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Abstract

This study addresses the poorly understood fracture propagation mechanisms in continen-
tal shale oil reservoirs with multi-lithologic combinations, specifically those in the lower
third member of the Shahejie Formation, Bonan Sag, which exhibit complex lithology, coex-
istence of bedding planes and natural fractures, and pronounced mechanical anisotropy.
We conduct small scale true triaxial hydraulic fracturing physical simulation experiments
using limestone mudstone, felsic-lime mixed shale, and their combined rock samples. We
innovatively introduce the hydraulic fracture complexity coefficient (Fy,), the bedding plane
fracture complexity coefficient (F;), and the comprehensive fracture complexity coefficient
(Fr) to enable quantitative evaluation of fracture complexity. The results show that high-
viscosity fracturing fluid promotes vertical propagation and improves proppant placement,
but yields relatively simple fracture geometry. Low-viscosity fracturing fluid readily ac-
tivates bedding plane fractures, yet limits fracture height; a combined viscosity strategy
can synergistically optimize the overall fracturing performance. The “high-low-high”
viscosity sequence achieves the highest comprehensive fracture complexity coefficient (Fr),
simultaneously providing large fracture height, high complexity, and effective proppant
transport. Although increasing the injection rate significantly reduces the breakdown
pressure and increases fracture width, it contributes marginally to vertical fracture growth.
For fracturing multi-lithologic shale oil reservoirs, the recommended technical strategy is a
“high-low-high” viscosity sequence combined with a moderately increased injection rate”
to maximize the stimulated reservoir volume and overall fracturing effectiveness.

Keywords: multi-lithologic combination; lamina; fracture network complexity; composite
fluid; physical simulation

1. Introduction

As the global energy transition accelerates and the exploitation of conventional oil
and gas resources becomes increasingly challenging, shale oil—an essential component
of unconventional resources—has emerged as a strategic priority for national energy
security [1]. Continental shale oil reservoirs in China are geologically characterized by
complex multi-lithologic combinations, coexistence of bedding planes and natural fractures,
and pronounced mechanical anisotropy. Effective development of these reservoirs critically
depends on the adaptive advancement of hydraulic fracturing technology [2]. Compared
with multi-cluster fracturing in horizontal wells, vertical well fracturing retains distinctive
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advantages in thin interbedded shale oil reservoirs: on the one hand, it can exploit naturally
fractured zones to achieve reservoir stimulation volume; on the other hand, it can generate
complex fracture networks through high inject rate, thereby reducing both drilling costs
and operational risks [3].

Bedding is a defining characteristic of shale formations, and the fracture toughness
of bedding planes is typically lower than that of the rock matrix [4]. The interaction
between a hydraulic fracture and a bedding plane can result in three modes: crossing,
deflection, and arrest [5,6]. Propagation behavior is controlled by bedding plane continuity,
thickness, and bonding strength: continuous bedding planes offer the least resistance,
whereas discontinuous bedding planes tend to arrest fracture propagation. Thick bedding
planes increase the likelihood of fluid leak and fracture diversion; strong bonding promotes
fracture crossing, whereas weak bonding facilitates layer delimited growth [7,8]. The type
of lamination significantly affects the extent of fracture propagation; laminated mixed
shale exhibits the largest fracture area, whereas massive shale shows the smallest [9]. In
sand shale interbedded reservoirs, low stress contrast and low dip angles favor bedding
plane opening, while high stress contrast and high dip angles promote vertical fracture
propagation [10].

Hydraulic fracture propagation in layered strata occurs primarily via tensile failure
and shear slip [11]. Weak bedding plane bonding exerts limited inhibition on fracture
propagation parallel to bedding but strongly suppresses vertical propagation [12], leading
to fractures that exhibit vertical-growth, bedding-plane-confined, or composite propaga-
tion modes [13,14]. During the initiation stage, rock properties govern the initiation and
propagation behavior [15]; during the propagation stage, irregular pressure fluctuations on
the pump pressure curve serve as a diagnostic signature of volume fracturing. Branching,
deflection, and communication with natural fractures along bedding planes are critical for
fracture network formation [11]. The interaction between hydraulic fractures and natural
fractures also encompasses three modes: crossing, propagation along the fracture, and
arrest [16,17]. The outcome depends on the approaching angle, stress contrast, and me-
chanical properties of the natural fractures. High stress contrast and large approaching
angles favor direct crossing of natural fractures [18].

