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Abstract: Temporarily plugging staged fracturing technique has been successfully applied in
unconventional reservoirs.Using XFEM-based CZM (cohesive zone model based on the
extended finite element method), a 2D capturing stress interference and coupling fluid —solid
model was established to investigate the process of the technique. The key points are as
follows: (1) The diameter of the whole model was 1000m. The enriched zone is a square
with the length of 200 m. The whole model has 162299 nodes and 161901 elements. The
quality of meshes meets the requirement of XFEM convergence. (2) plugging efficiency of
diverting agents is simulated by changing injection rate. (3) the boundary condition of
propped fractures is maintained by surface pressure, change of which simulates filtrate loss
rate; (4) heterogeneity along horizontal well is simulated by setting various properties
surrounding the subsequent fractures. The simulation results reveal that: (1) in-situ stress
contrast affects the extent of the stress alteration zone, while in-situ stress magnitude impacts
fracture length and width; (2) proper plugging efficiency will help to achieve even treated
effect along the horizontal well; (3) with the augment of formation permeability, the extents
of stress reversal and reorientation become small, thus subsequent fractures tend to propagate
along the direction of maximum principle stress. (4) Young modulus and tensile strength
have a great influence on propagation path, propagation rates, fracture length, and width.

1. Introduction

Multi-stage fracturing in the horizontal well is an
indispensable method to develop unconventional
reservoirs. The core of this technique is efficiently
isolating the horizontal lateral to fracture the target
formation one stage by one stage. While isolation
tools have a great limitation when they are used in
deep wells. In recent years, a new method has come
into use, which is temporarily plugging staged
fracturing by wusing self-degradable diverting
agents. The key point is that self-degradable
diverting agents replace the isolation tools [1-2].

During temporarily plugging staged fracturing, the
previously fracture is plugged and propped by
fracturing fluids and proppants, which exerts
different degrees of stress-shadow effects. Fracture
geometries during temporarily staged fracturing
have not been simulated. In this paper, the effects
of previous and propped fractures on the

subsequent fractures were numerically simulated by
using the extended finite element method based on
the cohesive zone method (XFEM-based CZM).
Key factors including the propped aperture of the
previous fracture, in-situ stresses, formation
permeability, Young’s modulus and rock tensile
strength were investigated.

2. Mechanism of temporarily plugging
staged fracturing

Temporary plugging staged fracturing is mainly
used in deep horizontal wells, for which the
conventional mechanical isolation methods are
dangerous and expensive. Fig. 1 gives the
schematic of the process of temporary plugging
staged fracturing (assuming
Puwi<Pw<Pwi<Pwu<Pws).  During  fracturing,
injected fluids enhance the wellbore pressure
gradually. When fluid pressure is larger than puf,
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Frac. 1 begins to initiates and propagates. After
Frac. 1 propagating to the desired distance, self-
degradable diverting agents are injected and form a
tight impermeable slug, which plugs Frac. 1. And
then the subsequent fracturing fluids continue to
enhance wellbore pressure afresh. When wellbore
pressure reaches pwp, Frac. 2 initiates and
propagates. Repeat this process, and the whole
lateral will be treated.
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Figure 1. The process of temporary plugging staged
fracturing (considering five fractures, actually, there are
much more than five fractures). pus, Pwiz, Pw3s: Pwis N
pwf5 are the initiation pressure of Frac. 1, Frac. 2,
Frac. 3, Frac. 4 and Frac. 5 respectively. (Assuming

Puit <Pwi2<Puiz<Pwis<Pufs)

3. Fracture propagation model

In this paper, a 2D plain strain model, coupling
porous media deformation and fluid flow was
established to perform the simulation studies. The
extended finite element (XFEM) was used to
describe fracture and maximum principal stress
criterion was applied to determine the fracture
propagation.

