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Abstract: The pulsed fracture(PF) technique is promising in the reservoir stimulation. Under the high
pressurization rate, the fracture branches to form the complex fracture network in reservoir. However, the high
pressurization rate may lead to the wellbore instability. To assess the wellbore stability involved in PF, an
assessment method is developed based on the numerical simulation and theoretical analysis. A damage factor is
developed to assess the residual strength of surrounding rock while the Mohr-Coulomb criterion is used to
predict the critical strength. Then wellbore stability is analysed via comparing the residual strength with the
critical strength of surrounding rock. The simulation results suggest that the bigger the internal friction angle is,
the more safe the wellbore is. It founds that the dangerous area increases with increasing the material modulus.
The dangerous area gets larger with the horizontal stress difference increasing. Under the specific peak pressure,
the pressurization time has significant impact on the wellbore stability. The proposed method provides a simple
and effective assessment method for wellbore stability after PF stimulation.
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I. INTRODUCTION

Carbonate reservoir is an important kind of reservoir around the world. However, due to the
fracture-cavity structure formed in Karstification process, it is very difficult to exploit via the conventional
reservoir stimulation [1, 2]. To overcome this problem, many different techniques have been developed, such as
the multilateral well technique [3], the acidized fracturing technique [4, 5], the perforation technique [6, 7] and
the pulsed fracturing technique [8-11]. Among these techniques, the pulsed fracture (PF) is a promising one. PF
is essentially a dynamic fracture process. Under a high pressurization rate, the multiple fracture can be generated
at the wellbore simultaneously, which are connected with the natural fractures to form a complex fracture
network in reservoir [12-14]. However, the high pressurization rate applied in the wellbore is a potential threat
to the wellbore instability. Before the application of PF, it is quite necessary to conduct an investigation on the
wellbore stability by PF. To explore this problem, this paper tries to develop a feasible method on the evaluation
of wellbore stability after PF stimulation.

The wellbore stability is closely related to the in-situ stresses, inclined angle, pore pressure, rock
properties, stratum structure, and other ambient conditions [15-20]. The failure of the surrounding rock around
the wellbore can lead to mud lost, lost circulation, and pipe stucking. The paper mainly focus on the wellbore
instability induced by the PF process. In PF stimulation, due to the instantaneous loading and unloading process,
the radial tensile stress is prone to induce the disturbance or damage in the surrounding rock of borehole. The
disturbed (damaged) zone distributed around wellbore may seriously threaten the wellbore stability.

For the borehole stability, the material behavior affected by the stress distribution surrounding the
wellbore is a key point. To efficiently simulate the failure process, the augmented virtual internal bond (AVIB)
[21] model is adopted as the constitutive model of the rock matrix. The AVIB intrinsically incorporates the
micro fracture mechanism in the macro constitutive relation. It can naturally reproduce the macro failure process
of material without any separate fracture criterion. It is convenient and efficient for AVIB method to model the
macro failure of material, including the fracture initiation, propagation and branch.

I1. PFSIMULATION METHOD
2.1 Mechanical model of material
In this study, the AVIB is adopted for the material mechanical modeling. AVIB is a micro-macro
constitutive model [21], which originates from the virtual internal bond (VIB) theory [22]. It considers the
material to consist of material particles (Fig. 1a).
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Fig. 1 Augmented virtual internal bond model: (a) micro configuration; (b) bond deformation.

The interaction between particle is characterized by a cohesive law, which intrinsically includes the
fracture mechanism of material at the micro level. So it can naturally reproduce the macro failure of material
without any separated fracture criterion. In AVIB, the fixed Poisson ratio problem of original VIB is overcame
by taking the Xu-Needleman potential [23, 24] as the bond potential, which reads

U(a)=¢, -4, exp[—%}{“%}[l—q+qexp(—%ﬂ (1)

where 6, and 6, are the characteristic lengths for normal and tangential separations, &, =0, =&l,; & is the

bond strain at the peak uniaxial tensile force, usually, & = &, with &, being the strain value at the peak stress of
the uniaxial tension stress-strain curve of material; |, is the undeformed bond length; A, and A, are the normal
and tangential deformations of bond; the bond energy ¢, and energy ratio qare related to the macro elastic
constants
VP 3E
b= 12 4z(1-2v)
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with E being the Young’s modulus; Vthe Poisson’s ratio and V the volume of the representative element

volume (REV).
According to the Cauchy-Born rule, the bond deformations (Fig. 1b) is related to the macro strain tensor through

