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Summary

Numerical simulations of circular holes under internal hydraulic pressure are carried out to
investigate the hydraulic fracture initiation, propagation and breakdown behavior in rocks. The
hydraulic pressure increases at a constant rate. The heterogeneity of the rocks is taken into account
in the study by varying the homogeneity index. In addition, the permeability is varied with the
states of stress and fracture. The simulations are conducted by using a finite element code, F-
RFPAZP, which couples the flow, stress and damage analyses. The simulation results suggest that
the fracture initiation and propagation, the roughness of the fracture path and the breakdown
pressure are influenced considerably by the heterogeneity of rocks. The hole diameter elongation
and the stress field evolution around the fracture tip during the fracture propagation can also
provide useful information for the interpretation of the hydraulic fracturing behaviour.

Keywords: Hydraulic fracturing, heterogeneity, permeable rocks, Weibull’s function.

List of Symbols

o1 major principal stress

03 minor principal stress

oy tensile strength of the rock

O compressive strength of the rock

s strength parameter or elastic modulus of the element

K mean strength parameter or elastic modulus of the element
m homogeneity index

ojj total stress in the ij-plane
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X; body force in the j-th direction

Ejj strain in the ij-plane

u; displacement in the i-th direction

effective stress in the ij-plane

pore pressure

coefficient of pore-fluid presssure

Lame coefficient

shear modulus

Kronecher constant

coefficient of permeability

initial coefficient of permeability

Biot’s constant

material constant

material constant

elastic modulus of the undamaged element
elastic modulus of the damaged element
Poisson’s ratio

friction angle

Oer total stress in the ij-plane

Oy residual tensile strength

Oeu crack closure stress

Ad,, the diameter elongation of parallel to the crack orientation
Ad,, the diameter elongation of perpendicular to the crack orientation
Ly the unstable crack length

Q>0 9

Lol el

HMRO 2

© R I

P; fracture initiation pressure
Py breakdown pressure
Py unstable fracture propagation pressure

1. Introduction

Hydraulic fracturing has been widely used to determine in-situ stresses in rock masses
and stimulate reservoir production. Understanding hydraulic fracture mechanisms and,
then, finding ways to predict the geometry of the hydraulically induced fracture and the
initiation pressure are important both for stress measurements and for improving well
production. Different theories for hydraulic fracturing were proposed, and the oldest one
and the most frequently used one is that proposed by Hubbert and Willis (1957).
Although Haimson (1968) improved this theory by taking into account the effect of
fluid penetration, the improvements (Zoback and Pollard, 1978) were not sufficient for
explaining the hydraulic fracturing results published by Haimson and Fairhurst (1969)
and others (Degue and Ladanyi, 2000). Among many of the other theories, the one based
on Linear Elastic Fracture Mechanics (LEFM) was also used (Lockner and Byerlee,
1977; Aamodt and Potter, 1978; Zoback and Pollard, 1978; Rummel, 1987; Rummel
and Hansen, 1989; Rummel et al., 1995). This theory considers a pressurized hole in an
infinite space and the existence of only two symmetric radial cracks. Based on this
LEFM approach, Degue and Ladanyi (2000) proposed a new theory by taking into
account the effect of fluid penetration and the pressurization rate.

There are at least two drawbacks in most of the hydraulic fracture theories. First,
the materials studied in most of the hydraulic fracture models are assumed to be
impermeable. Therefore, the theories cannot explain the effect of fluid permeability
on the hydraulic fracture behavior. Generally speaking, in the case of an impermeable
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rock, the influence of permeability on fracture behavior may be ignored. The pressure —
time curve is quite sufficient for determining the breakdown pressure (Charlez, 1991).
Fracture initiation is characterized by a sharp peak which is then followed by a
pressure drop. This peak is obviously related to unstable fracture propagation. How-
ever, Charlez (1991) pointed out that equilibrium between the well and the rock
formation is continuously maintained in the permeable rocks as the fluid percolate
through them. As a result, fracture initiation is sometimes stable. Therefore, it is
necessary to take into account the flow behaviour in the analyses even for rocks with
low permeability. For rock samples with low permeability, experimental results show
that there is no drastic change in permeability as the loading stress increases within the
elastic deformation range. However, significant permeability changes occur after the
maximum strength of the rocks is reached (Zhang et al., 2000). Although there has
been a great deal of interest in the last ten years in the coupling of fluid flow and
geomechanical deformation processes in a single model where the interaction of
flow and deformation (stress) can be modeled simultaneously, most hydraulic fractur-
ing models remain uncoupled. However, in a large number of hydraulic
fracturing problems there is a strong interaction between deformation (stress) and
fluid flow. Standard modeling of these processes without considering the interaction
effect can lead to significant errors in many cases (Zhang et al., 2000; Yale et al.,
2000).

