RYenergies

Article

Insight into the Effect of Natural Fracture Density in a Shale
Reservoir on Hydraulic Fracture Propagation: Physical

Model Testing

Jihuan Wu 1, Xuguang Li ! and Yu Wang %*

check for
updates

Citation: Wu, J.; Li, X.; Wang, Y.
Insight into the Effect of Natural
Fracture Density in a Shale Reservoir
on Hydraulic Fracture Propagation:
Physical Model Testing. Energies 2023,
16, 612. https://doi.org/10.3390/
en16020612

Academic Editor: Reza Rezaee

Received: 25 November 2022
Revised: 16 December 2022
Accepted: 29 December 2022
Published: 4 January 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Shenyang Center of Geological Survey, China Geological Survey, Shenyang 110034, China

Beijing Key Laboratory of Urban Underground Space Engineering, Department of Civil Engineering,
School of Civil and Resource Engineering, University of Science and Technology Beijing,

Beijing 100083, China

*  Correspondence: wyzhou@ustb.edu.cn

Abstract: Here, laboratory tests were conducted to examine the effects of natural fracture density
(NFD) on the propagation of hydraulic fracture (HF), HF and natural fracture (NF) interaction, and the
formation of the stimulated reservoir volume (SRV). Laboratory methods were proposed to prepare
samples with dense, medium and spare discrete orthogonal fracture networks. After conducting
a true triaxial hydraulic fracturing experiment on the synthetic blocks, the experimental results
were analyzed by qualitative failure morphology descriptions, and the quantitative analysis used
two proposed new indices. On the pump pressure profiles, it reflected the non-linear interactions
between HFs and NFs well. For rock blocks with a dense DFN density, pump pressure curves
present fluctuation shape and the degree of interaction between HF and NF is strong; however, for
model blocks with a sparse DEN density, the pump pressure curves present a sudden drop shape.
In addition, different propagation behaviors of NFs—offset, divert, branch, and cross NF—can be
observed from the fractured model blocks. By using a proposed index of “P-SRV”, the relationship
between NFD and the fracturing effectiveness was further confirmed. Furthermore, the most striking
finding is that mixed mode I-II and I-III fracture types can be formed in the naturally fractured
model blocks. The experimental results are beneficial for grasping the influential mechanism of NFD
on the propagation of HF and for developing more accurate and full 3D-coupled simulation models
for unconventional oil and gas development.

Keywords: hydraulic fracturing; fracture network density; shale reservoir; hydraulic fracture
propagation

1. Introduction

In unconventional reservoirs (shale gas, coalbed methane, tight gas, etc.), the formation
of a complex hydraulic fracturing network is crucial to gas productivity. The hydraulic
fracturing effectiveness is attributed to the pronounced develop of natural fractures. From
shale core measurement and outcrop observations, plenty of natural fractures exist in
shale formation; in addition, geophysical methods of image logs and microseismic event
monitoring also prove the existing of natural fractures. Owing to the reactivation of natural
fractures, it provides the possibility that the “stimulated reservoir volume” (SRV) can be
realized through creating a complex fracturing network in the naturally fractured reservoirs.
Many reservoirs have been identified as being naturally fracture controlled (e.g., Barnett
shale, Baxter shale, Marcellus shale and New Albany shale in the United States; Longmaxi
shale, Cambrian Niutitang shale, and Yanchang shale in China, etc.) [1-5], and great strides
have been made in the aspect of natural fracture characteristics. Recently, interest has
increased regarding the studies of natural fractures on the surface (outcrop of reservoir)
and the subsurface (e.g., microseismic event, core measurement, image logs, etc.). These
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have been proven by greater industry knowledge of the influence of natural fractures on
subsurface fluid flow and by a significant and ever-increasing proportion of oil and gas
discoveries where natural fractures play a crucial role in production [1,2,5-7].