An :gTsélo
A2 = [ggsg _(gng)z]g 3)
where & is the unit orientation vector of bond, g:[sinecos¢, sindsin ¢, (:0549]T in the spherical

coordinates.
The stress tensor of REV in AVIB has the form

10
=—— U (A, A 4
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and the tangent modulus tensor
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where &; is the strain tensor of REV; the integral  operator <> stands  for

(-+) :IOZHI:(---) D(6,4)sin0d&d¢ with D(6, ¢)being the bond distribution density in terms of the spherical
coordinates € and¢.
In AVIB, the element failure is identified through following criterion

&> n¢ (6)
where ¢, is the maximum principal value of REV; 7 is a coefficient and 7 >1. In AVIB, it is reasonable to
assume that the residual strength of element can be ignored as &, > 5¢, .
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2.2 Pulsed pressurization modeling

The fracturing process is driven by the internal pulse pressure. Once the fracture is extended, the internal
pressure spread further and act on the inner surface of fracture. In this study, the internal pressure is exerted on
the fractured element, in which the pressure gradient along fracture is ignored. The same scheme had also been
adopted in [12-14, 25]. For the triangular facet of tetrahedron element, the equivalent nodal force caused by
internal pressure can be calculated as

= U
2
where 1,1, are the edge vectors of triangular facet; n is the node number of triangular facet.

F - (r”xnr s %

I1. ASSESSMENT METHOD FOR WELLBORE STABILITY

PF is a promising stimulation technique to generate complex fractures network in reservoir. Under a
high pressurization rate, there will be radial fracture generated at the borehole instantaneously (Fig. 2). After that,
the stress state of rock matrix changes, which may lead to the borehole instability. To characterize the wellbore
stability, the PF simulation under different situations is conducted at first, in which the stress distribution
surrounding the wellbore is recorded. Secondly, according to the mechanical state of surrounding rock, the
damage factors of the rock surrounding the wellbore are derived. Subsequently, comparing the residual strength
with the critical strength derived from analytical value, the risk of wellbore stability is evaluated quantitatively.

Fig. 2 Pulsed fractures at wellbore.

3.1 Stress field around wellbore

[
/

Fig. 3 Wellbore in cylindrical coordinate system.

To assess the wellbore stability, the analytical solution of surrounding stress of wellbore is adopted for
reference. For the circular wellbore, we assume it is subjected to the in-situ stresses shown in Fig. 3. In the
cylindrical coordinate system, the stress field around wellbore can be written as [26]
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where R, is the internal pressure of wellbore; P, is the pore pressure of formation; v is the Poisson ratio of

rock matrix. (The stress symbols are assumed as positive in compression and negative in tension.)
Shown in Fig. 4, the stress regime of the matrix around wellbore (in the polar coordinate system) can be derived
as

Oy = PW - I:)p

o =(Su +S,)-2(S, - S, )cos20—-(R, -P,)

i ©)
o, =S, -2v(S, —S, )cos20 P,

TrH = Trz =

0 X
Fig. 4 The representative element volume of wellbore wall.

3.2 Strength of surrounding rock
To evaluate the wellbore stability, the following strength criterion is adopted to characterize the state of
surrounding rock, which has the form

F(e,x)=0 (10)
where @ is the stress tensor of the arbitrary point on borehole wall; y is the parameters set of material strength.

According to the analytical stresses expressions in Eq. (2), the local stresses on the borehole wall evolves with
the direction angle. Thus it is necessary to consider the evolution of stress state with direction angle. The

minimum strength of surrounding rock is taken as the critical strength. The critical strength curve of surrounding
rock is shown in Fig. 5.
A

F(o,y)>0 Stable

F (o, ) <0 Unstable

Strength

v

0 Direction angle
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Fig. 5 Relationship between the residual strength and the critical strength.