A core challenge in hydraulic fracturing of multi-lithologic reservoirs is the inherent
complexity of fracture propagation. Discontinuities such as bedding planes, lithologic
interfaces, and natural fractures readily induce fracture vertical growth, deflection, or
arrest [7,19]. Heng et al. employed a true triaxial geomechanical model testing system,
servo controlled pump pressure system, acoustic emission source location, and industrial
CT scanning to develop a large-scale physical simulation methodology for shale hydraulic
fracturing. Their experiments demonstrated that bedding-plane development, pump
pressure, and in situ stress state significantly influence fracture morphology [11]. Guo
et al. utilized a true triaxial system to simulate fracturing of shale outcrop horizontal wells,
combined with high-energy CT imaging to observe fracture geometry [20]. Chai et al.
conducted true triaxial fracturing experiments on cement-encased full-diameter cores [19],
while Tan et al. identified five fundamental propagation modes of hydraulic fractures in
laminated shale through large-scale triaxial testing [13]. Using a large-scale true triaxial
hydraulic fracturing physical simulation system, the effects of injection rate, fluid viscosity,
stress contrast, and lithologic interface strength on vertical fracture propagation were
systematically investigated using multi-lithologic combination samples with embedded
bedding planes and natural fractures [3,21,22]. Chen et al. established the critical conditions
for fracture penetration based on the energy release rate [23], and Ma et al. elucidated the
influence of in situ stress, lithologic strength contrast, and interface strength on fracture
propagation trajectories in coal-bearing strata [24]. Microseismic monitoring is widely
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applied for fracture geometry characterization and reservoir stimulation evaluation; the
spatial distribution of microseismic events effectively identifies fracture vertical growth
behavior [25-28].

Three critical gaps remain in the current literature. First, research on the controlling
factors of fracture complexity during fracturing is limited, particularly the absence of
systematic experimental data for multi-lithologic combinations [29]. Second, fracture
complexity evaluation still relies predominantly on qualitative description, and no unified
quantitative characterization approach has been established, hindering process parameter
optimization and comparison [30,31]. Third, the accuracy of numerical models coupling
engineering parameters with geological conditions remains insufficient, and multi-objective
optimization models integrating viscosity, injection rate, and lithologic combination are
still nascent [32]. Furthermore, fundamental issues such as the proppant transport behavior
within complex fracture networks and the quantitative relationship between fracture
complexity and productivity contribution remain unresolved [33], constraining the large-
scale deployment of fracturing technology.

Accordingly, this study focuses on the multi-lithologic combination shale oil reservoir
in the lower third member of the Shahejie Formation, Bonan Sag. We conduct small-scale
true triaxial hydraulic fracturing physical simulation experiments to systematically inves-
tigate different fracturing fluid viscosity strategies: single viscosity fluids (10 mPa-s and
100 mPa-s) and combined viscosity sequences (low-high, high-low, low-high-low, and
high-low-high). The effects of injection rate (5-20 mL/min) on fracture complexity are
examined. By preparing limestone mudstone, felsic-lime mixed shale, and their combined
samples, we simulate various lithologic combinations. The hydraulic fracture complex-
ity coefficient (Fy,), bedding plane fracture complexity coefficient (F;) and comprehensive
fracture complexity coefficient (Fr) are introduced to enable quantitative evaluation of
fracture complexity. Integrating pressure curve characteristics with fracture morphol-
ogy parameters, we elucidate the controlling mechanisms of viscosity, injection rate, and
lithologic combination on fracture complexity and vertical propagation. These findings
provide a theoretical foundation and experimental basis for optimizing fracturing designs
in multi-lithologic shale oil reservoirs, which is of significance for promoting the efficient
development of continental shale oil.

2. Multi-Lithology Combination Shale Rock Mechanics Parameter Test

The two typical lithologies of the multi-lithologic combination shale oil reservoir in
the lower third member of the Shahejie Formation, Bonan Sag, are calcareous mudstone
and felsic-gray mixed shale. The mineral composition of the downhole core comprises
three principal components: quartz, carbonate, and clay. XRD diffraction analysis was
conducted to determine mineralogical composition. The results indicate that the dominant
mineral constituents of both typical lithologies are quartz and carbonate. Quartz content is
higher in felsic-lime mixed shale, whereas carbonate mineral content is slightly higher in
lime mudstone. Clay mineral content is comparable between both lithologies and remains
at an elevated level, averaging approximately 20%. Overall, the mineral compositions of
the two lithologies do not differ substantially.