Geological density is an important factor reflecting the connectivity of natural frac-
tures. Generally, high natural fracture density is commonly desirable to hydraulic frac-
turing [1,3,8,9]. By using numerical simulators, some scholars have deeply investigated
the influence of natural fracture density on the formation of fracturing networks [10-13].
Currently, it is very popular to use numerical methods in the study of the interactions
between HFs and NFs. To study the formation of complex fracturing networks, Riahi
and Damjanac [12] used the UDEC software to explore the interactions between HFs and
the pre-existing discrete fracture network (DFN). Furthermore, to investigate the effect of
DFN connectivity on the leak-off ratio and the net pressure, Savitski et al. [10] used the
3DEC software to perform a series of numerical simulations. Results shows that leak-off
of shale formation becomes much more obvious for a dense DFN connective simulator.
However, for a sparsely connected DEN stimulator, the leak-off phenomenon is not so
obvious with the increase in fluid injection. From a prospective of damage mechanics,
Wang et al. [12] used a flow—stress—damage approach to investigate the effect of NFD on
fracture network propagation. A total of nine simulators were established including three
kinds of DFN models (i.e., a dense DFN, a sparse DEN, and a medium DFN model) at
three fluid pump rates. The numerical results show that the connectivity of the fracturing
network has a crucial effect on the interactions between HF and DFN and the associate
hydraulic fracturing effectiveness; furthermore, due to the differential fracture connectivity
in the simulation models, the results are very different under the same injection rate. For
models with low pump rate, with the increasing DFN density, the stimulated area between
HF and DFN decreased; however, at a high pump rate, the stimulated area increased with
the increase in DFN density. As is known, the numerical method has its unique advantage
to study the issues of hydraulic fracturing; there is no need to limit the experimental
conditions compared to laboratory methods. In addition, numerical methods can provide
an alternative and feasible solution for certain complex issues. Using this method, we can
easily and quantitatively control the mechanical process. Nevertheless, no matter how
perfect the results are via the numerical simulation, to ensure their credibility and reliability,
we must eventually test the numerical results against physical testing.

Laboratory tests are an important and practical method to study the propagation
of hydraulic fractures. The control of stress boundary conditions is effective, and the
experimental results are easy to observe and interpret. To conduct laboratory testing
design, determination and selection of specimens are very important [14-18]. During
hydraulic fracturing, the target reservoir is often thousands of meters deep. This method
is sometimes costly and makes it impossible to recover drilling cores underground. In
addition, for testing requirements, due to the limitation of drilling technology, it is not
suitable if the size of the tested sample is too small. As a result, artificially prepared
samples become very necessary and practical. Using similar material model blocks, Fan and
Zhang [15] performed six laboratory tests to discuss the influence of NFD on the formation
and evolution of fracturing networks during fluid injection; their model blocks include
two groups of orthogonal natural fracture. For their cement blocks, they do not consider the
paste strength of natural fractures, and the natural fracture is continuous in the model blocks.
Wang et al. [16] revealed the evolution behavior of fracture networks in random natural
fracture blocks. For model blocks with different natural fracture densities, three types
of fracture network geometries, namely radial random network, partial vertical random
branch and vertical main multi-branch fracture, were observed. For their study, the natural
fractures are randomly distributed non-tectonic micro-fractures, to mimic the natural
fracture characteristics in the Upper Triassic Yanchang Formation, Ordos Basin, China.
Wang and Li [18] conducted triaxial hydraulic fracturing experiments to study the effect of
cemented fractures on fracturing networks propagation; natural fractures with different
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paste cement strengths were considered in the model blocks. However, the influences of
NFD on the propagation behaviors of hydraulic fractures were not deeply studied.

This work emphatically focuses on revealing the effects of natural fracture density on
hydraulic fracture propagation. In this work, following our previous studies on fracturing
network propagation, a method to generate discrete orthogonal fractures was proposed
during the model block preparation. Cubic cement block units with three sizes were
produced, and they were pasted together to form a big block, and the big model block
was used to conduct a hydraulic fracturing experiment. By doing so, model blocks with
different DFNs can be realized. Among the small unit model block, cement paste was
used to bond them together to mimic the “mineralized” or healed NFs. Using the method
proposed, model blocks with three kinds of natural fracture densities can be realized.
During the hydraulic fracturing test, the dyed water was injected into the rock models
using a true triaxial hydraulic fracturing apparatus. The fracturing network propagation
and the associated fracturing effect were analyzed for the designed modeling tests.