Under the disturbance of PF, there will be damaged region formed in the surrounding rock, which may
significantly influence the wellbore stability. The damage in surrounding rock can be characterized by the
damage degree factor, which can be derived from the results of numerical simulation. To quantify the damage
degree caused by fracturing disturbance, we define the damage factor as

4 0<g <Ag
D=1 1¢ (11)
1.0 & 2 Asg,

where g, is the maximum principle strain.
According to the damage degree factor, the residual strength of material point can be derived as

% =(1-D)x (12)
where y( is the residual strength of material point; D is the damage factor, for the fractured material
point D =1.0. So we can get the curve of residual strength with direction angle.

3.3 Wellbore stability assessment

Comparing the residual strength with the critical strength (Fig. 5), the possibility of borehole instability is
clearly presented. If the residual strength curve is completely above the critical strength curve, the borehole can
hold stability after fracturing. Conversely, if the residual strength curve is all or part bellow the critical strength
curve, the borehole may be unstable. Further, the stability criterion of wellbore can written as

I:(0)>T.(0) (13)
where @ is the direction angle; T';(6)is the residual strength of surrounding rock; T (6)is the critical
strength of surrounding rock.

IV. CRITICALSTRENGTH CRITERION
The critical strength criterion can be expressed in terms of the properties of the surrounding rock. In present
paper, the Mohr-Coulomb criterion is adopted as the critical strength criterion, which reads

o,—-P = (03 -P, ) -cot? (45" —%) +2C cot(45° —%) (14)

p

where o, , o, are the maximum and minimum principal stress; C is the cohesion of material; ¢ is the internal

friction angle.
According to Eq. (6), the critical cohesion strength can be written as

{(al P)-(0,-P,)-co’ (450 _g’ﬂ

2~cot(45° —(pj
2

C-= (15)
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Strength (MPa)
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Fig. 6 Critical strength of the surrounding rock with ¢ =24.0°.

Subjected to the in-situ stresses, pore-pressure and internal pressure of wellbore, the components of stress tensor
can be derived through stress analysis. Then the critical cohesion strength can be derived via the Eq. (7). For
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instance, Fig. 6 shows the critical cohesion strength with internal friction angle ¢ =24.0°, the in-situ
stresses S, =130.0 MPa, S =120.0 MPa and S, =115.0 MPa, the pore pressure of formation P, =0.0 ,
the pressure at wellbore P, =70.0 MPa.
V. SIMULATION CASES
The wellbore stability is closely related to the matrix property, the in-situ stresses, the pressurization

pattern and others factors. To clarify the influence of various factors, we conduct the following numerical
simulations, where the wellbore stability is analysed through the proposed approach.

V.1 Effects of material property

‘4 1.0m >‘ A

/| P/ MPa

[Wellbore 172.0

s, = 70.0
b/ 5

fv(—sx S >
S} \ / @ 0] 5.15.2 t/ms 0)
Fig. 7 Simulation object of the pulsed fracture: (a) simulation object and boundary condition; (b) pressurization
scheme.

The stability of surrounding rock is closely related to the material properties. To investigate the critical
strength under different material property, we take the internal friction angle as ¢ =25.0° and 27.0°,
respectively. The simulation domain is a1.0m x1.0m x0.3m block (shown in Fig. 7a), which is subjected to the
in-situ stresses S, =124.5 MPa, S =88.0 MPaand S, =111.5 MPa . The radius of the centered wellbore in
computational domain isr=0.1 m. The other parameters of material properties respectively are: the Young’s
modulus E =40.0 GPa , the Poisson ratio v=0.2 , o, =4.0MPa, C=10.0MPa . Fig. 7b shows the
pressurization scheme at wellbore. The time step of pressurization adopted in simulation is At =1.0us . Initially,
the pressure is imposed on the inner wall of whole wellbore. The simulation results of PF are shown in Fig. 8.
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Fig. 8 Pulsed fracture trajectories in different perspectives at the time t= 5.2 ms.
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Target area

Fig. 9 The target area of wellbore stability assessment.

