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ABSTRACT

Fracture propagation is affected by multi-metal-veins formed by geological diagenesis in shale during the
hydraulic fracturing. However, the influence of multi-metal-veins on fractures propagation remains
unclear. To solve the problem, based on the semi-circle bending (SCB) test and the extended finite
element (XFEM) theory, the interaction between multi-metal-veins and fractures is investigated. The
experimental results reveal that the fractures usually deflect at the upper or lower interfaces between
metal veins and rocks (e.g. the specimen S-2), which is different from the propagation behavior of
fractures in calcite veins. Meanwhile, the fracture toughness of the specimen S-1 is 24.40% higher than
that of the specimen S-2, indicating that the increasing of total thickness of multiple metal veins in-
creases the resistance to the fracture vertical propagation. The simulation results show that the
increasing of the number, total thickness of veins, the modulus difference between veins and rock, the
approach angle and the notch angle all increase the resistance of the fracture passing through metal
veins. The maximum deviation distance (Dmax) of the fracture decreases with the number of veins, while
thickness combination types of metal veins do not affect Diax. The reduction of the notch angle leads to
the more tortuous fracture propagation path. Finally, we propose a new comprehensive fracture network
pattern. Fracture networks are divided into two categories, including orthogonal fracture networks and
sub-orthogonal fracture networks, and then divided into six sub-categories further. The research results
will provide reference for hydraulic fracturing of shale reservoirs containing multi-metal-veins.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

fracture propagation to varying degrees, and then influences the
effect of hydraulic fracturing. Hence, it is critical to investigate the

Hydraulic fracturing, as a common practice to enhance the
productivity of oil and gas, has been widely used in the develop-
ment of the shale reservoir in China (Dehghan et al., 2017; Rui et al.,
2018; Pan et al., 2019; Guo et al., 2020; He et al., 2020; Li et al., 2021,
Li et al., 2022a, b, c). However, due to geological diagenesis, metal
minerals (such as pyrite) are relatively developed (Xu et al., 2019;
Fan et al, 2021), and a large number of them are distributed in
bedding (Yang et al., 2020) in the study area. Multiple metal veins
with different thickness and inclination angles are often formed in
shale (such as chalcopyrite veins and pyrite veins). This interaction
between multi-metal-veins and fractures influences the path of
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interaction between multi-metal-veins and fractures.

The research about the interaction between fractures and dis-
continuities was mainly focused on fractures and frictional inter-
face (Renshaw and Pollard, 1995; Gu and Weng, 2010; Jiang et al.,
2019). However, most natural fractures are filled with minerals
such as chalcopyrite or calcite (Grieser and Bray, 2007; Gale et al.,
2007, 2014). Considering the influence of veins on fracture propa-
gation, some experimental research was conducted. Through the
experiment of gypsum cement block to study the interaction be-
tween fractures and the single cemented natural fractures, it was
found that the angle of intersection is the most important factor
affecting this interaction (Bahorich et al., 2012). Based on the SCB
test, it was found that the fractures tend to cross the single vein
easily as the approach angle increases, and the fractures tend to
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divert into the vein when the approach angle decreases (Wang
et al,, 2013; Lee et al., 2015). The interaction between fractures
and the single vein has been studied by the SCB. The results showed
that larger approach angles and thinner veins were more likely to
cause fractures to cross the veins, which resulted in complex frac-
tures (Wang W.W. et al., 2018). In previous experiments, only the
interaction between a single vein composed of calcite or artificial
gypsum and a fracture was studied. The influence of multiple metal
veins on fracture propagation has not been considered.

Considering the difficulty to produce vein-contained samples,
numerical simulation becomes an important method to investigate
rock damage, fracture propagation and the interaction of fractures
and veins (Li et al., 2017, 2020; Cong et al., 2021). The interaction
between a single vein and a fracture was studied by the three-
dimensional discrete element method. The results show that the
interaction between the vein and the fracture becomes stronger
when the strength difference between veins and rock matrix in-
creases (Virgo et al., 2013). Based on the three-dimensional discrete
element theory and the SCB model, the interaction between a
single vein and a fracture was simulated. When the approach angle
and strength of veins decreased, fractures were more likely to turn
into the veins (Lee et al,, 2016). Based on the coupling model of
lattice Boltzmann method and the discrete element method, the
interaction between fractures and cemented fractures was studied
(Chen et al., 2018). The interaction between a single vein and a
fracture was simulated based on the three-dimensional discrete
element method and the SCB model. It was found that the fracture
was more likely to divert into the vein when the approach angle
decreases. And when the differential stress increased, fractures
tended to cross the veins (Lee et al., 2018a, b). Numerical simula-
tions from previous studies were mainly considered the interaction
of the single vein and fracture, and explained mechanism. However,
the influence of multiple metal veins on fracture propagation has
not been investigated.