2. Experimental Methods
2.1. Synthetic Shale Blocks Preparation

In naturally fractured shale reservoirs, most of the natural fractures in the Longmaxi
shale are observed to be discrete orthogonally. Shale formations in Pengshui play a crucial
role in China; for example, after shale outcrop survey, three groups of nearly orthogonal
natural fracture were observed, as shown in Figure 1. The open-mode natural fractures
are generally mineralized and sealed with quartz or calcite, they can be reactivated during
stimulation. Therefore, here, we produce the model blocks with three sets of orthogonal
natural fractures. In addition, the fill-sealed characteristics of natural fractures are consid-
ered. The types of cement minerals in nature fractures are various, and studying the effects
of cement properties of the fill-sealed mineral is very difficult. Although the mechanical
properties of the filled material in NF are hard to be tested, important results can be drawn
when using experimental simulations to investigate the influence of cement materials on
hydraulic fracturing treatment. The differences in material properties between the artificial
and actual shale rock are difficult to understand; however, the differential effects of filled
material on the hydraulic fracturing results can be analogous to using artificial materials
with different mechanical properties.

Figure 1. Natural fracture in Longmaxi fresh shale outcrop, China. (a) Three groups of NFs can be
observed from shale outcrop; (b) natural fracture is sealed and filled with calcite.

The hydraulic fracturing experiments were conducted on six cubic samples with a
300 mm side length, and they were prepared with a mixture of 20—40 mesh siliceous sand
and no. 425 specification Chinese Portland Cement. The mix ratio was 2:1. To well reflect
the nonuniformity of the sand material, a sieve test was used to determine the uniformity
coefficient (D60/D10) of 4.6, as shown in Figure 2a. The ratio of the mixture for cement
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and sand to water was 1:1. Cement, water, and sand were mixed for 15 min. During this
period, it can ensure the uniform distribution of sand particles in the cement. Three kinds
of cubic block units (i.e., 30, 40, and 70 mm) were made with the mixture material. All the
small model blocks were allowed to cure for two weeks at a condition of room humidity
and temperature. Then, to simulate model blocks with different natural fracture densities,
the block units were pasted to each other to form a big cubic block, and the paste material
was used to mimic the natural fracture with a special mix ratio (Figure 3a). The average
thickness of the paste interface was about 2-3 mm. Then, the “big cubic block” was allowed
to cure for two weeks to allow the cubic blocks to form a firm adhesion state. Next, a metal
mold with an internal side length of 300 x 300 x 300 mm was used to lay the “big cubic
block” in its center position (Figure 3b), and the other parts of the metal mold were filled
with cement mixture; to do so, the tested model block with its volume of 300 mm3 was
finished (Figure 3c). According to the preparation process, it can be seen that three groups of
orthogonal discrete fracture networks can be realized in the central part of the model block.
The detailed experimental projects are listed in Table 1. To facilitate the description, here,
the small cubic block is defined as “block units”, and many of those block units comprise a
group [18]. The big cubic block is the core part of the tested model blocks, of which we call
the model blocks composed of block units of 30, 40, and 70 mm as the dense DFN model
block, medium DEN model block, and sparse DFN model block, respectively. The plot of
those mechanical properties of different sizes of unit blocks is shown in Figure 2b. The
mechanical and physical parameters of the paste cement mimicking natural fractures are
shown in Table 2.

Figure 2. (a) Particle grading curve for sand material used for producing the cement blocks and paste
interface [19]. (b) Uniaxial compressive strength (UCS) of the cubic blocks with sizes of 30, 40, and
70 mm, respectively.

Table 1. The experimental design for the hydraulic fracturing tests.

Model Block Mix Ratio of Cemented NF Cubic Unit Size Amount Groups Amount Number
Number ()] (Side Length-mm) /Group P
1 1:0 30 343 1 343
2 1:4 30 343 1 343
3 1:0 40 125 1 125
4 1:4 40 125 1 125
5 1:0 70 27 1 27
6 1:4 70 27 1 27




Energies 2023, 16, 612

50f17

Figure 3. Model block preparation for hydraulic fracture test. (a) Unit blocks were pasted to each
other to form a big cubic block. (b) Big cubic block layered in the center of a metal mold; (c) Model
blocks filled with paste cement to form an ensemble; (d) Metal perforation casing installed into the
model block. (e) Structure of the perforation casing used in the experiment.

Table 2. Strength properties of interface between block units.

Tensile . . . Elastic Poisson’s o .