Under the pulse pressurization, the fractures initiate at the wellbore and propagate in the direction of
horizontal maximum in-situ stress (Fig. 8). Shown in Fig. 9, to facilitate the wellbore stability assessment, we
term a finite loop region surrounding the wellbore as ‘target area’. Here, we take the external radius of this area

foop =0-5 M. According to the pulsed fracturing simulation, the damage area of the surrounding rock of

wellbore is obtained, shown in Fig. 10 (The darker the color, the larger the damage factor.). Comparing the
residual strength with the critical strength (shown in Fig. 11), it is found that the internal friction angle has a
significant effect on the wellbore stability. The bigger the internal friction angle is, the more safe the wellbore is.
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Fig. 10 Damage distribution of the surrounding rock (t= 5.2 ms).
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Fig. 11 Comparison between the residual strength and the critical strength of surrounding rock with the
frictional angle: () ¢ =25.0°; (b) ¢ =27.0°.

V.2 Effects of material modulus
To investigate the effects of material modulus, take the Young’s modulus of matrix material
E=400GPa , 650GPa , and 90.0GPa , respectively. The simulation domain is

a50.0mx50.0mx1.0m block (shown in Fig. 12a), which is subjected to the in-situ stresses S, =124.5 MPa,
S,=88.0 MPa, and S, =111.5 MPa. The radius of the centered wellbore is r=0.1 m. The other parameters
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of material properties are: v=0.2, o, =4.0MPa, C=10.0 MPaand ¢ =24.0°. Initially, the pressure is
imposed on the wall of whole wellbore. The pressurization scheme is shown in Fig. 12b,
with Q,=70.0MPa ,Q,=115.0MPa, t,=3.0ms and t,=3.1ms. The time step of PF numerical implementation

is At =1.0us . The simulation results of pulsed fracturing are shown in Fig. 13.

A
P/MPa
[Wellbore Q
. i %
Ao :
s? @) 0] tt, t/ms (b)

Fig. 12 Simulation of pulsed fracture: (a) simulation object and boundary condition; (b) pressurization scheme.

Fig. 13 shows the PF simulation results of the case with Young’s modulus 65.0 GPa (t=3.1ms). A symmetrical
pulsed fracture is formed at wellbore in the direction of horizontal maximum in-situ stress. Shown in Fig. 14, the
damage distribution around wellbore is enlarged with the material modulus increasing. The comparison between
residual strength and critical strength of surrounding rock (in Fig. 15) shows that it is potentially dangerous for
the wellbore stability. It is found that the unstability risk increases with the material modulus increasing.
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Fig. 13 Pulsed fracture trajectories viewed from from different directions( E =65.0 GPa, t= 3.1 ms).
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Fig. 14 Damage distribution around the wellbore of the cases with material moduli: (a) E =40.0 GPa ; (b)
E=65.0GPa; (c) E=90.0 GPa(t=3.1 ms).
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Fig. 15 Comparison between the residual strength and the critical strength of surrounding rock with material
moduli: () E=40.0GPa; (b) E=65.0GPa; (c) E=90.0GPa (t=3.1 ms).

V.3 Effects of in-situ stresses

The in-situ stress is an important influence factor in the design of reservoir stimulation. To explore the
effect of the in-situ stress on the wellbore stability, we conduct the following simulations with the in-situ stress
Sx/Sy/SZ =124.5/88.0/111.5 MPa, 124.5/96.0/111.5 MPaand124.5/104.0/111.5 MPa, respectively. The
different in-situ stresses combinations imply different horizontal stress difference. The simulation domain is the
same as the cases in Section 5.2. The other simulation parameters are E =40.0 GPa, v=0.2, o, =4.0MPa,

C=100MPa and ¢=24.0° . The pressurization scheme shown in Fig. 12b is adopted, with
Q,=70.0MPa , Q,=145.0MPa , t, =3.0ms and t,=3.5ms .
Shown in Fig. 16, the simulation results of the case S, /S, /S, =124.5/88.0/111.5 MPa at t= 3.5ms

present a symmetric fracture pattern, and there are fracture branches formed on the fracture front. Fig. 17 shows
the damage distribution around wellbore. The comparison between residual strength and critical strength of
surrounding rock (in Fig. 18) suggests that the dangerous area increases with the horizontal stress difference
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increasing. It is suggested that the specific in-situ stresses should be carefully considered in the wellbore
stability analysis.
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Fig. 16 Pulsed fracture trajectories in different perspectives of the case
SX/Sy/SZ =124.5/88.0/111.5 MPa (t= 3.5 ms).
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Fig. 17 Damage distribution around the wellbore of the cases with in-situ stresses: (a)
Sx/Sy/SZ =124.5/88.0/111.5 MPa ; (b) SX/Sy/SZ =124.5/96.0/111.5 MPa ; (c)

S,/S, /S, =124.5/104.0/111.5 MPa (t= 3.5 ms).
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Fig. 18 Comparison between the residual strength and the critical strength of surrounding rock with in-situ

stresses: (a) S,/S,/S,=124.5/88.0/111.5MPa; (b) S,/S, /S, =124.5/96.0/111.5MPa; (c)
Sx/Sy/SZ =124.5/104.0/111.5 MPa (t= 3.5 ms).

