPa pore

pressure on the left and right permeable boundaries.

Four fractures are pre-assigned in the central layer, and

they are equally spaced along the central layer and

perpendicular to the long axis and fully transect the layer

height (Tc). With this defined model, the evolution of the

stress distribution is examined as a function of the fracture

spacing to the fractured layer thickness ratio. To clearly

understand the transition of stress along the line A–A in

Fig. 3 for a homogeneous medium, the homogeneity index

is set to represent a uniform material, with m being large

enough to represent a homogeneous material.

From Fig. 4, the minimum principal stress (r3) distri-

bution in the central layer has an obvious transition from

tensile to compressive. To perform a quantitative analysis,

we use the stress along the line A–A to represent the stress

between adjacent fractures. The stress distribution shown

in Fig. 5 indicates that the critical spacing to fractured

layer thickness ratio is approximately 0.6. This critical

value determines the stress state between the adjacent

fractures: when the ratio is below this critical value, the

stress along line A–A is compressive, and when it is above

the critical value, the stress is tensile. In the study, the

loading pattern is different from those used in previous

studies, and the deformation of the central layer is con-

trolled by both internal fluid pressure and the effect of

contrasts in elastic properties between layers. Therefore,

the critical spacing to fractured layer thickness ratio

obtained in this study is lower than 1.0. The stress state

transition implies that a new fracture cannot fill in between

two fractures with a spacing to layer thickness ratio less

than the critical value unless a flaw exists in the middle of

the fractured layer, thereby cutting through the compres-

sive region. Another possible exception is that a flaw near

one of the interfaces propagates toward the other interface

and cuts through the region of compressive stress. The

following numerical results regarding the fracture pattern

for heterogeneous materials show that during the process of

fracture infilling, the new fracture does not always initiate

at the middle point between the earlier formed fractures.

Instead, the new fracture initiates at a point where the local

element stress reaches its failure strength.

3.2 The Fracture Infilling Process

In the previous section, we confirmed that a stress-state

transition existed between two adjacent opening-mode

fractures in a layered model. In this section, RFPA is used

to model the fracture pattern of the same three-layer model

but without pre-assigned fractures, as shown in Fig. 6. In

this model, the homogeneity index m of the central layer is

chosen to be 3.0. A uniform fluid pressure is applied to the

whole model. The rate of pressurisation is maintained at a

constant value throughout the numerical modelling at

0.1 MPa/step. This fracture modelling provides a unique

opportunity to investigate the mechanism of how a fracture

set evolves with coupled hydro-mechanical loading.

Fig. 3 The configuration of a three-layered model. The thickness of

the central layer and the neighbouring layers are indicated by Tc, Tt,

and Tb, respectively. The space of the adjacent fractures is denoted by

S, and the entire width is denoted by W
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Figure 7 illustrates the numerically obtained fracture

infilling process and fracture saturation. According to the

order of the fracture formation, we can divide the process

into three stages. In the first stage (Fig. 7a, b), before the

fluid pressure reaches 6.0 MPa, randomly distributed short

fractures (flaws) form in the central layer at the weakest

elements, where the local tensile stress reaches the local

tensile strength. The initial fractures are isolated from these

seed locations and do not interact. During this stage, the

tensile stress results mainly from the local pore pressure and

the contrasts in elastic properties of the involved stratigra-

phy. In the second stage (Fig. 7c–e), before the fluid

pressure reaches 7.5 MPa, nine long fractures sequentially

penetrate through the central layer. It is noted that the strong

interaction between the isolated fractures in this high-stress

field makes the fractures propagate in an unstable manner.

The variation in fracture mode is highly sensitive to the

local disordered feature of the rock. As a result, the fracture

surface is not straight, but flexural and rough.