Mix Ratio (II\J/E’;Sa) Strength ::Clt;o(?) C?;:&f’;;m Molds Ratio Per(rrnn G;;:)lhty Po(r(;)s)lty
(MPa) 8 (GPa) 0 °
1:0 18.481 3.45 24.43 5.94 4.345 0.32 0.17 2.03
1:4 18.036 2.64 30.33 2.32 6.538 0.37 0.14 3.22

After the preparation of the model blocks were cured in molds after 28 days, a wellbore
with a diameter of 10 mm was drilled at the center position of the model block. Its depth
was 10 cm, and it was parallel to the direction of o}, (the minimum principal stress). After
drilling the borehole, the borehole was flushed by water to clear away the cement power,
and a metal perforation with an inside diameter of 8 mm was inserted into the wellbores.
For the specially designed perforation casing, perforation holes were spirally distributed
with a phase angle of 60° and spacing of 10 mm, as shown in Figure 3e. To effectively
fracture the model block, here, we set the perforation interval as 60 mm. The structure of
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the perforation casing is shown in Figure 3e. Sketches of the dense, medium, and sparse
model blocks are shown in Figure 4.

Figure 4. Schematic of model blocks with different natural fracture densities: (a) dense natural
fracture model, (b) medium natural fracture model, and (c) sparse natural fracture model.

2.2. Experimental System and Design

In order to establish the relationship between in situ hydraulic fracturing treatment
and laboratory experiments, the scaling law is often used to scale fracturing parameters,
such as stress conditions, injection rate, fracturing fluid viscosity, etc. [18-24]. A true
triaxial hydraulic fracturing experimental system was used to conduct the tests in this
work, as shown in Figure 5. In order to simulate the field stress conditions, hydraulic jacks
were used to impose vertical stress oy, horizontal maximum oy, and horizontal minimum
op, and hydraulic pumps with servo control function were used to inject fracturing fluid
(water-fracturing mode was used in the test). During the test, in order to ensure equal
pressure distribution, the pressure platens were equipped with spherical sheets. A thin
Teflon sheet covered with Vaseline was inserted between the pressure platens and the
sample to eliminate possible shear stress. For the laboratory experiments, the minimum
horizontal stress (0},), maximum horizontal stress (oy;), and vertical stress (oy) were applied
at1.42,2.13, and 4.28 MPa, respectively, according to stress characteristics of the Longmaxi
formation shale in Pengshi play, Shizhu town, China [18,24,25]. During the test, the
confining pressure applied to the model block in the three directions grew simultaneously
to equal oy, and then, oy and oy were increased to predetermined values (see Table 3).
When the confining pressure in the three directions reached the desired values, we kept
the stress for a duration of 15 min to achieve stress equilibrium in the model blocks before
injecting the hydraulic fluid [15,18].

We monitored the change in the injection pressure with a central computer. The
injection rate was at a constant value of 50 mL/min until failure of the model block. In
addition, it ensured that the injected fluid leaked into the sample to a large extent. The
changes in the injection volume and the pressure were always recorded during injection of
the fluid. When the model block was fractured, a sudden drop occurred along the curve of
the pump pressure. Before the end of the test and the shutdown of the pump, the fracturing
fluid should fully leak into the sample to ensure the entire interaction between NFs and
HFs. When the test was finished, we first depressurized the hydraulic pressure and took
the model block out from the cell of the apparatus. Then, we removed the paste cement
covering the big cubic block and pulled out the metal perforation casing. Third, the big
cubic block was opened using a static expansion method by a kind of static cracking agent
embedded inside the borehole. Subjected to the natural expansive force, we can remove
the unit blocks and observe the propagation path of the hydraulic fractures.



Energies 2023, 16, 612

7 of 17

Figure 5. The triaxial hydraulic fracturing test system used in this work.

Table 3. Testing conditions in this work for model blocks with different natural fracture densities.

Natural Mix Ratio of
Sample No. Fracture Paste I;i;ia(;fel()la\‘z;’ea) oy(MPa) oy (MPa) oy, (MPa) P(Lll:llllznli{z;e
Spacing (mm) Cement (/)
1 30 1:0 18.481 MPa 4.28 2.13 1.42 50
2 40 1:0 18.481 MPa 4.28 2.13 1.42 50
3 70 1:0 18.481 MPa 4.28 2.13 1.42 50
4 30 1:4 18.306 MPa 4.28 2.13 1.42 50
5 40 1:4 18.306 MPa 4.28 2.13 1.42 50
6 70 1:4 18.306 MPa 4.28 2.13 1.42 50