Secondly, the influence of heterogeneity existing in rock on the fracture pattern or
hydraulic fracture path cannot be taken into account in most of the existing flow-
coupled models. It is well known that rock is a heterogeneous geological material
containing many natural weaknesses, such as pores, grain boundaries, and pre-existing
cracks. When rock is subjected to hydraulic loading, these pre-existing defects can
induce crack or fracture growth, which can in turn change the structure of the rock and
alter the fluid flow properties of the rock (Wang and Kemeny, 1994). This hetero-
geneity related flow properties influences the hydraulic fracturing behaviour in many
ways. For example, in the rock immediately around the borehole or the initiated
fracture tips, micro-cracks or micro-fractures may initiate and grow. Consequently,
a highly permeable damage zone or crack propagation zone is created around the
fracture tip.

Due to the difficulty in obtaining a complete analytical solution for hydraulic
fracturing problems, numerical simulation methods are widely used. Sophisticated
hydraulic fracturing simulators, which can model the fracturing process numerically
either in two or three dimensions (Morale and Abou-Sayed, 1989; Advani et al., 1990;
Kim and Yao, 1994), have been developed to optimize the benefit of the hydraulic
fracturing treatment. Again, in these models, the influence of the permeability of rock
on the fracture propagation is assumed to be negligible.

In previous papers, a theoretical model named FSD, which couples the flow, stress
and damage, has been proposed and implemented in a Rock Failure Process Analysis
numerical code, F-RFPA (Tang, 1997; Tang et al., 2002; Yang et al., 2001). In this
paper, an improved FSD model is introduced and applied to study hydraulic fracturing
in permeable and heterogeneous rocks. Analyses have been performed to simulate
the hydraulic fracturing in rocks with various degrees of heterogeneity. The effects of
the confinement stress ratio and the non-uniform stress field on hydraulic fracture
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propagation are also investigated. The results indicate that both the rock heterogeneity
and the permeability affect fracture initiation and propagation significantly, and that
the simplistic assumption that rock is homogeneous and impermeable may apply to
limited, but not general cases in hydraulic fracturing.

2. Theory

Based on general observation, a model of coupling between flow, stress and damage
has been proposed (Tang, 1997; Tang et al., 2002; Yang et al., 2001). The formulation
of the model is based on the following assumptions:

The rock mass is fully saturated.

e The flow of the fluid is governed by the Biot’s consolidation theory (Biot, 1941).
The rock is assumed to be brittle-elastic material with residual strength,
and its loading and unloading behaviour are described by elastic damage
mechanics.

An element is considered to fail in the tension mode when its minimum principal
stress exceeds the tensile strength of the element, and to fail in the compression-
shear mode when the shear stress satisfies the strength criterion defined by the Mohr
Coulomb failure envelope, that is

Tensile failure:

03> — 0. (1a)
Compressive-shear failure:
1+ sing
—— <o,
. sin ¢ o
where o) and o3 are the major and minor principal stresses, ¢ is the friction angle,
o, is the tensile strength and o, is the compressive strength.
e The permeability varies as function of the stress states in elastic deformation, and
increases dramatically when the element fails (Tang et al., 2002; Yang et al., 2001).
e The local heterogeneity in the properties of rock masses is defined by the Weibull’s
function, that is (Tang, 1997)

@[]

where s is the element strength or elastic modulus, and sy is the mean strength
parameter or mean elastic modulus of elements. The parameter m is defined as the
homogeneity index. Figure 1 shows the variations of ( with respect to m and it is
obvious that a higher m value represents a more homogeneous material.