As can be seen from the previous discussion, the effect of mul-
tiple metal veins on fracture propagation remains unclear. In this
paper, we investigated the interaction between the fracture and
multi-metal-veins by the SCB test and numerical simulation
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method. First, we quantitatively investigated the interaction be-
tween multiple metal veins and fractures through the SCB tests.
Second, a two-dimensional SCB numerical model based on the
extended finite element method was established. Third, the influ-
ence of the number of veins, vein thickness, modulus contrast,
approach angle and notch angle on fracture propagation was
analyzed. Last, on the basis of previous researchers and combined
with the research results of this paper, we proposed a new
comprehensive fracture network pattern.

2. Methodology

Fig. 1 depicts the flow chart of studying the interaction between
the fracture and the veins in this study. In the paper, the interaction
includes the influence of multiple metal veins on fracture propa-
gation path and fracture toughness, as well as various fracture
networks generated by the interaction. Firstly, based on the semi-
circle bending (SCB) test, we calculated the fracture toughness of
shale containing metal veins, and observed the propagation
behavior after the interaction between fractures and veins. Subse-
quently, based on the numerical simulation, we established a 2D
numerical model of the SCB with veins. Through this model, the
influence of factors such as the number and thickness of veins on
the interaction between fractures and veins was studied, and the
difficulty and behavior of fracture propagation were evaluated ac-
cording to the numerical results. Finally, based on the previous
studies and the simulation results of this paper, we proposed a new
comprehensive fracture network pattern to systematically describe
the interaction results between fractures and veins.

2.1. Experimental

The SCB test theory developed by Chong and Kuruppu (1984)
was applied to the calculation of the fracture toughness of mate-
rials (Chong et al., 1987; Lim et al., 1993; 1994; Kuruppu et al., 2014).
Based on the previous research, the SCB method has been suc-
cessfully used in the study of the fracture propagation. Although
the SCB test does not consider the effect of fluid when studying
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Fig. 1. Flow chart of studying the interaction laws between the fracture and the veins.
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Fig. 2. The geometry size of the SCB shale specimen (R is the radius of the specimen; a is the length of the notch; D is the thickness of the specimen; 25 is the distance between

support rollers; P is the displacement load; the yellow is the metal vein).

Table 1

The specimen parameters.
Radius R, mm Notch length a, mm Span 2S, mm Thickness D, mm 2S/2R alR
50 10 50 40 0.5 0.2

fracture propagation, the fracture interactions that occurred in the
test were similar to the fluid-driven fractures, and the fractures
propagated slowly, which illustrates that the method can be used to
investigate hydraulic fractures propagation (Bahorich et al., 2012;
Lee et al., 2015; Wang W.W. et al., 2018).

The size of the SCB specimens is consistent with size recom-
mended by ISRM (Kuruppu et al., 2014) (Fig. 2), and the specific
parameters of the specimens are shown in Table 1. Through rock
mechanics experimental tests, it is found that the average content
of metal minerals (pyrite) is about 3%. The load roller was used to
apply the displacement load of 0.2 mm/min in this paper. Two
support rollers supported the specimens. The acoustic emission
sensor was used to receive acoustic emission signals generated by
rock fractures (Fig. 3).

2.2. Numerical simulations

Due to the difficulty of producing specimens containing multi-
metal-veins, it is difficult to obtain sufficient interaction laws be-
tween fractures and multiple metal veins through experiments.
Numerical simulation has been widely used in the engineering field
because of its low experimental cost and fast solution speed.
Therefore, the numerical simulation method can be used as another
way to study the interaction between multiple metal veins and
fractures.

In this paper, a 2D extended finite element (XFEM) model was
used to investigate the interaction between multi-metal-veins and
fractures. Table 2 shows the mechanics parameters including
Young's modulus and Poisson's ratio of rocks, veins and interfaces
in the model. Since the samples in this paper were taken from the
same area as the samples in the previous study, the parameters in
the model were the same as those in the previous publication (Han
et al, 2021).

The geometry size of the SCB model shown in Fig. 4 was the
same as the size of specimens in the experiment. In Fig. 4, the angle
« is the approach angle, which is the angle between the initial
fracture direction and the vein. The angle § is the notch angle,
which is the angle between the notch and the vertical direction. In
fact, metal veins are irregularly distributed in 3D space. If the vein
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Fig. 3. Servo hydraulic test system.

with complex shape is considered, the model will be difficult to
converge in calculation. Therefore, the current model does not
consider the vein in 3D space. For the convenience of research, the
irregular metal veins were idealized as rectangles in the model.