3. Results and Analysis
3.1. Pump Pressure Curve Profile

Figures 6 and 7 shows the curves of pump pressure against injection time. From the
curve profiles, we can see that the pump pressure curve profile is different for model blocks
with different NFD. In addition, the profile of the pump pressure curve is influenced by
the paste cement, which acts as a natural fracture in shale formations. From the post-test
curve profile, we can divide the pump pressure curve into two main types: (1) rapid drop
type and (2) fluctuation type. As shown in Figure 6, the mixing proportion of paste cement
is 1:0 (i.e., no sand is mixed, it is pure paste cement), the pump pressure corresponds to
model blocks composed of unit blocks sized at 30, 40, and 70 mm, respectively. For sample
#1 (unit size is 30 mm) and #2 (unit size is 40 mm), after breakdown pressure, the pump
pressure curves display a fluctuating drop trend with the increasing injection time, and the
fluctuation degree is more obvious for sample #1 than for sample #2. For sample #3, the
density of the natural fracture is smaller than sample #1 and #2. After breakdown pressure,
the curve drops sharply and the residual pump pressure is the lowest. Figure 7 also presents
the fracturing pressure curves for the model blocks of differently sized unit blocks, and
the UCS of the cement natural fractures is lower than in samples #1-#4. For samples #4
and #5, as the fluid is injected, the pump pressure curves drop after breakdown pressure;
however, the fluctuation degree is stronger for sample #4 than for #5. For sample #6, the
curve drops suddenly and then ascends slowly after the initial short-duration decline after
breakdown pressure. In addition, the peak pump pressure increases with the increase
in unit size (sample #1 < #2 < #3; sample #4 < #5 < #6), regardless of the strength of the
paste interface. Furthermore, cement characteristics of NF influence the pattern of pump
pressure profiles. For the model block with the same NF density but with a different mix
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ratio, the pump pressure presents a different profile. For samples with NF having a high
mix ratio, the fluctuation degree is greater than those samples with a lower mix ratio. It can
also be seen that the paste cement of the natural fracture affects the magnitude of the fluid
pressure during fracture propagation. Generally, the breakdown pressure is larger for the
model blocks with the paste cement, and they have high strength regardless of the natural
fracture density.

Figure 6. Plots of pump pressure against injection time for model blocks with dense, medium, and
sparse DEN (the mix ratio of the cement interface is 1:0).

Figure 7. Plots of pump pressure against injection time for model blocks with dense, medium, and
sparse DFN (the mix ratio of cemented interface is 1:4).

As shown in the pump pressure curves, the fluctuation degree of the pump pressure
is related to the fracture density in the shale formations. Many complex geomechanical be-
haviors occur during hydraulic fracturing treatment, including outward pressure, initiation
and propagation of the hydraulic fracture, interactions between hydraulic fractures and
natural fractures (e.g., offset, branching, crossing, arrest), leak-off of fracturing fluid, etc. [8].
Fluctuation morphology on the pump pressure curves indicates complicated interactions
between NFs and HFs not only in laboratory testing but also in field treatment. For model
blocks with dense NFD, the interaction between the NFs and HFs is stronger than that of
the model block with sparse NFD, which can reflect on the morphology of pump pressure
curves. Moreover, it can help us to understand the developmental characteristics of the
natural fracture subsurface from the pump pressure profiles.
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3.2. HF and NF Interaction Behaviors

As shown in Figure 8, complex behaviors can be observed for the interactions between
NFs and HFs. With the decrease in natural fracture density, interactions between HF and
NF become weaker, and the stimulated reservoir volume (SRV) decreases accordingly. For
samples with a high fracture density, the interaction is the most obvious, and for samples
with a low fracture density, the interaction is the weakest. For samples made of unit blocks
of 30 mm, mixed branch and diversion behaviors occur frequently among the cement
natural fractures; however, for samples made of unit blocks of 70 mm, most of the HFs
propagate along NF, and the behavior of arrest occurs frequently. From the results, we can
also see that cement characteristics of natural fractures also have a significant influence on
the HF and NF interaction. We also count the situations of the interactions between HF and
NF, as shown in Figure 9. For the sample with dense natural fracture density, the branch
behavior is at dominant; for the sample with sparse natural fracture density, the arrest
behavior is dominant; for the sample with medium natural fracture density, the behaviors
of branch and diversion co-exist. The statistical result further indicates that it is prone to
forming a fracturing network during formation, with a high fracture density.