3.1 XFEM Approximation

XFEM was first proposed by Belytschko and
Black[3]. In this approach, discontinuities
(fractures) are allowed to cross the element and
removing the requirement of re-meshing [4]. The
existence of fractures is ensured by the special
enriched functions. With the partition of unity
enrichment, the displacement wvector u is
approximated by [5]

u = Zx:/\/[(x){ul + H(x)a; + if';(X)b;}
(1)

Where N, (X) are the usual nodal shape function;

u, is the usual nodal displacement vector, a, is the
nodal enriched degree of freedom vector, H(x) is
the discontinuous jump function across the fracture

surfaces, b; is the nodal enriched degree of

freedom vector, F,(x) is the elastic asymptotic
crack-tip function.

3.2 Cohesive zone method

The cohesive zone method (CZM) consists of two
parts: a damage initiation criterion and a damage
evolution law. According to Mahdi Haddad [6], the
maximum principal stress criterion used in XFEM-
based CZM can be expressed by

f = —<G> (2)

(o}

max

o

Where f is the maximum principal stress ratio, O pax
is the maximum allowable principal stress [7].

The damage evolution law describes the rate at
which the cohesive stiffness is degraded once the
corresponding initiation criterion is reached. During
fracture propagation, the Benzeggagh-Kenane (BK)
criterion is used to determine the mixed-mode
damage evolution [8]. The BK law model is
described by

GIIC+GIIIC
GIC +GIIC +GIIIC

G GIC +(GIIC_GIC)(

)3

equivC =

)

Where Geqivc 1S the computed equivalent fracture
energy release rate; G,c is the Model | (tension
failure) fracture energy release rate; Gy is the
Model 11 (shear failure under sliding) fracture
energy release rate; Gy is the Model Il (shear
failure under tearing) fracture energy release rate;
in BK rOIes, G||C equals to G|||C.

4. Model construction and verification

4.1 Model construction

Using XFEM-based CZM, This paper presented a
2D plane strain model (Fig. 2), coupling rock
deformation and fluid flow within fracture and
porous media, to investigate the process of
temporarily plugging staged fracturing. This model
has 162299 nodes and 161901 elements (including
pore pressure element (CPE4P) and truss element
(T2D2)) with a very fine mesh around the fractures
to improve the calculation accuracy. The diameter
of the whole model is 1000 m and the enriched
zone is a square with the length of 200 m. Zero-
displacement and constant pore pressure boundary
conditions during the simulation process are
applied to the outer semicircle boundary “ACB”. In
order to reduce the computation cost, one half
semicircle model is simulated on the symmetry of
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the diameter “AOB”. Initial cracks are preset to
simulate perforations and receive injected fluid.
The investigation is carried out based on a three-
fracture array with fracture spacing of 20 m and the
input parameters are listed in Table 1 (for a typical
tight gas reservoir). We define the left fracture as
Frac. 1, the middle fracture as Frac. 2, the right
fracture as Frac. 3. During the simulation process,
Frac. 2 propagates firstly and last for 1200 s, after
that, Frac. 2 is plugged by diverting agents and then
Frac. 1 and 3 begin to initiate and propagate. The
effects of Frac. 2 on the propagation geometries of
Frac. 1 and 3 are investigated.

Horizontlal Well

Frac: 1 Frac: 2 Frac: 3

Initial Crack ! -1
Perforation Cluster Spacing of 20 m

Figure 2. 2D Finite element model

Table 1. input parameters used in the simulation model

PARAMETER VALUES
Young’s modulus, E (GPa) 40
Poisson’s ratio, v (dimensionless) 0.2

Minimum principle horizontal stress, 12
[ (MPa)

Maximum principle horizontal stress, | 15
OH (MPa)

Initial pore pressure, p, (MPa) 45
Injection rate, Q (m*/min) 4
Permeability, k (mD) 0.01
Void ratio, @ (dimensionless) 0.1
Fluid viscosity, u« (cp) 10

Damage initiation stress (equivalent | 2
to rock tensile strength) , oomax (MPa)

Critical energy release rate, G,cand 30
Giic (kN/m)

Leakoff coefficient (m*/kPa-s) 5.879x10™°

4.2 Model Verification

In this part, two fractures with the spacing of 10 m
are simulated both with the model of this paper and
the Unconventional Fracture Model (UFM) [9]. The

input parameters are the same as presented by Wu
[10] and the simulation results are given in Fig. 3.
It shows that both of the fracture propagation path
and the fracture width vs. length are in good
agreement respectively.