(1b)

g1 —

2.1 Basic Equations

Coupled seepage and stress processes in saturated geological media can be interpreted
with Biot’s theory of consolidation (Biot, 1941; Louis, 1974; Brown, et al., 1998). By
extending Biot’s theory of consolidation to include stress effects on permeability, the
following governing equations can be obtained (Biot, 1941):
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Fig. 1. Distribution of rock properties for different homogeneous indices

Balance equation:
Joj
Ox;;
where o;; is the stress and X; is the body force in the j-th direction.
Geometrical equation:

+X/:O (iaj:1a2a3) (3)

1
g =5 (uij+ ;) €y = €11 + €x + €33 (4)

where ¢;; is the strain and u; is the displacement in the i-th direction.

Constitutive equation:

U;f =0~ apéij = )‘6111'51; + 2G€ij7 (5)

where p is the pore pressure; « is the coefficient of pore-fluid pressure; A is the Lame
coefficient; G is the shear modulus and ¢ is the Kronecher constant.
Seepage equation:

19dp Oz,
2p = 40
kV<p ; «a ot (6)

where k is the coefficient of permeability; Q is the Biot’s constant.
Coupling equation:

k(o,p) = Ekie 713 0n) (7)

where k; is the initial coefficient of permeability; 5 and £ are material constants.
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The above Eq. (3) to (6) are from the Biot’s theory of consolidation (Biot, 1941).
As experimental results show that the permeability is a function of stresses because the
fracture aperture will change when the stress conditions vary, various permeability-
stress relationships have been established (Zhang et al., 2000; Tang et al., 2002;
Brown et al., 1998). In the present study, Eq. (7) is used to represent the influence
of stress on permeability (Tang et al., 2002; Yang et al., 2001; Louis, 1974) by
assuming that the permeability and stress follow a negative exponential function.

2.2 Implementation

In the study, the seepage and stress analyses were carried out by using the finite
element method. The model was discretized into a large number of small square
elements. The strength parameters and elastic modulus are randomly assigned to
each element according to the Weibull’s function (Eq. (2)). The model was loaded
in a quasi-static fashion and a flow chart outlining the pertinent steps of the analysis is
given in Fig. 2. At each loading increment, the seepage and stress equation in the
elements were solved and the coupling analysis was performed. The stress field for
each element was then examined. According to the stress level, the elements could be
classified into four phases, as shown in Fig. 3:

(1) Elastic phase. If oy — o3 {fzﬁz < 0. or 03> —0;, the element is in the elastic

phase and E, and v are the elastic modulus and Poisson’s ratio of the element,
respectively. As the permeability will decrease with the stress, it is assumed that
a = 0 and ¢ = 1. Therefore, the permeability is given by

k(o,p) = ke Pil3). (7a)

Note that the k; is assigned to the element in accordance to Eq. (2).

A comparison of the experimental results (Tang et al., 2002; Yang et al., 2001)
shows that Eq. (7a) can approximately reflect the change in permeability fairly well
(Fig. 4). '

(2) Damage phase. If o1 — o3 % > o, the element is in the damage phase and the
failure is due to compression-shear. The elasticity modulus of the element will
decrease according to the constitutive law for brittle failure (Fig. 3). Mathematically,

the modulus can be written as

E = (1 - D)E,, (8)
where D represents the damage variable and E is the elastic modulus of the damaged
elements. The damage variable can be defined as:
Ocr
E()E

D=1-

©)

where o, is the residual compressive strength.

On the other hand, its permeability will undoubtedly increase as fractures begin to
form and develop. To reflect the increase in permeability, £ will be large. Denoting &
by &p, the permeability is calculated by

k(o,p) = EpkieP@/3), (7b)
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!
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by Equation (7)

Update permeability & by
Equations (7a) — (7d)

T

Update damage variable
D by Equations (9) and (10)

Check the state of
each element by

damage criterion ?

Fig. 2. The flow chart of the model

The variation in permeability predicted by Eq. (7b) with £ = 5 for instance is in good
agreement with the experimental results (Fig. 4).

If 03 < —oy, the element fails in tensile failure mode. The elastic modulus can still
be given by Eq. (8) but the damage variable has to be defined in terms of the residual
tensile strength, oy, that is
Oir

E()E '

As the change in permeability should be independent on the mode of failure, it is
assumed that the change in permeability after damage can also be given by Eq. (7b).