Tables 1 and 2 present the triaxial compression and Brazilian tensile strength test data
for two different lithologies from the lower Es3 interval. The mechanical properties differ
substantially between lithologies. Young’s modulus and compressive strength of felsic-gray
mixed shale are higher than those of lime mudstone. Both the Young’s modulus and
compressive strength measured parallel to the lamina direction exceed those measured per-
pendicular to the lamina, indicating pronounced anisotropy. The corresponding anisotropy
coefficients reach 2.0 and 1.21, respectively. The tensile strength of lime mudstone parallel
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to the lamina is 7.20 MPa, whereas the tensile strength perpendicular to the lamina is

9.42 MPa, yielding an anisotropy coefficient of 1.31.

Table 1. The results of the triaxial compression test.

Elastic Poisson Ratio Compressive
. . Direction Confining  Stress Modulus/GPa Strength/MPa
Number Lithologic ¢ Core Diff
Characters ot Number Pres- 1iter- Coefficient Coefficient Coefficient
Coring sure/MPa ence/MPa  v,iue of Value of Value of
Anisotropy Anisotropy Anisotropy
1 1-1-P1 329.81 45.53 1.40 0.228 1.02 359.81 1.14
2 Felsic-gray Parallel 1-1-P2 289.55 45.71 1.40 0.285 1.28 319.55 1.01
mixed _ 30
3 mud shale 1-1-P3 297.32 44.76 1.37 0.225 1.01 327.32 1.04
4 Vertical 1-1-V 285.93 32.72 0.223 315.93
5 1-2-P1 247.33 34.67 2.01 0.232 1.02 277.33 1.22
6 Parallel 1-2-P2 204.38 30.97 1.79 0.213 0.93 234.38 1.03
7 1-2-P3 247.46 37.76 2.19 0.241 1.06 277.46 1.22
8 Lime Vertical 1-2-V 198.310 17.28 0.228 228.31
30
9 mudstone  pyyajje] 0-1 228.47 36.04 0.245 258.47
1.62 _— 1.22 _— 1.03
10 Vertical 90-1 221.15 22.27 0.201 251.15
11 Parallel 0-2 240.35 36.05 0.228 270.35
1.53 —_— 0.86 R — 1.08
12 Vertical 90-2 220.37 23.53 0.264 250.37
Table 2. Results of the tensile strength.
Lithologic Core . . s Breaking Tensile Coefficient of
D Thick L D .
Characters Number iameter/mm ickness/mm  Load Direction Load/N Strength/MPa Anisotropy
Lime 1-2-P 25.28 16.04 Parallel laminae 3050 7.20 131
mudstone 1-2-V 25.29 15.04 Vertical laminae 5623 9.42 ’

In this study, the comprehensive brittleness index evaluation method proposed by

Lin et al. [34] is adopted. Based on stress—strain curves and energy evolution, and account-

ing for the influence of mineral composition, weights are assigned to brittle and non-brittle

minerals. The results are presented in Table 3. The lower Es3 shale in Bonan Sag exhibits

pronounced brittleness anisotropy; the brittleness index parallel to the lamina direction

exceeds that perpendicular to the lamina, with an anisotropy coefficient of up to 1.27. The

brittleness indices of the two lithologies are comparable; felsic—lime mixed shale exhibits
a slightly higher brittleness index (0.47) than lime mudstone (0.44).

Table 3. Evaluation results based on the comprehensive fragility index method.