Figure 8. Sketch of the interaction between NFs and HFs. (a—c) Unit block size is 30, 40, and 70 mm,
respectively; the mix ratio of paste cement fracture is 1:4. (d—f) Unit block size is 30, 40, and 70 mm,
respectively; the mix ratio of paste cement fracture is 1:0.
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Figure 9. Statistical result of the interactions between NFs and HFs (main mechanical behaviors
include cross, branch, diversion, offset and arrest).

The fractures from the horizontally perforated natural fracture tips have very different
geometric characteristics, exemplifying mixed mode I-II (tensile and shear fracture) (typical
points of 1, 2, 3, 4) and mixed mode I-III (tensile and tearing fracture) (typical points of
5, 6, 7, 8), as shown in Figure 8. This observation is in agreement with the results of
Bahorich et al. [14], which further prove the existence of the mixed mode I-II and mixed
mode I-III fracture modes during hydraulic fracturing. In Figure 10a, the red arrows
represent the shear state on the natural fracture surface after the vertical hydraulic fracture
opens. Hydraulic fractures are shown in yellow, and their widths are greatly exaggerated
for visual purposes. The enlarged section shows how shear forces are applied to the leading
edge of the crack perpendicular to the right edge of the cement crack; it shows a mixed
mode I-II. Figure 10b depicts an idealized sketch of the fracture intersection in unit blocks
(point 5~8, in Figure 8). The red arrows indicate the shear applied to the fracture plane
parallel to the leading edge of the fracture. It shows a front view of the actual hydraulic
fracture intersecting the natural fracture. The zoomed-in section shows the goose train
crack propagating in the mixed I-III mode. From Figure 8, the mixed fracture mode is
different from the samples with various fracture densities. Mixed modes I-II and I-III are
much more obvious for the dense natural fracture situation and vice versa.

Figure 10. Sketches of the mixed I-II and mixed I-IIl modes for the fractured model blocks (revised from
the literature of [14]). The red arrows show shear on the natural fracture surface due to the opening in
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vertical HE. Hydraulic fractures are shown in yellow. (a) Mixed mode I-Il mode. (b) Appears as a
trapezoidal crack of mixed mode I-III. The enlarged portion of (a) shows shear action perpendicular
to the fracture leading edge. The enlarged portion of (b) shows a stepped crack propagating in a
mixed I-III mode.

3.3. Failure Morphology Analysis

To observe the morphology of the failure plane and to assess the effectiveness of
hydraulic fracturing, we need to first remove the cement mixture that is filled around the
big cubic block. Under the action of natural expansive force by the static cracking agent, the
cubic big block can be opened along the already existing HFs. Figure 11 shows the failure
morphology of the big cubic blocks composed of different sizes of unit blocks (i.e., 30, 40,
and 70 mm). As shown in Figure 11a—c, the mix ratio of the paste cement natural fracture
is 1:0, the number of hydraulic fractures on the main fracture surface decreases with the
decrease in natural fracture density; and the non-linear mechanical behaviors are simplified
with the decrease in natural fracture density. For a block model with a dense fracturing
network (i.e., unit block size is 30 mm), along the propagation path, hydraulic fractures
offset, divert and branch, and the model block is fractured into small block units. For a
block model with a medium fracture network (i.e., unit block size is 40 mm), hydraulic
fractures offset, branch, and propagate along the pre-existing natural fractures. For a block
model with a sparse fracture network (i.e., unit block size is 70 mm), the communication
degree of HF and NF is weaker than those of dense and medium cases, and the total contact
area between HFs and NFs is the lowest. From Figure 11e—f, the mix ratio of the paste
cement of the natural fracture is 1:4. The failure morphology is obviously different from the
results in Figure 11a—c. This result indicates that the strength characteristics of the natural
fracture have some influences on the interaction between HFs and NFs and the associated
hydraulic fracturing effectiveness.

Figure 11. Cont.
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Figure 11. Sketch of the failure morphology fracturing planes with different NFD. (a—c) Model blocks
with dense, medium, and sparse DFN connectivity, and the mix ratio of the cement paste interface
is 1:0. (d—f) Model blocks with dense, medium and sparse DFN connectivity, and the mix ratio of
cement paste interface is 1:4.

From the failure morphology of the model blocks, it also can be seen that samples with
weaker cemented fractures can allow the hydraulic fracture to more easily break the cement
and create a crossing geometry. The geometry of the fracturing network is simple. This
indicates that the interaction of HF vs. NF is also controlled by natural fracture strength,
leak-off of the injected fluid alters the net pressure on natural fractures, and shear slippage
occurs during the propagation of HE, which are strongly influenced by the mechanical
properties of the filled cement characteristics in NF [18].