D=1-

(10)
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Fig. 4. Permeability-strain relation

(3) Cracked phase. In the cracked phase, macro fractures begin to form and the
element will lose its capacity and stiffness. Therefore, the elastic modulus is assigned
a very small value. Due to the existence of macro fractures (Zhu and Wong, 1999), the
permeability will increase significantly and it can be obtained by £ = . and o = 1,
that is

k(U»P) = fckie_ﬂ(”i[/3—p)

&, is assumed to be very large.

(7¢)
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(4) Crack closure phase. When the compressive strain of the crack element ¢ is greater
than ¢.,, the crack can be considered to be closed. The element can transfer stress
again and its modulus will increase as the compressive strain increases. The modulus
can be calculated by

Ocr €

X —. (11)

6014 5014

E =

To consider the permeability change in this phase (Zhu and Wong, 1999), we
assume that £ becomes small again and « = 0, that is

k(a,p) = é‘cckieiﬁ(gﬁﬁ)a (7d)

.. 1s assumed to be small.

As the elements may change from one phase to another, an iteration process is
required to modify the elastic modulus and permeability by taking into account such
changes. For a given hydraulic pressure, the stress and strain in individual element are
solved at every loading step. At any step, if either shear or tension strength of an
element is exceeded, the element can be considered to have failed irreversibly to
initiate a new fracture or extend an old one. The element can then only carry the
residual stress. For a failed element, its elastic modulus is considerably decreased and
its permeability is considerably increased (Zhang et al., 2000). The stress and strain in
individual elements are then solved again, which results in stress redistribution, until a
new equilibrium is obtained. Thus, the evolution of this hydraulic system is deter-
mined, and the fracture initiation as well as propagation process are simulated.

Due to the high stress concentration at the crack tip or low strength elements, some
weaker elements that are not on the fracture surface may fail to form micro-fractures
that distribute in the vicinity of the fracture zone. Some of them may grow and join the
main fracture, while others remain isolated beyond the main fracture. In most models
such as the one developed by Kim and Yao (1994), the fluid pressure in the fracture is
achieved by adding full pressure to the new main fracture surface instantaneously and
no water pressure exists inside the isolated micro-fractures. In the present model, the
fluid pressure in individual elements is calculated by solving coupling equation
between stress and flow (Tang et al., 2002).

The number of failed elements and associated energy release (acoustic emission
(AE) activities) accompanying hydraulic fracturing are also numerically recorded
(Tang, 1997). Therefore, the fracture initiation can be pinpointed not only from the
simulated breakdown pressure, but also from the sudden rise in the AE rate. In
addition, one can trace the growth of the fractures from the locations of the acoustic
emission activities.

2.3 Two Examples for Model Validation

A benchmark example of stress field and distribution in homogeneous and heteroge-
neous rock samples by applying fluid pressure in a hole has been analysed by using the
present model. The geometry of the numerical samples is shown in Fig. 5. The
horizontal stress, oy, and vertical stress, oy, are 1.0 MPa and 2.0 MPa, respectively.
A fluid pressure, p,, of 1.0MPa is applied in the hole. The homogeneity index
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Fig. 5. Numerical model for hydraulic fracturing in rock sample (o, =1 MPa, o, =2 MPa, p,, = 1 MPa)