The displacement field around the crack tip is discontinuous and
infinite during the simulation. To solve the problems above, the
extended finite element method (XFEM) introduces two local
enhancement functions including the asymptotic function and the
step function to approximate the displacement field on the premise
of keeping the existing grid. This method uses the asymptotic
function F,(x) to capture the singular points near the crack tip. The
step function H(x) represents the discontinuous displacement field.
The approximate displacement field around fractures is described
by Eq. (1) (Stolarska et al.,, 2001; Fries and Baydoun, 2012; Zeng
et al,, 2018; Wang B. et al., 2018):
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Table 2
Material parameters of each part in the model.

Material Young's modulus E, GPa Poisson's ratio
Rock 25 0.27

Vein 50 0.3

Interface 0.1 0.2

N 4
(43
u=>"Nx) |u+HXa +>_ Fa(x)b] (1)
I1=1 a=1

In Eq. (1), the N{(x) means the shape function; u; is the node
displacement vector; a; is the node enrichment degree of freedom
vector; by is the node enrichment degree of freedom vector at the
crack tip.

The discontinuous step function H(x) is given (Wang B. et al,,
2018):

1 if(x—=x")n>0
hHx) = { —1 otherwise (2)

where x is a Gaussian point; x* is the point on the crack wall
pointing to x; n is the unit where the crack at x* is perpendicular to
the outside. The asymptotic function F,(x) is given (Lecampion,
2009; Wang B. et al., 2018):

VT sin

VTR
N———

VT cos
[Fo(r,0),a=1-4]= (3)
\/Fsin< sin 6

)sin 0

where (1, ) is a polar coordinate system whose origin is at the crack
tip.

The initiation of the fracture is described by the maximum
principal stress criterion, as follows:

N N

N
N—

N
~——

\/Fcos(

N <
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f =2 (@)

40
T max

where f means the maximum principal stress ratio; omax and ¢9,,,
represent the maximum principal stress and the maximum
allowable principal stress, MPa, respectively. When f reaches 1, the
fracture propagates along the direction perpendicular to the
maximum tensile stress.

A 2D SCB model with multi-metal-veins was built (Fig. 5). The
model was the ideal model and was only used to illustrate the
components of the numerical model. The parameters of the model
are shown in Tables 1 and 2. The global seed size of the model was
0.0005. A 4-node bi-quadratic plane strain element (CPE4R) was
designated as the element type. The displacement load was
0.2 mm/min. In order to directly observe the fractures propagation
path at the interface between the vein and the rock, the interface in
the model was replaced with a thin and weak layer (Fig. 5, left).

3. Results and discussion

3.1. Fracture interaction between multi-metal-veins and the
fracture in the SCB test

3.1.1. Fracture propagation

A servo hydraulic test system was used to load specimens con-
taining multi-metal-veins, and the fracture propagation path is
shown in Fig. 6. The specimen S-1 contains two thick metal veins,
the location of which is shown in Fig. 6a. After initiating, the frac-
ture propagates vertically upward into the bottom vein, then
crosses the vein and diverts at the upper interface. The fracture
propagates a short segment to the left along the upper interface
between the metal vein and the rock. Similarly, the fracture crosses
the top vein and diverts to the left along the upper interface. Then
the fracture propagates in the rock until the specimen completely
ruptures. It can be found that the fracture does not divert at the
bottom interface between the vein and the rock; at the upper
interface, however, the fracture diverts in the same direction. The
specimen S-2 contains multiple thin metal veins, the lower two of
which are only analyzed, and the position of veins is shown in
Fig. 6b. Different from the results of the specimen S-1, the fracture
diverts at the upper and lower interfaces of the veins. The
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Fig. 4. The geometry of the SCB specimen.
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Fig. 5. Model geometry (left) and grid (right).

experimental results indicate that, in specimens S-1 and S-2, the
comprehensive influence of multiple interfaces leads to the final
fracture propagation pattern.

3.1.2. Fracture toughness

The load-displacement data of the specimens was recorded in
the SCB experiment, and the peak load was obtained. Finally, the
fracture toughness was calculated by using the peak load and
specimens’ parameters (Eq. (5) and Eq. (6)) (Kuruppu et al., 2014).

_ Pmaxvma,,
Kic = “SRE Y (5)
2S 28
/— — RE— — [—
Y= 1.297+9.516(2R> (0,47+16.457(2R))x
25\\ »
+ ( 1.071 4 34.401 5r) )X (6)

The specimens containing multi-metal-veins were tested to get
the peak load (Pmax) and fracture toughness (Kic). R is the radius; B
is the thickness; a is the notch length; and the value of x is a/R; Y’ is
the dimensionless coefficient. The test results are shown in Table 3.