In reality, there are two types of failure for different

materials: high-stress failure and low-strength failure. In a

homogeneous material, failure begins at the high-stress

site, whereas in heterogeneous material, e.g., rock, failure

may start at the weaker locations because of the presence of

features such as pores, micro-fractures, and grain bound-

aries. This property explains why Fairhurst (1964) intro-

duced the notion of ‘‘stress severity’’, which represents the

ratio of the theoretical stress at the moment of failure to the

S/Tc = 0.7 

S/Tc = 0.6 

S/Tc = 0.5 

Fig. 4 Distribution of stress r3 in models with different fracture

spacing to layer thickness ratios S/Tc. The different shades of grey
represent different values of stress

Fig. 5 The stress variation along the line A–A between adjacent

fractures as the fracture spacing to layer thickness ratio S/Tc

decreases. The negative sign represents tensile stress, and the positive
sign represents compressive stress. The figure indicates that 0.6 is the

critical spacing to layer thickness ratio for stress transition from

tension to compression

Tc 

Tt 

Tb W 

Fig. 6 The configuration of a three-layer model without pre-

assigned fractures. The inset shows in detail the heterogeneity in the

model. Because the model has 90,000 elements, and the scale of the

elements is too small to identify the element mesh, we show a small

portion of the model in a large box. The different grey shades in the

box represent different values of the mechanical properties of the

individual elements
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stress that would theoretically be necessary for failure at

any given point. Heterogeneity is the main explanation for

the failure that occurs in locations in which the stress is not

necessarily the greatest. In the third stage (Fig. 7f–k), 15

additional fractures nucleate and infill between these first 9

fractures. Bai and Pollard (2000b) found that, in the case of

pure extension and where fractures reached saturation,

fractures are more likely to form near the interfaces than in

the middle of the fractured layer. In our modelling, the

common phenomenon, delamination or decohesion, is also

commonly observed. Many fractures nucleate and propa-

gate along the top and bottom interfaces of the central

layer. Although the mechanisms of delamination have been

discussed by several authors, such as He and Hutchinson

(1989), Thouless (1989), Cherepanov (1994), and Bai et al.

(2000), our direct fracture modelling approach demon-

strated how delamination would affect the fracture satura-

tion behaviour and the associated critical value of the

spacing of fractures to the thickness of the fractured layer.

During the fracture infilling process, the top and bottom

layers apply a local traction at all points to the central

embedded layer, which has a non-zero shear modulus.

Although the interface between layers is assumed to be

perfectly bonded, numerical simulations show that the

interface may not remain perfectly bonded at points of large

strains, and delamination may occur if the shear stress near

the layer boundary is sufficiently high. This delamination

could significantly change the local stress state. One of the

most important effects is that the interface delamination and

through-going fracturing (fracture nucleation and propaga-

tion along the interface between layers) reduce the stress

concentration induced by the contrasts in elastic properties

between layers. In other words, the delamination will stop

the transfer of stress from the neighbouring layers to the

central layer and, in turn, prevent further infilling of new

fractures between existing fractures in the central layer.

This effect will result in a longer length scale of fracture

spacing and will make the critical spacing to layer thickness

ratio much greater. From the results of the numerical sim-

ulation of the model, we find that the number of fractures

remains at 24 in the condition of saturation, and the critical

spacing to fractured layer thickness ratio is about 0.8.

Figure 8 shows the temporal distribution of fracture

events and AE (acoustic emission) energy release that
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Fig. 7 The infilling process of fractures simulated with RFPA2D. The

numbers from 1 to 24 indicate the sequence of fracture infilling. The

darker elements represent the nucleated flaws. Fractures form by the

connection of flaws. The intensity of the shading indicates the relative

magnitude of the maximum tension stress within the elements. This

figure shows how the evolution of fracturing in the model affects the

stress distribution
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occurred during the loading process. The curve correlates