Table 1. Input parameters of rock properties in validation simulations

m 3, 1000
Ey (mean elastic modulus) 6 GPa
v 0.25

¢o (mean friction angle) 30°

feo (mean compressive strength) 60 MPa
fio (mean tensile strength) 6 MPa
A 0.1

ko (mean coefficient of permeability) 0.01 m/sec
« (unfractured) 0.0

a (fractured) 1.0

8 0.01

m = 1000 and m = 3 are chosen to simulate relatively homogeneous and relatively
heterogeneous rocks, respectively. Other parameters adopted in the study are given in
Table 1. The variations of the tangential and radial stress along the horizontal diameter
are plotted in Fig. 6 for the homogeneous rock. The analytical solution [10] for the
same problem of the homogeneous rock sample is also plotted in Fig. 6. From the
figure, one can conclude that there is a very good agreement between the numerical
and the analytical solutions. For a quantitative evaluation of the heterogeneity effect,
we have shown in Fig. 7 the variation of the stresses along the horizontal diameter for
both heterogeneous and homogeneous samples. Due to the variation in the elastic
modulus of the elements, there are obvious fluctuations in the stresses though the
average stresses are fairly close to the homogeneous one. The maximum fluctuation is
over £50%.
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Fig. 6. Stress distribution along the horizontal diameter — numerical and analytical results (o, =1 MPa,
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Fig. 7. Stress distribution along the horizontal diameter for heterogeneous and homogeneous rocks

Figure 8 shows the F-RFPA’P code generated fringe patterns in both heteroge-
neous and homogeneous rock samples. The simulated figures clearly show that the
heterogeneity of rock has strong influence on the stress fields. Since there is no
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(a) homogeneous (b) heterogeneous sample

Fig. 8. Fingerprint of the major principal stress field in simulated homogeneous and heterogeneous rock
samples (o, = 1 MPa, 0, =2MPa, p,, = 1 MPa)

experimental method available for the fringe pattern in heterogeneous materials, the
numerical obtained results are of great significance to improve our understanding of
the stress field in a heterogeneous material.

The second example is to demonstrate the influence of fluid flow in the fractures
on the breakdown pressure. The progressive growth of the fractures from a hole under

Case A Case B
(Fluid is not allowed to flow into fracture) (Fluid is allowed to flow into fracture)

Fig. 9. Propagation trajectory of the cracks in homogeneous samples (o, = 1 MPa, o, =2 MPa)
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the action of pressure with or without fluid flowing into the fractures is investigated.
The parameters adopted in the analysis are also given in Table 1. Two simulations
(Case A and Case B) are conducted. In Case A, the fluid is not allowed to flow in the
fractures. On the other hand, the fluid is allowed to flow into the fractures in Case B.
As the homogeneity index is very high (m = 1000) for these two simulations, two
straight fractures open at both ends of the vertical diametrical line where the tensile
stress is the highest. In the first simulation, since the fluid is not allowed to flow into
the fractures, the results indicate that the growth of the cracks is controlled by the
stress concentration near the crack tips due to the pressure inside the hole
(Fig. 9). These fractures initiate at a pressure of 21.1 MPa and grow to a length of
I15mm at 31.7 MPa. The plot of the variations of diametric (vertical and horizontal)
lengths versus the fluid pressure, as shown in Fig. 10, show that crack growth in the
situation of fractures without fluid flow increases gradually, and therefore one can
describe the failure process as a stable one until the breakdown pressure, 44.6 MPa, is
reached.

However, one can find readily from Fig. 10 that the failure mode becomes unstable
when fluid is allowed to flow into the fractures. It is seen that the fractures developed
rapidly as they initiated at the circumference of the hole. The initiation pressure is
21.1MPa and, immediately, the fluid pressure reaches a breakdown pressure at
21.2MPa, that is 50% lower than the breakdown pressure for the situation without
fluid flowing into the fractures.

0.6
3 ion-
£ 05 Elongation-H(CaseA) | |
o
g 0 4 7777777777 === E|Ongat|0n-H(CaSe B) 7777777777777777777 pf44L6MPa 777777
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Hydraulic pressure(*0.1MPa)

Fig. 10. Change in borehole diameter with hydraulic pressure — Case A and Case B
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3. Numerical Results and Discussion on Influence
of Heterogeneity on Hydraulic Fracturing

To study the influence of heterogeneity of mechanical properties on hydraulic fractur-
ing in permeable rocks, analysis of fracture propagation in non-homogenous medium
is required. It is well known that analytical solutions, which are based on general
fracture mechanics, are not able to predict the growth of fractures in a heterogeneous
material, especially when the fracture propagates under fluid pressure. It is necessary
to resort to numerical means. Unlike the analytical solutions which are restricted to
homogeneous materials, the present finite element model can easily simulate the
heterogeneity (here randomly disordered material) by varying the homogeneity index
m of Eq. (2). To study the influence of heterogeneity, a series of numerical simulations
of hydraulic fracturing process using the theory and the numerical method described
above is carried out.