Fig. 7 shows the load-displacement curves of the specimens
containing multi-metal-veins. The peak load of the specimen S-1 is
30.580 kN, and the fracture toughness is 3.320 MPa m'/? (Fig. 7a).
The peak load of the specimen S-2 is 23.113 kN, and the fracture
toughness is 2.510 MPa m'/? (Fig. 7b). The fracture toughness of the
specimen S-1 is 24.40% higher than that of the specimen S-2. The

Table 3

Test results for each sample containing multi-metal-veins.
Specimen Prnax, kKN Kic, MPa m'/2
S-1 30.580 3.320
S-2 23.113 2.510

experimental results show that the fracture toughness of the
specimens increases as the total thickness of the metal veins in-
creases, which increases the difficulty of the specimens rupturing.

3.1.3. Acoustic emission events and energy of the fractures passing
through multi-metal-veins

Acoustic emission (AE) is a phenomenon produced during the
fracture of rocks and other materials, which contains important
information about the internal failure process of materials. In this
paper, the AE is used to analyze the fracture information of shale
containing multi-metal-veins.

The curves of acoustic emission (AE) events, energy and load-
time in the specimen S-1 are shown in Fig. 8a and b, respectively.
The results show that the AE events occur intensively after 100 s,
and the number of the AE events is more obvious at 249.58 and
250.16 s. The results of AE energy also show higher energy at these
two moments. Two significant fracture events can be inferred at
249.58 and 250.16 s, which are considered to be caused by the
fracture passing through the two metal veins. The curves of AE
events, energy and load—time in the specimen S-2 are shown in

Fig. 6. Fracture propagation path in SCB test. (a) Specimen S-1; (b) Specimen S-2.
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Fig. 7. Load—displacement curves of the samples containing multi-metal-veins. (a) Specimen S-1; (b) Specimen S-2.
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Fig. 8. The number of AE events and AE energy of the samples with multi-metal-veins. (a, b) AE events and load curves, energy and load curves of the specimen S-1, respectively; (c,
d) AE events and load curves, energy and load curves of the specimen S-2, respectively.
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Fig. 9. Comparison of fracture propagation path in SCB test and numerical simulation. (a) Specimen S-1; (b) Specimen S-2.

Fig. 8c and d, respectively. The results show that there are no AE
events in the early stage of the whole loading process, and only two
maxima appear in 184.81 and 189.64 s in the later stage of loading,
which indicates that two fracture events that are considered to be
caused by the fracture passing through two metal veins have
occurred. The AE experimental results reveal that a strong AE signal
is generated when the fracture crosses the metal veins, which can
be used to monitor the interaction between the fracture and mul-
tiple metal veins.

3.2. Fracture interaction between multi-metal-veins and the
fracture in the numerical simulation

We reconstructed the numerical model corresponding to spec-
imens S-1 and S-2 (Fig. 9, top). The simulation results corre-
sponding to specimens S-1 and S-2 (as shown in Fig. 6), and
comparison of fracture propagation path in SCB test and numerical
simulation are shown in Fig. 9. The results of the numerical simu-
lations were compared with the results of the SCB tests for model

| Central axis

_ :Fract [ire
|
| Dmax |
£
(&)
0
<

2 -

Fig. 10. Schematic diagram of the fracture deviating from the central axis.
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validation. The results showed that the fracture propagation paths
in the numerical simulation and the SCB test were roughly the
same. The errors between the simulation results and the experi-
mental results were about 3.65% (Figs. 9a) and 3.50% (Fig. 9b),
respectively.

3.2.1. Fracture propagation path description in the numerical
simulation

In order to study the interaction laws between the fractures and
the veins, we focused on analyzing the maximum horizontal dis-
tance (Dmax) that deviated from the central axis of the specimens
when the fracture propagated to a vertical height of 3.5 cm (Fig. 10).
At the same time, the time t when the fracture propagates to a
vertical height of 3.5 cm was counted. These two parameters were
used to describe the characteristics of the fracture propagation.

In all cases, the deflection occurred at the interfaces between
the metal veins and the rock before and after the fracture crossed
the vein. Now we used the case of the model containing three-
metal-veins to illustrate the fracture propagation path. The thick-
ness of the vein is 2.5 mm.