well the fracture event counts, and the energy release rate

correlates well with the fracture infilling phenomenon. In

stage I, a steadily increasing number of small fractures with

lower strength flaws propagate earlier because of their lower

critical fracture stresses. However, in stage II, the number of

flaw nucleation events no longer increases systematically

with increasing fluid pressure. When a new fracture that cuts

across the central layer forms, the fracturing process is

accompanied by a rapid increase in the number of fracture

events and an elevated rate of energy release. Once a thick-

ness cut-through fracture nucleates, the layer generally

remains stable during gradual increases in fluid pressure until

critical local tensile stress is achieved between adjacent

fractures. While in the saturation state, the magnitude of

fracture events is also small, and the AE energy accumula-

tion tends towards calm. A comparison between Figs. 7 and

8 reveals that each abrupt increase in the number of fracture

events corresponds to an event of fracture infilling.

Another advantage of numerical simulation is that

detailed information about stress distribution during the

fracturing process can be obtained, including data on fail-

ure-induced stress redistribution. Figure 9 illustrates the

variation in tensile stresses across section B–B in different

loading stages. The figure shows that although the stress

distribution at the initial loading stage is statistically

homogeneous on a macroscale, it varies on a microscale

because of the microscale heterogeneity of the model.

Because of the fracture initiation, propagation, and coa-

lescence, a high-stress concentration is induced. When

large fracture zones develop, highly non-uniform stress

distributions also develop, especially when the fracture

zone is not immediately stress-free. With the increase in

fluid pressure, stress distribution gradually becomes

smooth on a macroscale, which also indicates that both the

fractures in the central layer and the interface fractures

between the adjacent layers are well developed.
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Fig. 9 Stress distribution and failure-induced stress redistribution

along the line B–B across the fractured layer. At a lower stress level,

the stress fluctuation is influenced mainly by the microscale

heterogeneity of the model. At a higher stress level, the stress

fluctuation is influenced mainly by the newly formed fracture

propagation. Once the fractures are completely developed, the stress

distribution gradually becomes uniform and smooth on a macroscale.

The negative sign represents the tensile stress, and the positive sign
represents the compressive stress. a Stress distribution when the

internal fluid pressure is 4.0 MPa. b Stress distribution when

the internal fluid pressure is 6.0 MPa. c Stress distribution when the

internal fluid pressure is 15.0 MPa
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3.3 Propagation of Partially Infilling Cracks

and Complete Infilling

In the above numerical calculations the spacing to layer

thickness ratio (0.8) considered in the model for specific

loading and boundary conditions is greater than the critical

value (0.6) obtained from the stress analysis in Sect. 3.1.

One explanation for this difference is delamination or

decohesion, and another is the emergence of partially in-

filling cracks (flaws). Figure 10a shows the partially

amplified fracture spacing of the numerical results in Sect.

3.2. In Fig. 10a, we can clearly observe the partially in-

filling cracks. Figure 10b shows the partially infilling

cracks presented by Bai and Pollard (2000b). Although

many scholars (Narr and Suppe 1991; Rives et al. 1992;

Gross 1993; Becker and Gross 1996; Bai and Pollard

2000b) have discussed how such flaws might be initiated,

our direct fracture modelling distinctly demonstrated the

initiation of a flaw and the critical value of the spacing of

fractures associated with the thickness of the fractured

layer.

Figure 10a shows that the configuration of flaws has

three distinct characteristics. The first characteristic is that

most of the flaws initiate from the interfaces rather than

from the central part of the central layer. The second

characteristic is that the flaws (i.e., the top flaw and the

bottom flaw) located near the interfaces are relatively

longer than those (e.g., the middle flaws) located in the

central part of the central layer. The third characteristic is

that the size of most of the flaws that initiated from the

interfaces is less than half of the thickness of the central

layer. These results imply that with all other parameters

being equal, the top and bottom flaws are more likely to

propagate, and the middle flaws of this size near the central

part are unlikely to propagate. The top and bottom flaws

could begin to propagate to form a complete infilling

fracture as soon as the size of the flaws exceeds half of the

thickness of the central layer.