The plane strain 2D model adopted in the study is shown in Fig. 11. The circular
sample, which has a concentric opening representing the borehole, is discretized into
40401(201 x 201) finite elements. The inner and outer diameters are 36 mm and
312 mm, respectively. Therefore, the ratio of the inner to outer diameters d/D is
0.115. Adp, and Ad,,, as shown in Fig. 11, are defined as the diameter elongation
of parallel and perpendicular directions with respect to crack orientation. Ly is defined
as the unstable crack length, and H-Line is defined as the horizontal line through the
holes. Hydraulic pressure is applied along the boundary of the interior hole. The rate
of pressurization is kept constant throughout the numerical tests at 0.1 MPa/step.

The mechanical parameters, such as elastic modulus, the strength properties, and
the permeability coefficient, etc., of the elements are all randomly assigned following
a Weibull’s distribution law to account for the inherited variability in rock property
(Tang, 1997). Samples with five different homogeneity indices (m = 1.5, 2, 3, 6 and
20) are numerically tested (Fig. 12a—e). Other pertinent parameters of rock samples
are shown in Table 2.

Fig. 11. Sample geometry for simulating hydraulic fracturing in rocks with different homogeneity indices
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Fig. 12. Ring samples with different homogeneity indices (m = 1.5, 2, 3, 6 and 20)
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Table 2. Input parameters of rock properties in hydraulic fracture simulations

m 1.5,2,3,6, 20
Ey (mean elastic modulus) 34 GPa

v 0.25

¢o (mean friction angle) 30°

feo (mean compressive strength) 220 MPa
fio (mean tensile strength) 22 MPa

A 0.1

ko (mean coefficient of permeability) 0.01 m/sec
a (unfractured) 0.1

a (fractured) 1.0

Ié] 0.05

a. Step 10 b. Step 45

Fig. 13. Numerically obtained stress field evolution during hydraulic fracturing process in sample with
homogeneity index m = 1.5

3.1 Stress Field

Only one case with homogeneity index m = 1.5 is discussed in the following. Fig. 13
shows the evolution of crack and stress field during the hydraulic fracturing process.
As the hydraulic pressure in the borehole increases, the average maximum tensile
stress increases along the boundary of the borehole wall. The bright areas at the
immediate vicinity of the wall are the zones of highest tensile stresses. Generally
speaking, there is no preferential location along the borehole wall for the fracture
to initiate since the geometry of the sample is symmetrical. However, due to
the heterogeneity of the sample, stress fluctuation occurs in the sample. Therefore,
the location and orientation of the fracture initiation is unpredictable. As soon as the
fracture initiates, the local heterogeneity will also affect the evolution of fracture
patterns.
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3.2 Hydraulic Fracture Path

As we know, the analysis of hydraulic fracture is plagued by the question of the
validity of conventional fracture parameters such as critical stress intensity factor
(Gorelic and Chudnovsky, 1996). These parameters are directly linked to the micro-
mechanisms of hydraulic fracture. Fracture surface or hydraulic fracture propagation
path is one of the sources of information regarding these micro-mechanisms (Horii
and Okui, 1993).

Figure 14 displays the view of random pattern of a hydraulic fracture formed in the
numerical modeling of hydraulic fracture in a sample with homogeneity index
m = 1.5. The pattern closely resembles the experimentally observed hydraulic fracture
path obtained in hydraulic fracture tests (Gorelic and Chudnovsky, 1996). The numeri-
cally obtained random nature of hydraulic fracture path during hydraulic fracturing
and its dependence on inhomogeneities is illustrated in Fig. 15 for samples with m =
1.5 (relatively heterogeneous) and m = 20 (relatively homogeneous). It shows that the
roughness of hydraulic fracture path is related to the homogeneity index of the rock.
From the figures, one can conclude that the propagation of hydraulic fractures is
controlled by the pre-existing field of defects. The hydraulic fracture deterministically
selects a path of least resistance through the material with statistical features, and the
random location of the individual inhomogeneities results in an irregular hydraulic
fracture trajectory.