Fig. 11 indicates the Mises stress distribution and fracture
propagation path corresponding to different number of veins under
the same propagation height condition. The result shows the
fracture basically deflects to different degrees when the fracture
reaches the upper and lower interfaces between the metal veins
and rock (The upper and lower interfaces are the upper and lower
surfaces where veins contact rocks). At the same time, the internal
stress of the uppermost vein increases as the number of veins in-
creases (Internal stress is the distribution of stress in metal vein). It
can be measured that D,y is 1.05 mm (1 vein), 0.92 mm (2 veins)
and 0.87 mm (3 veins) respectively. The results indicate that Dpyax
decreases when the number of veins increases.

A case of 3-veins (Fig. 12) is used to illustrate the fracture
propagation process. In Fig. 12a represents the Mises stress contour
before and after the fracture crosses the 1st veins. Fig. 12b repre-
sents the Mises stress contour before and after the fracture crosses
the 2nd veins. Fig. 12¢ represents the Mises stress contour before
and after the fracture crosses the 3rd veins. t represents the time for



X.-D. Hu, S.-B. Han, S. Ma et al.

S., Mises
638.80 MPa

(a)

100.00 MPa

Top interface 91.67 MPa

Low interface

83.33 MPa
i~

75.00 MPa

2 veins

66.67 MPa

58.33 MPa

50.00 MPa

41.67 MPa

33.33 MPa

3 veins

25.00 MPa

16.67 MPa

8.333 MPa

0 MPa

Fig. 11. Stress contours of the models containing different numbers of metal veins: 1
vein, 2 veins, and 3 veins.

the fracture to reach different positions of the vein. The internal
stress in the veins becomes higher when the position of the vein
becomes higher, which shows that it is more difficult for fractures
to pass through veins with the raising of vein position. When the
fracture propagates to the first and third veins, a unidirectional high
stress zone appears on one side of the crack tip. The fracture diverts
at upper and lower interfaces. However, the high-stress areas on
both sides of the crack tip are roughly symmetrically distributed
before and after crossing through the second vein, and the fracture
does not divert. Consequently, the unidirectional high stress is the
main factor affecting fracture diversion.

3.2.2. Effect of the number of veins

In order to further analyze the influence of the number of metal
veins on fracture propagation, Fig. 13 shows the stress curves of the
lower interface of the bottom vein in different models. The posi-
tions of the two maximum stresses does not change for different
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models in Fig. 13. The result shows that the offset distance of the
fracture at the lower interface of the bottom vein is the same (the
offset distance at the lower interface of the bottom vein is 1.1 mm).

It can be seen from Fig. 13 that the Mises stress at the lower
interface of the bottom vein in the 2-veins model is 1.51% larger
than that in the 1-vein model. The Mises stress at the lower
interface of the bottom vein in the 3-veins model is 3.51% larger
than that in the 1-vein model. The result shows that the stress at
the lower interface of the bottom vein increases with the increase
of the number of veins, which indicates the resistance to the frac-
ture vertical propagation increases with the increase of the number
of veins. In the 3-veins model, the longest time for the fracture to
propagate to a height of 3.5 cm is 0.3202 s. The shortest time,
however, is 0.2323 s in 1-vein model (Fig. 14). The time when the
fracture propagates to a vertical height of 3.5 cm increases by 37.8%
as the number of veins increases, which shows that the increasing
of the number of veins reduces the speed of vertical fracture
propagation.

3.2.3. Effect of thickness of veins

Fig. 15 shows the Mises stress distribution and fracture propa-
gation path corresponding to the combination types of thickness of
veins under the same propagation height. Fig. 15a has two 4 mm
veins, which is named type-A. Fig. 15b has a 4 and 2.5 mm veins,
respectively. The 4 mm-vein located in the upper place, which is
named type-B. Fig. 15c also has a 4 and 2.5 mm veins, respectively.
The 4 mm-vein located in the lower place, which is named type-C.

The combination types are different, but Mises stress distribu-
tions are similar. With different combination types of the veins,
Dmax is 0.90 mm (type-A), 0.95 mm (type-B), and 1.00 mm (type-C),
respectively. The result indicates that Dp,x remains basically un-
changed when the total thickness of the combination type
increases.

In order to illustrate the influence of the combination types on
fracture propagation, Fig. 16a and b shows the stress curves at the
lower interface of the upper and bottom veins under the different
combination types. For the upper veins, the stress around the crack
tip at the lower interface of type-B and type-C is roughly the same.
The stress around the crack tip of type-A, however, is 30% larger
than the first two types. For the bottom veins, the stress around the
crack tip of three types is roughly the same. The above results show
that the increase of the total thickness of the veins will increase the
resistance of the fracture vertical propagation. This conclusion is
consistent with the conclusion of the experiment in Section 3.1.
However, the position of the maximum stress in the three combi-
nation types does not change, which indicates that different
thickness combination types do not affect the offset of fractures at
the interface. The time when the fracture propagates to a vertical
height of 3.5 cm in three types is roughly the same (type-A,
0.2821 s; type-B, 0.2841 s; type-C, 0.2822 s) (Fig. 17), which shows
that the thickness combination types of veins hardly affects the
speed of vertical fractures propagation.