How might such flaws be propagated to form a complete

infilling fracture? Although Bai et al. (2000) did not con-

duct an analysis of fracture controlled by the fluid pressure,

they concluded that the sequential infilling by crack-like

flaws between existing fractures, if such flaws exist, could

occur at depth in the earth’s crust under the action of

overburden load and/or fluid pressure. Therefore, mecha-

nisms other than pure extension (i.e., overburden load and/

or internal fluid pressure) are apparently required to explain

the propagation of the partially infilling cracks.

To investigate the fracturing process of partially infilling

cracks, while keeping all other boundary conditions iden-

tical (Fig. 6), five models with different values of over-

burden load (rv = 15.0, 18.75, 20.0, 22.5 and 25.0 MPa)

are used. The fluid pressure is applied to the whole model.

The rate of pressurisation is kept constant throughout the

numerical tests at 0.1 MPa/step.

Figure 11 shows the numerically obtained fracture

spacing at the final loading stage. All the simulations

produce a similar relationship between spacing and thick-

ness: spacing decreases rapidly at first, before slowing

down and approaching a nearly constant value. Comparing

 

(a)

 

(b)

middle flaw top flaw bottom flaw 
Fig. 10 Overview of partially

infilling cracks. a Numerically

obtained partially infilling

cracks. b Physical views of

partially infilling cracks

presented by Bai and Pollard

(2000b)
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our numerical results from the five models, the critical ratio

for saturation spacing is found to decrease systematically

from 0.8 to 0.465. One explanation for this decrease is that

with the increase in the compressive overburden stress, the

tensile strength of the rock between the joints is enhanced

accordingly. Also, the number of infill fractures (tensile

fractures) is reduced accordingly. Another explanation is

that the interfacial debonding becomes more difficult when

the interfacial normal stress increases because of the

increasing compressive overburden stress. This range of

critical values between 0.8 and 0.465 encompasses the

often-cited spacing to layer thickness ratios in the literature

for well-developed fracture sets (Bai et al. 2000).

3.4 Effects of the Heterogeneity on the Fracture

Spacing to Layer Thickness Ratio

To study the influence of heterogeneity on the fracture

patterns and the critical fracture spacing to layer thickness

ratio, we chose six different values of the homogeneity

index of the central layer, m = 1.5, 2.0, 3.0, 4.0, 5.0, and

6.0. This range of values for the homogeneity index

represents relatively heterogeneous to relatively homoge-

neous materials. All of the other boundary conditions are

the same as before (Fig. 6). Figure 12 shows the shape of

the probability density function with the homogeneity

index m. Figure 13 shows the corresponding numerical

models with different homogeneity indexes. In this figure,

the different shades of grey correspond to different

magnitudes of Young’s modulus of elements. It can be

observed that the Young’s modulus of elements is more

concentrated and closer to 50 GPa with the increase of

the homogeneity index m. Therefore, the increase of the

homogeneity index leads to a more homogeneous

numerical model.

The final stage of the modelling for all six models is

presented in Fig. 13. It is found that fractures did not

form through the crack propagation for the highly heter-

ogeneous material model but rather formed through the

coalescence of the independent cracks. However, the

fractures tended to form through the propagation of newly

nucleated small cracks in lines that are more or less

perpendicular to the layer. With the influence of the

heterogeneity of the material, new fractures are observed

to form at locations that are not always between the

adjacent fractures that were formed earlier. The failure

modes are sensitive to the local disorder feature of the

central layer material. The fracture path of a homoge-

neous case is smoother than that of a heterogeneous case.

The fracture propagation follows a more or less wavy

path across the layer. In addition, the fracture nucleation

sometimes starts from the interface rather than from the

interior of the layer.