3.3 Comparison Analysis of Different Homogeneity Indices

Several snapshots of the fracture patterns and the associated stress fields taken
from the loading steps for sample with homogeneity indices m = 1.5, 2, 3, 6
and 20 are presented in Fig. 16. From this figure, the following conclusions can be
drawn:

1. as the homogeneity index m of material properties increases, the hydraulic fracture
path becomes smooth, and
2. the strength increases while the stage of stable propagation becomes short-lived.

The study on the role of hydraulic fracturing shows that the strength of material is
mostly dependent on mesoscopic homogeneity.

3.4 Elongation of Borehole Diameter and AE Behavior

Information of borehole diameter elongation during loading can improve the inter-
pretation of hydraulic fracturing (Charlez, 1991). This problem consists of calculating
the diameter elongation at the borehole wall for a given fracture length and a given
internal pressure. In linear elasticity, this problem results in a very complicated ana-
Iytical solution. In addition, analytical solutions cannot, to the best knowledge of the
authors, provide the locations and energy levels of the acoustic emission activities
during the development of cracks. Such information, diameter elongation and AE
activities, can be easily obtained from the F-RFPA®P simulation.
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Step 50-a Step 50-b

Fig. 14. Numerically obtained failure mode in sample with homogeneity index m = 1.5
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a. m=1.5 b. m=20

Fig. 15. Influence of heterogeneity on fracture path

Figure 17 shows the results of the borehole diameter elongation (Adp,, and Ad,,),
and the AE rate for all the samples with different homogeneity indices. Before fracture
initiation, the diameter elongation at the borehole wall is uniform and the slope of the
diameter — pressure curve provides direct measurement of the hydraulic fracture
behaviour. Comparing with the diameter elongation before fracture initiation, fracture
initiation and propagation generate a strong anisotropy of diameter elongation along
different directions. As shown in Fig. 17, as soon as the fracture initiates, the diameter
elongation along the wall becomes anisotropic, and the diameter component being
maximum perpendicular to the fracture and minimum in its own direction. This
anisotropy amplifies as the fracture propagates.

Take the sample with homogeneity index m = 1.5 as an example; typically two
stages of the hydraulic fracturing process, based on the borehole deformation behav-
ior, are noted. They are:

(1) Elastic deformation leading to fracture initiation. In this stage, stresses accumulate
(step=1-34), as the internal pressure increases. The diameter of the borehole also
increases proportionally with the borehole pressure until point i (step =35). At this
point, the diameter expansion (Ad,,) at perpendicular direction abruptly increases at
an accelerating rate (Fig. 17). The fracture initiation under pressure, P;, occurs quite
early before the peak (or breakdown) pressure, Py, is reached. Acoustic emission is
also activated immediately following point i. Figure 17 shows that the fracture initia-
tion pressure is about 70% lower than the corresponding breakdown pressure.

(2) Fracture growth leading to breakdown. In the second stage, cracks propagate
stably (step =35-49, is defined as the state of cracks propagated under continually
increasing hydraulic pressure). Beyond point i, due to the further increase in the
borehole pressure, the diameter of the borehole continues to increase drastically,
and hence to widen the fracture and drive the fracture to propagate. The constant rate
of diameter increase suggests a stable fracture propagation. At point b (step = 50), the
borehole diameter elongation and the AE rate increase drastically (Fig. 17), as the



270 T. H. Yang et al.

a. m=1.5, P,=5.0MPa, L,=69.9mm b. m=2.0, P,=6.6MPa, L,=24.8mm

Ly

'.._

c. m=3.0, P,=8.8MPa, L;=15.5mm d. m=6.0, P,=11.0MPa, L;,=9.3mm

o

e. m=20, P,=14.0MPa, L;,=3.1mm

Fig. 16. Stress field and fracture mode of ring samples during the hydraulic fracturing process with different
homogeneity indices (m = 1.5, 2, 3 ,6 and 20)
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Fig. 18. Influence of heterogeneity on crack initiation pressure P;, breakdown pressure Py and unstable
crack length Ly of samples with m = 1.5, 2, 3, 6, 20

pressure reaches its peak level (breakdown pressure Py), which indicates the unstable
propagation without increasing pressure. When the pressure is close to the breakdown
pressure, the length of crack (Ly) is defined as the unstable crack length.