3.2.4. Effect of modulus contrast

Fig. 18 shows the results of different modulus contrast (0.5E;ock,
Erock, and 2E;ock)- The thickness of the vein is 2.5 mm. In Fig. 18a—c,
the modulus of the veins is 0.5Eock, Erock and 2E;ock, respectively.
The results show that the combination types are different, but
Mises stress distributions are similar. With different modulus
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Fig. 12. Stress contours when the fracture propagates in the 3-veins model at different times.
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Fig. 13. Comparison of stress curves at the lower interface between the bottom veins

and rocks. Fig. 14. Time for fracture propagation to a vertical height of 3.5 cm (1 vein, 2 veins, 3

veins).

contrast, Dpax is 0.68 mm (0.5E;ock), 0.81 mm (Epock), and 0.95 mm
(2Erock), respectively, which indicates that D,y increases with the
increasing of the modulus contrast.

In order to further illustrate the influence of the modulus
contrast on the fracture propagation, Fig. 19a and b shows the stress
curves at the lower interface of the upper and bottom veins under
different modulus contrast. For the upper veins, the maximum
Mises stress at the lower interface of the upper vein of E;oc is 93.2%

higher than that of 0.5E;ck. The maximum Mises stress at the lower
interface of the upper vein of 2E;yck is 79.1% higher than that of
Erock- For the bottom veins, the maximum value of Mises stress at
the lower interface of the bottom vein at E;oc is 63.7% higher than
that of 0.5E;ock. The maximum value of Mises stress at the lower
interface of the bottom vein with a modulus of 2E;,q is 53.9%
higher than that of E;ocx. With the increasing of modulus contrast,
the maximum Mises stress of upper and bottom vein increases
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Fig. 15. Stress contours of the models with the different combination types of thick-
ness of veins: type-A, type-B, type-C.
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Fig. 17. Time for fracture propagation to a vertical height of 3.5 cm (type-A, type-B,
type-C).

greatly. However, the maximum Mises stress of the upper vein
increases more. The results show that the difficulty of fracture
propagation when the fracture crosses the upper and lower veins
increases significantly as the modulus contrast increases. Mean-
while, in the 2E;,x model, the longest time for the fracture to
propagate to a height of 3.5 cm is 0.2888 s. The shortest time,
however, is 0.2710 s in 0.5E;ox model (Fig. 20). The time when the
fracture propagates to a vertical height of 3.5 cm increases by 6.57%
as the modulus contrast increases, which shows that the speed of
vertical fracture propagation is slightly affected by modulus
contrast.

3.2.5. Effect of approach angle

The approach angle («) is the angle between the initial fracture
direction and the metal veins. Fig. 21 shows the results of simula-
tion with different approach angles (Figs. 21a and 30°; Figs. 21b and
60°; Figs. 21c¢ and 90°). The thickness of the vein is 2.5 mm. The

(b) 30

—@— TypeA

Stress, MPa

T T T
0 0.01 0.02 0.03 0.04

The distance along x, m

Fig. 16. Stress curves at the lower interface of the upper and lower veins under the different combination types. (a) Upper vein; (b) Bottom vein.
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Fig. 20. Time for fracture propagation to a vertical height of 3.5 cm (0.5E;ock, Erock, and
25rock)~

results show the Mises stress distributions are different with
different approach angles. When the approach angle is 90°, the
Mises stress is the largest. So the fracture is difficult to propagate.
With different approach angles, Dz is 2.04 mm (« = 30°), 1.00 mm
(e = 60°), and 0.92 mm (« = 90°), respectively. Therefore, Dyax
decreases with the increasing of the approach angle.

Fig. 22 shows the stress contour of the upper and bottom veins
at different approach angles. The results show that the stress at the
same position and the resistance to vertical fracture propagation
increases as the approach angle increases. In addition, in the 90°
model, the longest time for the fracture to propagate to a height of
3.5 cm is 0.2888 s. The shortest time, however, is 0.1961 s in the 30°
model (Fig. 23). The time when the fracture propagates to a vertical
height of 3.5 cm increases by 47.3% with the increase of the
approach angle, which shows that the large approach angle
severely reduces the speed of vertical fracture propagation.