3.4. Hydraulic Fracturing Effectiveness Evaluation

The fracture surface morphology gives deep insight into the effects of NFD on hy-
draulic fracture propagation. Many scholars have proposed some indices to assess the
effectiveness of fracturing treatment, such as leak-off ratio [10], stimulated formation
area [12,25], and the stimulated natural fracture length [18]. These indices are all based
on two-dimensional laboratory and numerical experiments. As is known, the stimulated
reservoir volume is the three-dimensional reflection of the interactions between HFs and
NFs [26-31]. To consider the spatial configuration of the fracturing network, and to well
describe the interaction between HF and NF, an index of “P-SRV” was proposed to investi-
gate the effectiveness of fracturing treatment for the experiments. It is an index to reflect
the fracture volumetric intensity, and it is expressed as below:

n
P—SRV = ) A;/Vhlock (1)
i=1

where Vy,,q is the model block volume, and 4; is the surface area of NFs and HFs.
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In this section, the “P-SRV” value was calculated using the total area of hydraulic
fractures, and the physical meaning of Equation (1) reflects the probability of fractability
for a naturally fractured reservoir. It considers the spatial distribution of fracturing surface
compared to the indices defined by others. We obtain the area of fracture surface by
calculating the total surface area of the unit blocks. For the three kinds of unit blocks, the
side lengths are 30, 40, and 50 mm, respectively. Each area of the three-unit blocks can
be known. Then, the total fracture surface area in the model block can be obtained by
counting the number of unit blocks. For the three model blocks with different NFD in
Figure 11a—c, the total area of the fracture surface is about 96,300, 57,400 and 50,400 mm?,
respectively; and for the cases in Figure 11e—f, the total area of the fracture surface is about
85,300; 51,400; and 49,600 mm?, respectively. The relationship between NFD and P-SRV
and fracture density is shown in Figure 12. The results indicate that the sample with dense
fracture connectivity is better at forming a complex fracturing network. However, the
fracturing effectiveness is the poorest for samples with a sparse fracture network. This
result is consistent with the analysis in Section 3.2. The sample with complex interactions
between HFs and NFs is good at forming a complex fracturing network, and the fracturing
effectiveness is good, accordingly.

Figure 12. The plot of the index of P-SRV against dense, medium, and sparse DFN connectivity models.

Another index used to analyze the hydraulic fracturing effectiveness is the ratio of the
ultrasonic pulse velocity (UPV) after and before hydraulic fracturing tests. The expression
is as below:

Rp = UPVp/UPVp 2)

where UPVTF is the velocity of the ultrasonic wave of samples after the hydraulic fracturing
test; UPV is the velocity of the ultrasonic wave of samples before the hydraulic fracturing
test. After the hydraulic fracturing test, the samples were kept in the air for seven days to
measure the UPV and in order to ignore the influence of water on UPV.

As shown in Figure 3d, three profiles, “a-a”, “b-b”, and “c-c”, were selected to measure
the UPV. The p wave transmission method of the ZBL-525 tester consists of two piezoelectric
transducers (a transmitter and a receiver) with a resonant frequency of 130 kHz, which
are located on the relative and parallel sides of the sample. For the same profile, the value
of Rr decreases with the increasing DFN density; in addition, for the sample with the
same DFN density, Ry is different. These results indicate that the propagation path of the
hydraulic fractures is very complex, and it further implies the complicated interactions
between the HFs and the NFs. The plots of the index Rr against the natural fracture density
are displayed in Figure 13.
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Figure 13. The plot of the index Rr against natural fracture density. The terms “a-a”, “b-b”, and “c-c”
indicate that three profile were selected to measure the velocity. (a) Model blocks with 1:0 mixed
cement paste interface; (b) Model blocks with 1:4 mixed cement paste interface.