For a sample with homogeneity index m = 1.5, the development of fracture is
shown in Fig. 14. From Fig. 16, one can obtain that P; =3.5 MPa, P, =5.0 MPa,
Ly =69.85 mm. These parameters for other samples (homogeneity index m = 2, 3,
6 and 20) can be obtained from Fig. 18. The results regarding diameter elongation
agree well with the results obtained by Charlez (1991) using Displacement Disconti-
nuity Method. Since we use the loading condition of constant rate of pressure, the
loading process becomes unstable as soon as the breakdown pressure is reached.
Therefore, no fracture closing stage as observed in the experiments of Zhao et al.
(1996) is observed in our simulation.

3.5 Initiation, Unstable Propagation and Breakdown Pressure

The conventional interpretation of the hydraulic fracturing process has been that the
breakdown pressure, Py, reached during pressurization of the borehole test interval
signifies the instance of hydraulic fracture initiation. Recently, Detournay and
Carbonell (1994) have challenged the assumption that hydraulic fractures necessarily
initiate at Py,. They distinguished three different critical pressures: (1) fracture initia-
tion pressure, P;; (2) unstable propagation pressure, Py; and (3) breakdown (or peak)
pressure, Py. The so-called unstable propagation fracture is defined as the state of
continued crack propagation without increasing the pressure. According to their inves-
tigation, they speculate that the condition of unstable fracture propagation is in fact
equal to the breakdown pressure, i.e., P, = P,. They also concluded that at slow
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pressurization rates and uniform far-field stress condition fracture initiation always
results in unstable propagation. In the condition that the two horizontal far-field
stresses are unequal, they showed that the fracture propagation after initiation could
be stable or unstable, which implies that the fracture initiation pressure in this case
may be smaller than the breakdown pressure. Zhao et al. (1996) also obtained similar
results.

Figure 18 shows the fracture initiation pressure and breakdown pressure for sam-
ple with homogeneity index m = 1.5, 2, 3, 6 and 20. The simulations reveal that both
pressures are influenced considerably by rock heterogeneity. When the sample is
homogeneous, the fracture initiation pressure is very close to the value of the break-
down pressure, unstable crack length is shorter. On the other hand, significant differ-
ence between the two pressure values is observed and the unstable crack length is
longer for the heterogeneous samples. The numerical simulations also show that both
fracture initiation and breakdown pressure values are much higher for the homoge-
neous sample than those for the heterogeneous sample.

4. Conclusions

The numerical simulations using flow-coupled Rock Failure Process Analysis code, F-
RFPA?P, clearly indicate that both the rock heterogeneity and the permeability affect
fracture initiation and propagation significantly. Our findings are:

(1) Heterogeneity of rock has a significant influence on the initiation and breakdown
pressure. For heterogeneous rock samples, hydraulic fracture initiation occurs
considerably earlier before the breakdown pressure is reached. While for homo-
geneous samples, the fracture initiation pressure and breakdown pressure are
indistinguishable. Both fracture initiation and breakdown pressure values are
much higher for the homogeneous sample than those for the heterogeneous
sample.

(2) The hydraulic fracture path is also considerably influenced by the heterogeneity of
the rock samples. The random location of the individual inhomogeneities results
in an irregular hydraulic fracture trajectory.

(3) The elongation in borehole diameter is a reasonable sign to indicate the location
of fracture initiation. For the borehole diameter at right angles to the direction of
hydraulic initiation, the initial linear elongation — pressure signifies elastic behav-
ior. A sudden acceleration in the rate of diameter elongation represents the frac-
ture initiation, and the maximum diameter corresponds to breakdown.

(4) The hydraulic pressure in the crack plays an important role to propagate the
fracture. It can also be inferred, based on the results of other authors, that the
pressurizing fluid flowing into the cracks is the main factor.

(5) The F-RFPA?P clearly simulates the hydraulic fracturing in heterogeneous
rocks in a more realistic way than other numerical models. The capability of F-
RFPA?P in identifying hydraulic fracturing modes is obvious. Therefore, it is
concluded that the flow-coupled F-RFPA?P is a useful tool in understanding
the physics of hydraulic fracturing, especially in heterogeneous and permeable
materials.
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