(b) 30
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25 1 —l— 2E.
20
©
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0 4 . - T
0 0.01 0.02 0.03 0.04
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Fig. 19. Stress curves at the lower interface of the upper and lower veins under different modulus contrast. (a) Upper vein; (b) Bottom vein.
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Fig. 21. Stress contours of the models with various approach angles: 30°, 60°, and 90°.

3.2.6. Effect of notch angle

The notch angle (§) is the angle between the initial fracture
direction and the vertical direction. Fig. 24 shows the simulation
results with different notch angles (30° in Fig. 24a; 45° in Fig. 24b;
60° in Fig. 24c). The thickness of the vein is 2.5 mm. The results
show that the Mises stress distributions are different with different
notch angles. The Mises stress shows larger values when the
approach angle is 60°, so the fracture is difficult to propagate. In
addition, the fracture propagation path becomes more tortuous as
the notch angle decreases.

Fig. 25 shows the stress curves at the lower interface of the
upper and bottom veins under different notch angles. For the upper
vein, the stress at the lower interface of the 30° and 45° models is
roughly the same. The stress at the lower interface of the 60°
model, however, is 150% larger than that of the first two models. For
the bottom veins, the Mises stress at the lower interface increases
with the increasing of the notch angle. At the same time, it is found
that the position of maximum stress at the lower interface of the
bottom vein shifts to the right with the increase of the notch angle
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(dotted green arrow), which indicates that the position where the
fracture crosses the bottom vein is farther away from the central
axis of the sample as the notch angle increases. In the § = 60°
model, the time for the fracture to propagate to a height of 3.5 cm is
longer than that of the other two models, which is 0.3640 s
(Fig. 26).

3.3. Discussion

3.3.1. Fracture network pattern

A simplified diagram of the fracture propagation path in the
simulation results is given in Fig. 27. The black solid line represents
the fracture propagation path, and the blue dashed line is the
central axis of the model. (a) The fracture and multiple metal veins
are orthogonal, and the fracture steps in a direction. The number of
metal veins does not affect the pattern of fracture network. (b) The
fracture and multiple metal veins are sub-orthogonal when the
approach angles are 30° and 60°. The fracture and multiple metal
veins are orthogonal when the approach angle is 90°. The
decreasing of the approach angle makes the fracture deviate further
from the initiation direction. (c) The fractures in type-A are
orthogonal to the metal veins and step in two different directions.
Different from type-A, the fractures in type-B and type-C step in
one direction. When the veins are thicker, the fracture tends to step
in both directions. (d) When the modulus of the veins is less than or
equal to the modulus of the rock, the fractures are more inclined to
step in two different directions. When the modulus of veins is
larger than that of rock, the fractures tend to step in one direction.
(e) When the notch angle is between 0 and 90°, the fractures are
sub-orthogonal to the metal veins.

Fracture arrays are defined as one or more pairs of propagating
fractures and pre-existing veins. In addition, the fracture network is
used as the pattern of the fracture array (Kolawole and Ispas, 2019).
In this paper, based on the fracture network classification of
Kolawole and Ispas (2019) and the results of this research, we
proposed a new comprehensive fracture network pattern. The
fracture network is divided into two categories: orthogonal and
sub-orthogonal fracture networks. The orthogonal fracture
network is further divided into three types: orthogonal,
orthogonal-unidirectional stepping and orthogonal bi-directional
stepping networks (Fig. 28a). The sub-orthogonal fracture
network is further divide into three types: sub-orthogonal, sub-
orthogonal-unidirectional stepping and sub-orthogonal bi-direc-
tional stepping network (Fig. 28b). That is, two categories and six
sub-categories. The orthogonal network is a type of fracture
network generated by the interaction of fractures and veins when
the approach angle is 90°. At the same time, in this type, the
interaction between fractures and veins is mainly crossing. One of
the characteristics of the sub-orthogonal network is that the
approach angle is less than 90°, and the interaction between the
fracture and the veins is mainly non-crossing (such as diversion and
jogging) when the fracture interacts with the vein.

Based on the new fracture network pattern, it can be seen that
the interaction between fractures and veins mainly forms an
orthogonal-unidirectional stepping fracture network in the simu-
lation results of the number of veins. The small approach angle
makes it easier to form sub-orthogonal-unidirectional stepping
fracture network between fractures and veins. When the veins are
thicker, it is easier to form an orthogonal unidirectional stepping
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Fig. 22. Stress contours of the models with various approach angles: 30°, 60°, and 90°. (a) Bottom vein; (b) Upper vein.
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Fig. 23. Time for fracture propagation to a vertical height of 3.5 cm (30°, 60°, and 90°).
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Fig. 24. Stress contours of the models with various notch angles: 30°, 45°, and 60°.