40
w4 3
Ad na
I W
=
N »
% A ®  This Model § f
K= 044 UFM * .
] IS a
LI I
” 20 £ EY
A [7Y
-30 g A
-40 T —— : : T e :
20-16-12 -8 -4 0 4 8 12 16 20
X Coordinate (m)
(a)
9
8+ a
- "t 1
g 7] e,
E 6] 1y
= ®  This Model 1
T 59 A UM 1
= 4. T
g
g 3 H
= 24 z
|ﬂ
i
0

0 5 10 15 20 25 30 35 40 45 50
Fracture Length (m)
(b)

Figure 3. Comparison with published simulation results.
(a) Trajectory comparison. (b) Fracture width
comparison

5. Results and discussion

Based on the established model above, this section
investigates the effects of important factors on the
fracture geometries during temporarily plugging
staged fracturing. These factors include plugging
efficiency, propped aperture of the previous
fracture, formation permeability, in-situ stresses,
Young’s modulus and rock tensile strength.

5.1 Plugging efficiency

High permeability lead to high fluid leak-off rate
[11]. The effects of plugging efficiency were
investigated by changing the injection rates of
Fracs. 2. Four cases with the plugging efficiency of
50%, 60%, 90%, and 100% were simulated
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respectively. The results (shown in Fig. 4)
demonstrate that, given the total injection rate,
Fracs. 1&3 propagate more maturely with the
reduction of the injection rate of Frac. 2. Uniform
fractures will enhance the simulation results.

Therefore, during temporarily plugging staged
fracturing, the optimal recipe of diverting agents
should be used to ensure the perfect plugging of the
previous fracture.

Figure 4. Propagation paths and apertures of the three
fractures with various plugging efficiency of Frac. 2 (the
previous fracture), 100-folds exaggeration of the
apertures.£ is the plugging efficiency.

5.2 Propped aperture of the previous fracture

During temporarily staged fracturing, Frac. 2 (the
previously created fracture) was plugged and
propped, which generates rock deformation and
alters the stress field. In this part, the opening of
Frac. 2 was remained by exerting distribution
pressure on the surfaces of Frac. 2. Four cases of
75%, 80%, 90% and 100% of the initial aperture
propped were simulated. The simulation results
(given in Fig. 5) illustrates that larger propped
aperture of Frac. 2 generates bigger curvature and
slightly smaller width of Fracs. 1&3. Furthermore,
Frac. 2 has lager length with the smaller aperture.
This is because the larger aperture of Frac. 2
induces stronger stress shadow effects and increase
the propagation resistance of Fracs. 1&3. Thus the
fluid pressure in Fracs. 1&3 is higher and the width
is greater.

5.3 Formation permeability

Four cases with formation permeability of 0.0001
mD, 0.001 mD, 0.01 mD, 1 mD, respectively, were
simulated to investigate the effects of previous and
propped fracture on the propagation paths and
width of subsequent fracture. The simulation results
(Fig. 6) shows that the widths of the three fractures

11

Rock Displacement, mm

Figure 5. Propagation paths and apertures for the three
fractures with varying apertures of Frac. 2,300-folds
exaggeration of the apertures. #is the percent of the
initial aperture of Frac. 2

decrease as formation permeability increase. While
the lengths are on the contrary. This is because
greater formation permeability generates higher
leak-off rate, which reduces fracturing fluids
remaining in fracture and decreases the fluid
pressure. Lower fluid pressure lead to narrower
fracture width and longer length. Therefore, in
formation with high permeability, fracture
interaction is not large during temporarily plugging
staged fracturing.

Figure 6. Propagation paths and apertures of the three
fractures with varying formation permeability.300-folds

exaggeration of the apertures. K is the formation
permeability.