Lithologic Characters Core Number B4 B, B Coefficient of Anisotropy

1-1-P1 0.824 0.682 0.510 1.27

Felsic-gray mixed mud shale 1-1-P2 0.824 0643 0491 1.22
1-1-V 0.824 0.458 0.403

1-2-P1 0.787 0.633 0.481 1.26

Lime mudstone 1-2-P2 0.787 0.597 0.464 1.22
1-2-V 0.787 0.421 0.380

Outcrop A 2-1-P 0.920 0.828 0.612 190
2-1-V 0.920 0.621 0.511
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Table 3. Cont.
Lithologic Characters Core Number B4 B, B Coefficient of Anisotropy

2-2-P 0.864 0.751 0.557

Outcrop B 1.18
2-2-V 0.864 0.577 0.470
2-3-P 0.709 0.557 0.425

Outcrop C 1.21
2-3-V 0.709 0.385 0.345

3. Physical Simulation Experiment Research on Fracturing of
Multi-Lithologic Combination Shale Oil Reservoir
3.1. Experimental Design
3.1.1. Experimental Equipment

In this experiment, a small-sized true triaxial fracturing simulation experiment de-
vice [34], as shown in Figure 1, is employed. The apparatus comprises a confining pressure-
loading system, a constant-rate pump system, a data-acquisition system, and auxiliary
components. Key specifications are as follows: sample dimensions of 8 cm x 8 cm x 10 cm;
triaxial loading along the X, Y, and Z directions according to the effective principal stress;
maximum confining pressure of 50 MPa; maximum pump rate of 30 mL/min; maximum
injection pressure of 60 MPa; and pressure sampling interval of 1 ms.

OH data acquisition system |

‘ rock ventricle - =
"\
|
O} Q

B

- .i

R 4
-

stress loading system

e o

Epressure transducer

|

constant speed constant pressure pump

intermediate container

———— = (S Ll

Figure 1. Small-scale true triaxial fracturing simulation experimental apparatus diagram [34].

3.1.2. Rock Sample Preparation

Based on the mechanical parameter tests and brittleness index evaluation of outcrops
A, B, and C described in Section 2, the elastic and strength parameters of these three litholo-
gies are comparable to those of the downhole core, with similar brittleness values, thereby
satisfying the requirements for physical simulation of fracture propagation. Specifically,
outcrop A represents felsic—lime mixed shale, outcrop C represents lime mudstone, and
outcrop B whose mechanical parameters lie between those of outcrops A and C represents
argillaceous limestone.

First, the three outcrop samples were cut into cubic rock plates with dimensions
exceeding 8 cm according to the predetermined experimental protocol. The perforation
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layer thickness was 6 cm, and the adjacent layer thickness was 2 cm. The cubic rock
plates were then bonded together using epoxy resin adhesive according to the designated
lithological combinations. Following a secondary adhesive application, the assembled
block was trimmed to a final cubic specimen of 80 mm x 80 mm X 100 mm. A blind
hole with an outer diameter of 15 mm was drilled into the 80 mm x 80 mm face of the
specimen to a depth of 53 mm. A steel pipe with an outer diameter of 13 mm (simulating
the wellbore) was subsequently fixed in the borehole with epoxy resin adhesive to simulate
the cemented casing. The specimen preparation procedure is illustrated in Figure 2.

Figure 2. Processing process of core sample: (a) outcrop sample cutting; (b) bonding of different
lithology; (c) drilling borehole; (d) well cementation.

The drilling depth is 53 mm, the wellbore length is 43 mm, and a 10 mm open hole
section is formed at the bottom of the well. Epoxy resin glue is dripped into the bottom
of the well before cementing to prevent cracks from starting from the bottom of the well,
and a slit simulation perforation is formed by annular cutting in the open hole section. The
depth of the slit is 2-3 mm, and finally a fracturing simulation well sample is formed, as
shown in Figure 3.

upper
adjacent
layer

perforated
layer

lower
adjacent
layer

(a)

Figure 3. Schematic diagram of rock sample processing: (a) straight well sample processing schematic
diagram; (b) fracturing sample.

Due to the limitation of indoor laboratory conditions, the experimental parameter
setting mainly refers to the conversion method of field-experiment similarity criterion by
Andrew et al. [35].

(1) In-situ stress similarity criterion:

_0g— 0y
R 1)

(3), = (%), (%)= (%) @
o )M o JFE \0% /)M o)k
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In the formula, R is the shape factor, and the laboratory scale is the same as the field
scale. ¢ is principal stress, MPa; ¢” is the effective principal stress, 0’ = ¢ — pp, MPa; pp is
pore pressure, MPa; H, h, v are the maximum horizontal direction, minimum horizontal
direction and the vertical direction respectively. M is the laboratory parameter; F is the
field parameter.