Petroleum Science 20 (2023) 1707—1723

fracture network between the fractures and the veins. When the
modulus of the vein is greater than that of the rock, a unidirectional
stepping network is more likely to form between the fracture and
veins. When the notch angle is between 0 and 90°, the fracture and
metal veins always form sub-orthogonal fracture network.

3.3.2. The influence of veins type

The type of minerals has a significant impact on the interaction
between the fracture and veins. We take calcite-filled natural
fractures as an example to illustrate its influence on the interaction
between the fracture and the vein. Based on the SCB test and
microscopic test, the interaction between the fracture and calcite
veins is investigated (Lee et al., 2015). It is found that the fracture
always extends or propagates within the calcite veins when the
fracture and veins interact and divert, rather than at the interface
between the calcite vein and rock, which may be due to the defects
of calcite itself (Fig. 29a) (such as cleavage planes, and fluid or solid
inclusions, etc.). In contrast, the fracture is always deflected along
the interface between the metal veins and the rock (Fig. 29b). These
characteristics eventually lead to the formation of the fracture
network patterns described above.

4. Conclusions

Based on the SCB test and XFEM, this study analyzes the inter-
action between multi-metal-veins and fractures. The following
conclusions are drawn through the experiments and numerical
simulation:

(1) In the shale with thin metal veins, the fractures deflected at
the upper and lower interfaces between the metal veins and
the rock. In shale with thick veins, however, the fractures are
not deflected at the lower interface between the metal veins
and the rock. The comprehensive influence of multiple in-
terfaces leads to the final fracture propagation patterns. The
fracture toughness of the specimens increases with the
increasing of the total thickness of the veins. A strong AE
signal is generated when the fracture crosses the metal veins,
which can be used to monitoring the interaction between the
fracture and multiple metal veins.

(2) The maximum deviation distance (Dpax) of the fracture de-
creases with the increasing of the number of veins; however,
the resistance to the vertical propagation of the fracture in-
creases with the increase of the number of veins. The com-
bination patterns of thickness of veins does not affect Dyax,
but the increasing of total thickness of veins will increase the
resistance to fracture vertical propagation.

(3) The Dpax and the resistance of vertical fracture propagation
will increase with the increasing of the modulus contrast.
The Dmax will decrease when the approach angle increases,
but the resistance of fracture propagation will increase with
the increasing of the approach angle. The reduction of the
notch angle results in a more tortuous fracture propagation
path, and the position where the fracture crosses the bottom
vein is close to the central axis of the specimen.

(4) In this paper, a new comprehensive fracture network pat-
terns is proposed. In this pattern, fracture networks are
divided into two categories: orthogonal fracture networks
and sub-orthogonal fault networks, and then into six sub-
categories including orthogonal, orthogonal-unidirectional
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Fig. 25. Stress curves at the lower interface of the upper and lower veins under different notch angles. (a) Upper vein; (b) Bottom vein.

0.40
0.35 -
0.30 A
0.25 -
1]
o) J
g o
'_
0.15 -
0.10 A
0.05 -
0 4 : T
30° 45° 60°

Notch angle

Fig. 26. Time for fracture propagation to a vertical height of 3.5 cm (30°, 45°, and 60°).
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stepping, orthogonal bi-directional stepping, sub-
orthogonal, sub-orthogonal-unidirectional stepping and

sub-orthogonal bi-directional stepping network.

Based on the above discussion, the number of veins, total
thickness, modulus ratio, approach angle, notch angle, etc.
affect the propagation of fractures in shale hydraulic. When
the number of veins, the total thickness, the modulus ratio,
and the approach angle are larger, the resistance to the ver-
tical propagation of hydraulic fractures is larger. And due to
the influence of veins, the path of fractures propagation is
also more complicated, among which the initiation direction
of hydraulic fractures has the greatest influence. When the
angle between the fracture initiation direction and the ver-
tical direction (notch angle) is smaller, the path of fractures
propagation is more tortuous. Therefore, in the fracturing
process of shale containing metal veins, the influence of
metal veins on hydraulic fractures should be fully considered.

Modulus contrast Notch angle
(d) (e)
0.5E 0k Erock  2Eicck 30° 45° 60°

Fig. 27. Simulation results of fracture propagation path (blue dotted line is the central axis of the model; black solid line is the fracture propagation path).
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Fig. 29. The path of fractures in calcite and metal veins, respectively. (a) The path of fractures in calcite veins (Lee et al.,, 2015); (b) The path of fractures in metal veins.
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