5.4 In-situ stress

In this part, fracture propagation under the
conditions of the different magnitude of in-situ
stress and the horizontal differential stress are
simulated. Fig. 7 gives the propagation geometries
of the three fractures for the different magnitude of
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in-situ stresses and Fig. 8 presents that for various
horizontal differential stress.

In Fig. 7, with the increase of the magnitude of in-
situ stresses, the widths of the three fracture
become wider and the lengths of the three fracture
become shorter. The reason is that high in-situ
stress results in strong propagation resistance and
increase the fluid pressure within the fracture. As
stated above, high fluid pressure generates wider
fracture width and shorter fracture length. In Fig. 8,
with the increase of horizontal stress contrast,
Fracs. 1&3 propagate more straightly with smaller
fracture width. This is because, given the minimum
horizontal stress, higher maximum horizontal stress
more strongly restricts fracture propagation and
then Fracs. 1&3 tend to propagate in the direction
of the maximum horizontal principle stress with
smaller curvature. Moreover, small fracture
curvature brings about less propagation resistance
and low fluid pressure, thus narrower width is

obtained.
Rock Displacement, mm

Figure 7. Propagation paths and apertures with
different magnitude of horizontal stresses.300-folds
exaggeration of the apertures.oy is the maximum
horizontal stress and oy, is the minimum horizontal
stress.

5.5 Formation heterogeneity

In this part, the effects of formation heterogeneity
were investigated simply by altering the mechanical
properties of the rock surrounding Fracs. 1&3 (the
subsequent fractures). In Fig. 9, the larger the
difference in rock tensile strength is, the more
straightly Frac. 1&3 propagate. The reason is that
larger rock tensile strength surrounding Fracs. 1&3
brings about higher propagation resistance and

Q

Rock Displacement, mm

Figure 8. Propagation paths and apertures with
different stress contrasts.oy is the maximum horizontal
stress and gy, is the minimum horizontal stress.

greater fluid pressure within Fracs. 1&3. As stated
above, greater fluid pressure generates more
linearly fracture. In Fig. 10, with the increase of
Young’s modulus surrounding Frac. 1&3, Frac.
1&3 propagate more deviously with narrower
fracture width. This is because that rock with lower
Young’s modulus is soft and more likely to
generate plastic deformation, which increases
fracture propagation resistance. Thus, the fluid
pressure within fractures is enhanced, which results
in more straightly and wider fracture.

0 1.08 217 325 433 542 6.50 7.58 8.66 9.75 108 119 13.0

!

Rock Displacement, mm

Figure 9. Propagation paths for three fractures with
different rock tensile strength .100-folds exaggeration of
the apertures. St 3 is the rock tensile strength
surrounding Frac. 1&3, Sy, is the rock tensile strength
surrounding Frac. 2.
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Figure 10. Propagation paths for three fractures with
different Young’s modulus surrounding Fracs. 1&3,
100-folds exaggeration of the apertures. E; 3 is the
Young’s modulus surrounding Frac. 1&3, E, is the
Young ’s modulus surrounding Frac. 2.

6. Conclusions

Temporarily plugging staged fracturing is an
effective method to develop unconventional
reservoirs by using self-degradable diverting agents
to replace isolation tools. To simulate the fracture
geometries during temporarily staged fracturing, a
2D plain strain model using XFEM-based CZM
was established. The effects of previously created
and propped fracture on the propagation geometries
of subsequent fracture under various conditions are
investigated. These factors include the plugging
efficiency, the propped aperture of the previous
fracture, formation permeability, in-situ stresses,
formation heterogeneity. Simulation results reveal
that in-situ stress contrast affects the extent of the
stress alteration zone, while in-situ stress magnitude
impacts fracture length and width. Moreover,
plugging the previous fracture efficiently will
contribute to the uniform propagation of multiple
fractures. Furthermore, formation permeability has
little effects on the fracture propagation direction,
while Young modulus and tensile strength have a
great influence on propagation path, propagation
rates, fracture length and width during temporarily
plugging staged fracturing.
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