(2) Similarity criterion of fracturing fluid viscosity and injection rate:

; >3<KM)4<R{VImaX>
= 3
umQm = appQr (Efv[ K RL 3)

In the formula, y is the viscosity of fracturing fluid, mPa-s; Q is the injection rate,
m3/min, « is the empirical coefficient and this experiment is about 0.85; E’ is the plane
strain Young’s modulus, E = ﬁ, GPa; v is Poisson’s ratio; K is fracture toughness,
MPa-m!/2; and R’ is the characteristic radius of fracture, m.

The comparison of field and indoor parameters is shown in Table 4.

Table 4. Comparison of on-site and indoor parameters.

Parameter On-Site Parameter Values Experimental Parameter Values
Young’s modulus (GPa) 242 12-36
Fracture toughness (MPa-m!/2) 3.6 1.54
Fracture characteristic radius (m) 15-32 0.05
Single cluster displacement (m?/min) 34 5-10 (mL/min)
Fracturing fluid viscosity (mPa-s) 50-70 10-100
Cluster spacing (m) 15-22 6-12 mm

Vertical stress o, is consistent with the direction of the wellbore axis, and the mini-
mum horizontal principal stress ¢, and the maximum horizontal principal stress o are
perpendicular to the wellbore axis. In order to observe the morphology of hydraulic frac-
tures, the fracturing fluid with a green fluorescent tracer was used to simulate the fracture
propagation. During the experiment, the constant-speed constant-pressure pump is used to
inject the fracturing fluid from the intermediate container into the simulated wellbore with
a constant flow rate. At the same time, the wellhead pressure is dynamically monitored by
a high-precision pressure sensor, and the data is transmitted to the computer in real time.
When the wellhead pressure decreases rapidly and does not rise again, it indicates that the
hydraulic fracture has initiated and extended to the surface of the sample, and the pump is
stopped. After the experiment, the samples are taken out, and the fracture initiation and
propagation characteristics were analyzed by the staining distribution of the tracer and the
wellhead injection pressure curve.

3.1.3. Experimental Scheme

To more intuitively observe fracture propagation and facilitate the investigation of
fracture morphology—including fracture length, width, and height—physical simulation
experiments were conducted on vertical wellbores using small-scale outcrop cores. The
opening conditions of bedding planes and lithologic interfaces were analyzed, and the
effects of fracturing fluid viscosity (single and combined), injection rate, and other engi-
neering parameters on vertical fracture propagation, fracture complexity, fracture width,
and proppant placement were systematically investigated.

According to the method of layered paste, the wells are combined with three different
lithologic combinations of cores, a total of seven blocks. Different lithology combinations
are shown in Figure 4.
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(@) (b) ©

Figure 4. Different lithology combination methods: (a) lithologic combination 1: limestone shale and

felsic-gray mixed mud shale; (b) lithologic combination 2: felsic-gray mixed mud shale and muddy
gray shale; (c) lithologic combination 3: felsic-gray mixed mud shale and limestone shale.

The simulation experiment scheme of core fracturing with different lithologic combina-
tions is shown in Table 5. The experiment focuses on the effect of fracturing fluid viscosity
and combination, displacement, and proppant particle size on artificial fractures and their
layers/interfaces and interlayers, and analyzes the opening conditions of layers/interfaces,

fracture propagation and main control factors.

Table 5. Experimental scheme for small-scale model.

. . . . Experimental .
Number Lithologic Sampl.e . Fracturing Fluid Displacement Proppant Experiment
Characters Characteristics Type . Purpose
(mL/min)
Dense High-viscosity
1# Lithology 1 development of fracturing fluid 5 400-600 mesh  (larified the effect
laminae (100 mPa-s) of fracturing fluid
Dense Low-viscosity viscosity on lamina
2# Lithology 1 development of fracturing fluid 5 400-600 mesh opening.
laminae (10 mPa-s)
High-low-viscosity
3# Lithology 2  Laminate + fracture fracturing fluid 5 200-300 mesh
(100-10 mPa-s)
High—low—high- Claified th
i i i arified the
4# Lithology 2  Laminate + fracture V1scos1tz£§cturmg 5 200-300 mesh influence of
(100-10-100 mPa-s) different fracturing
- — fluid viscosity
Low-high-viscosity combinations on
5# Lithology 3  Layer + interlayer fracturing fluid 5 200-300 mesh fracture
(10-100 mPa-s) morphology
Low—high—low-
6" Lithology 3 Larn%nate + crack + viscosity fFacturmg 5 200300 mesh
interlayer fluid
(10-100-10 mPa-s)
Clarified the
Dense Low-viscosity influence of
7# Lithology 1 development of fracturing fluid 20 200-300 mesh  displacement on
laminae (10 mPa-s) fracture
morphology