4. Discussion

In this work, using a laboratory experiment, we demonstrated the impact of NF
density on the propagation characteristics of hydraulic fractures in naturally fractured
formations. Although many studies have reported that NFs have a significant effect on hy-
draulic fracturing by using numerical and laboratory experiments, studies on the influence
of fracture density on hydraulic fracture propagation are relatively less. Through numerical
simulations by Savitski et al. [10] and Wang et al. [12], it was concluded that NF connectivity
plays a crucial role in the evaluation of fracturing performance in unconventional shale
reservoirs, and natural fracture density plays a crucial role in optimizing on-site hydraulic
fracturing treatment. However, the effects of natural fracture density on non-linear be-
haviors (cross, offset, diversion, etc.,) of the propagation of hydraulic fractures were not
detailed in their works. Fan and Zhang [15] carried out model experiments with two sets
of continuous orthogonal cemented fracture model blocks and considered two fracture
densities. However, the physical models were composed of continuous natural fractures,
and detailed descriptions about the HF and NF interaction behaviors were not studied;
moreover, the response of fracture propagation to cement strength of natural fractures
was not studied. It has been shown that natural fracture density affects the propagation
path of hydraulic fractures and thus forms a complex fracture network. Experiments on
different cemented fractures reflect the influence of different natural fracture permeabilities
on the geometry of fracture networks. Fluid can pass through cemented natural fractures.
An adjacent hydraulic fracture may still be able to restart growth at the distal end via the
fluid pressure.

In this work, a new index considering the spatial contact area of HFs and NFs is
proposed to evaluate the overall response of block models subjected to fluid pressure.
The defined index of “P-SRV” and Rr can reflect the interaction degree between HFs and
NFs; the results imply that the “P-SRV” value increases with increasing natural fracture
density. The experimental results also show that fracture intersection geometries are com-
plex: bypass, across, offset, diversion, cracking of weakly bonded interfaces, and a mixed
propagation mode may occur during the interactions between hydraulic fractures and the
cemented natural fractures. The experimental results imply that there is an urgent need
to develop fully coupled 3D computer models. Using the model, we can account for the
complex interactions between NFs and HFs, including mixed I-II and I-III fracture modes,
and we can realistically simulate fracturing network morphology in shale formations. The
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limitation of the methods help to obtain the index of P-SRV and the total area of the frac-
ture surface. In model blocks, the hydraulic fracturing network may be complex, and the
fractures propagate into the sample; thus, it is difficult to obtain information of the entire
fracture surface. However, X-ray computed tomography can be employed to reconstruct
the fractured model by identifying, extracting, the analyzing the fracture surface.

In this work, the tested rock blocks were prepared with different natural fracture
densities under the same experimental conditions, i.e., stress ratio and pumping rate.
The influence of testing conditions on hydraulic fracturing network propagation is not
involved in this work. In future studies, many more effects should be attempted to reveal
the interactions between the rock structure and experimental conditions. In addition, the
static and monotonous hydraulic fracturing tests were performed on rock blocks, and the
dynamic loading conditions were not considered herein. However, the repeat fracturing
treatment and multiple stage fracturing treatment are essentially cyclic. Although cyclic
or fatigue loading tests have been performed extensively, most of the studies focused on
rock fracturing caused by mechanical loading [32-35]. The cyclic injection action on rock
fracturing is not well understood; therefore, deep investigations should be performed on
shale formations exposed to cyclic or fatigue fracturing conditions.

5. Conclusions

In this work, large-scaled true triaxial hydraulic fracturing tests for model blocks with
dense, medium, and sparse DFN connectivity were performed to investigate the effects
of density of the pre-existing natural fracture on the propagation of hydraulic fractures.
Using the designed experimental projects here, it is not a substitute model for fracturing
design, but rather, it can assist us in realizing the influences of fracture density on hydraulic
fracture propagation. Some main conclusions can be drawn from this work:

(1) Natural fracture density is critical to the propagation behaviors of hydraulic fractures
during fluid injection. The experimental results indicate that the natural fracture
density plays a crucial role in the initiation and propagation of hydraulic fractures,
and fracture density will play a significant role in making decisions for gas well
production, treating pressures, and the corresponding stimulated reservoir volumes.

(2) A new index that can reflect the fracturing effectiveness is proposed to consider the
spatial evolution of the fracturing network. The fracturing effectiveness increases
with the increase in natural fracture density, and the non-linear behaviors of HF and
NF interactions can be well reflected by an index of “P-SRV”.

(3) The dense fracture network is prone to changing the propagation paths of hydraulic
fractures, and the resulting branching, offsetting, and diverting behaviors can easily
occur. In addition, evidence of mixed mode I-II and I-III propagation modes can be
observed from the experimental results. It is suggested that we should develop fully
3D simulation models to account for the mixed mode fracture propagation behaviors
and to perfect the existing simulation models.
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