Although the fracturing pattern is complex with the

influence of heterogeneity, the length scale of fracture

spacing shows an overall scaling behaviour that is closely

related to the behaviour of homogeneous materials. How-

ever, a quantitative difference in length scale of fracture

 

(a)

 

(b)

 

(c)

 

(d)

 

(e)

Fig. 11 Fracture pattern for the five models with different overbur-

den stresses. a rv = 15.00 MPa (S/Tc = 0.8), b rv = 18.75 MPa

(S/Tc = 0.714), c rv = 20.00 MPa (S/Tc = 0.606), d rv = 22.50 MPa

(S/Tc = 0.556), e rv = 25.00 MPa (S/Tc = 0.465)
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spacing is found between the heterogeneous and homoge-

neous models. The critical spacing to layer thickness ratio

is nonlinearly related to the homogeneity index, as shown

in Fig. 14. Although the critical fracture spacing to layer

thickness ratios for all of the cases are lower than 1.0, the

ratio increases with increasing homogeneity index.

Increasing heterogeneity of the layer increases the variation

magnitude of the local stress concentration, which results

in more fractures forming in a lower stress level. For a

relatively heterogeneous case, the fractures reach the sat-

uration state before interface delamination occurs. At a

higher stress level, interface cracks begin to form, and

delamination begins to occur. Delamination can signifi-

cantly change the local stress state.

4 Conclusions

In this study, the RFPA2D code was applied to simulate the

stress state and evolution of opening-mode fractures in

multi-layer rocks that were subjected to coupled hydro-

mechanical loading. Although practical cases are often

much more complex than the numerical models considered,

the study highlights some interesting phenomena for elu-

cidating the failure mechanisms of layered rocks. Based on

numerical results, the conclusions are the following:
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Fig. 13 Fracture patterns at

saturation for the six models

with different homogeneity

indexes, m = 1.5, 2.0, 3.0, 4.0,

5.0, and 6.0. It is shown that the

number of vertical fractures in

the central layer decreases, and

on the whole, more interface

fractures occur with increasing
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1. Layered rocks can contain well-developed sets of

opening-mode fractures with spacing that is equal to

or smaller than the height of the fractured layers,

even in fractures that are relatively dense and at great

depth. This is because several possible mechanisms

that are capable of producing high stresses in the

earth’s crust, including pressurised fluid, tectonic

forces, thermal energy, and other geological pro-

cesses, may help keep the fractures open at depth.

Most of the infilling fractures, which developed from

a flaw with one of its tips located at the interface, can

cut through the fractured layer (complete infilling)

only if the crack propagates beyond the middle line

of the central layer. Otherwise, the infilling fracture

can only partially cut the fracture layer (partial

infilling) because the maximum compressive stresses

are located at the central point between the existing

complete infilling fractures. However, overburden

load and/or internal fluid pressure can overcome this

compressive stress.

2. During the infilling process, the newly formed

fractures and the crack-like flaws between existing

fractures directly govern the stress redistribution.

The compressive overburden stress in the direction

parallel to the fractures could produce tensile stress

in the direction perpendicular to the fractures. The

magnitude of this tensile stress increases with

internal fluid pressure in the flaw. With a specific

overburden stress and internal fluid pressure, the

flaws of specific sizes can significantly change the

local stress field, that is, a crack can propagate into

and through the compressive stress region. When

large fracture zones develop at relatively elevated

stress levels, highly non-uniform stress distributions

develop, especially when the fracture zone is not

immediately stress-free. As the fractures become

well developed, the stress distribution becomes

uniform and smooth on a macro-scale.

3. Heterogeneity is a key factor that influences the

fracture pattern in modelling. For the case with a

highly heterogeneous property of the central layer,

the path of the infilling fractures is irregular, and the

location is isolated, whereas in the more homoge-

neous case, the fracturing path is relatively smooth,

and the location is more symmetrical. Although the

critical fracture spacing to layer thickness ratios for

all of the cases are below 1.0, the ratio increases with

an increasing homogeneity index. This result is

observed because the interface delamination stopped

the transition of stress from the neighbouring layers

to the central layer. As a result, the tensile stress

between the adjacent existing fractures is not large

enough to provide the power for the flaws to initiate

and propagate.
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