V.4 Effects of pressurization rate

For the PF stimulation, the various magnitudes of pressurization rates can induce distinct dynamic
mechanical responses in the surrounding rock around wellbore. To figure out the influence caused by the
pressurization rate, the following simulation is conducted. We take the pressurization rates

as P=20.0 MPa/ms , 30.0 MPa/ms , and 40.0 MPa/ms , respectively. The simulation domain is
a25.0mx25.0m x0.5mblock (shown in Fig. 12a), which is subjected to the in-situ stresses S, =124.5 MPa,

S,=880MPa, and S, =111.5 MPa . The other parameters of material properties are: E=40.0 GPa,
v=0.2, o, =4.0MPa, C=10.0 MPaand ¢ =24.0°. The pressurization scheme shown in Fig. 12b is adopted,
with Q,=70.0MPa , Q,=150.0MPa . For the case P =20.0 MPa/ms, t =4.0sandt, =4.5s; for the case

P =30.0 MPa/ms, t, =2.67sandt,=3.17s; for the case P=40.0 MPa/ms, t =20sand t,=2.5s. The

peak pressure is a constant in the cases of different pressurization rates.
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Fig. 19 Pulsed fracture trajectories in different perspectives of the case = 20.0 MPa/ms (t=4.5 ms).

Fig. 19 shows the simulation results of the case P = 20.0 MPa/ms at the time t= 4.5ms. A symmetrical
pulsed fracture is formed at wellbore in the direction of horizontal maximum in-situ stress. It is found that the
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pulsed fractures branch under the pulse pressurization, which form a complex fracture network in reservoir.
Seen from Fig. 20, the damage area is decreased with the pressurization rate’s increasing. The comparison
between residual strength and critical strength of surrounding rock (in Fig. 21) suggests that the dangerous area
is decreased with the pressurization rate increasing. It implies that, to some degree, the high pressurization rate
is more helpful to maintain the wellbore stability. In other word, when the peak pressure keeps constant, the
pressurization time dominates the wellbore stability. So it is crucial to choose reasonable pressurization rate and
pressurization time in the PF practice.
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Fig. 20 Damage distribution around the wellbore of the cases with pressurization rates: (a)

P =20.0 MPa/ms (t= 4.5 ms); (b) P =30.0 MPa/ms (t= 3.2 ms); (c) P =40.0 MPa/ms (t= 2.5 ms).
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Fig. 21 Comparison between the residual strength and the critical strength of surrounding rock with
pressurization rates: (8) P =20.0 MPa/ms (t= 4.5 ms); (b) P =30.0 MPa/ms (t= 3.2 ms); (c)
P =40.0 MPa/ms (t= 2.5 ms).

VI. CONCLUSIONS

In this paper, an assessment method is developed for the wellbore stability after PF stimulation based
on the numerical analysis. The AVIB is adopted to model the reservoir matrix. Based on the numerical
simulation results, the residual strength of surrounding rock is calculated through the damage factor derived
from the element state. The Mohr-Coulomb criterion is used to characterize the critical strength of surrounding
rock. Through the comparison between the residual strength and the critical strength of surrounding rock, the
risk of wellbore instability is recognized.

The simulation results suggest that the internal friction angle of matrix material has a significant effect
on the wellbore stability. The larger the internal friction angle is, the safer the wellbore is. It is found that the
dangerous area increases with the material modulus increasing. The dangerous area gets larger with the
horizontal in-situ stress difference increasing. When the peak value of the pulse pressure is fixed, the high
pressurization rate is more helpful to maintain the wellbore stability, in which the pressurization time has an
important impact on the wellbore stability. The present method provides a simple and effective approach for
wellbore stability assessment after PF stimulation.
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