3.1.4. Limitations of Artificial Bonding Interfaces and Effect of Boundary-Induced Stress

The scaling effect issue in laboratory hydraulic fracturing studies has been extensively

discussed. Athavale and Miskimins [36] noted the significant scale disparity between
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centimeter-scale laboratory specimens and meter-scale field fractures, wherein boundary
effects can markedly alter the fracture propagation path. To address this issue, Warpin-
ski et al. [37] established a dimensionless similarity criterion system based on stress ratio
and fluid parameters, providing a theoretical foundation for extrapolating laboratory re-
sults to the field. From the perspective of rock fracture mechanics, BaZzant’s [38] brittle
fracture scaling law theory indicates that when the characteristic specimen size is compa-
rable to the fracture-process-zone (FPZ) scale, Linear Elastic Fracture Mechanics (LEFM)
is no longer applicable, and the nominal strength exhibits pronounced size dependence.
Li et al. [39] further confirmed through investigations on Marcellus shale that the apparent
fracture toughness of shale increases with specimen size until a stable value is reached.
Qiu et al. [40] demonstrated through stress transfer studies that, in small-scale specimens,
boundary constraints cause significant deviation of the internal stress field from the in-
finite body assumption. Hyman et al. [41] systematically described, from a multi-scale
perspective, the coupled factors involved in upscaling parameters from the core scale to the
reservoir scale, including pore structure, fracture connectivity, and stress field heterogeneity.
Fu et al. [42] proposed an energy-equivalence-based upscaling method for fracture swarms,
providing a numerical framework for translating laboratory results to field applications. It
should be noted that the above criteria are primarily applicable to homogeneous media,
whereas the presence of bedding interfaces and lithology interfaces in multi-lithology
composite shale exacerbates the complexity of scaling effects [13,43]. Dehghan showed
that the interaction between natural fractures and hydraulic fractures exhibits stronger
nonlinear characteristics in small-scale specimens, as boundary effects alter the degree of
anisotropy of the local stress field. [44] Given the experimental constraints and the absence
of a validated quantitative methodology for assessing boundary effects, it is essential to ex-
plicitly define the conditions under which laboratory findings may be reliably extrapolated
to field applications.

The equivalence between epoxy-resin-bonded multi-lithologic specimens and natural
reservoir interfaces remains inadequately demonstrated. Wang et al. showed that the shear
strength and frictional properties of cemented interfaces determine hydraulic fracture cross-
ing, dilation, or arrest behavior, which artificial bonding layers with uniform mechanical
properties cannot replicate [17]. Sheng et al. confirmed that bedding plane shear strength
correlates strongly with bonding strength, indicating that artificially bonded interfaces
lacking natural diagenetic cementation may exhibit unrealistic mechanical responses [45].
Bakhshi et al. demonstrated via lattice simulations that interface shear strength and stress
anisotropy govern fracture crossing, parameters inherently difficult to match with artifi-
cial bonding agents [46]. Lin et al. observed that bonding strength significantly controls
hydraulic fracture vertical propagation, implying that uncharacterized artificial interfaces
are insufficient proxies for natural laminae [47]. Rutter and Mecklenburgh measured
stress-dependent permeability evolution in natural shale bedding planes governed by
surface roughness and asperity contact mechanics, features that smooth artificial bonding
layers cannot reproduce [48]. Chen et al. further showed that tensile strength contrast
across cemented interfaces determines the competition between debonding and matrix
fracture, suggesting artificial interfaces may alter the dominant failure mode [49]. Zoback
emphasized that the frictional resistance and permeability of pre-existing discontinuities
are fundamental to hydraulic fracture containment, yet artificial interfaces rarely exhibit
equivalent frictional stability characteristics [50]. Xian et al. acknowledged that epoxy resin
interfaces exhibit substantially different bonding characteristics from natural diagenetic
cementation, potentially leading to misestimated fracture heights [51]. Shan et al. and
Huang and Liu both identified bedding plane tensile strength relative to the rock matrix
as the dominant factor controlling fracture vertical containment and crossing versus ar-
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rest behavior [52,53]. Collectively, these studies indicate that artificial bonding interfaces
may substantially distort fracture propagation trajectories, misrepresent failure mode com-
petition, and compromise the representativeness of laboratory-derived conclusions for
field-scale applications.

In conclusion, due to the influence of scale effects and adhesion interfaces, we will

carefully elaborate the applicable conditions for extrapolating laboratory conclusions to
the field.

3.2. Effect of Viscosity and Combination of Fracturing Fluid on Fracture Distribution

Fracturing fluid viscosity is a critical parameter that significantly influences fracture
propagation, fluid loss control, and treating pressure.

(1) The effect of low-viscosity and high-viscosity fracturing fluid on fracture propagation.

The lithology of the perforation layer of 1# and 2# samples is felsic-gray mixed mud
shale, and the lithology of the upper and lower adjacent layers is gray mudstone. The
displacement of the pre-flush stage and the sand-carrying fluid stage is set to 5 mL/min.
Under the condition of low viscosity (10 mPa-s), the fracture morphology and pressure
curve of 1¥ sample are shown in Figure 5. The breakdown pressure of the sample is
21.45 MPa, forming two longitudinal hydraulic fractures. The upper fracture is arrested
at the interlayer interface, and the lower fracture activates two bedding-plane fractures
and is arrested at the laminae. The fracture height is limited, at only 5.5 cm. The fracture
morphology and pressure curve under the condition of high viscosity (100 mPa-s) of
2% sample are shown in Figure 6, and the fracture pressure of the sample is 38.97 MPa,
forming two longitudinal hydraulic fractures. The crack penetrates through the specimen,
propagates through the layer, and the crack height is 10 cm.

g 504 pressure 49.02 MPa —';-
o s ---- displacement 40 E
y S 40 | B
a2 | o 34.64 MPa f | E
surfaceS3 2 3 EEEEELEY AAf | P30 2
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fracture width is only a ’ ' | : 20 QE)
0.121mm, 209 ; | | °
= S + I ~w / | 5}
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Figure 5. Pressure curve and fracture morphology of sample 1*: (a) fracture geometry; (b) pres-
sure curve.
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Figure 6. Pressure curve and fracture morphology of sample 2*: (a) fracture geometry; (b) pres-
sure curve.
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It is found that the use of high-viscosity fracturing fluid can significantly increase
the fracture pressure. When the viscosity of fracturing fluid increases from 10 mPa-s to
100 mPa-s (corresponding to low and high viscosity in the field), the fracture pressure
increases by 1.73 times. At the same time, the effect of high-viscosity fracturing fluid on
increasing fracture width is also very significant. As shown in Figure 6a, the slit width
of 2# sample is 0.448 mm, and the proppant filling effect is better, while the slit width of
1# sample is only 0.121 mm, and the proppant is almost invisible, as shown in Figure 5a.
The pressure curve also shows that in the pre-liquid stage, the 2# sample reaches a large
reduction after reaching the fracture pressure, reaching 25.15 MPa, indicating that the
sample is completely broken, and the crack width is large, while the extension pressure
curve is less undulating, indicating that the crack is relatively straight. On the contrary,
the extension pressure of 1% sample fluctuates violently, indicating that the crack width is
narrower, and the crack is more tortuous.

The experiment shows that high-viscosity fracturing fluid can reduce fluid leak-off,
which facilitates hydraulic fracture extension and enhances vertical growth. However,
under high-viscosity conditions, the hydraulic fracture tends not to open bedding planes,
resulting in relatively simple fracture geometry. Although low-viscosity fluid readily
communicates with laminae, it is more likely to be arrested by interlayer interfaces and
bedding planes. Therefore, it is necessary to investigate the effects of various fracturing
fluid viscosity combinations (high—low, high-low-high, low-high, and low-high-low) on
fracture propagation morphology to improve stimulation effectiveness.

(2) The effect of high-low-viscosity and high-low-high-viscosity combination fracturing
fluid on fracture propagation.

The lithology of the perforation layer of 3* and 4* samples is argillaceous limestone,
and the lithology of the upper and lower adjacent layers is felsic-gray mixed mud shale. The
displacement of the pre-flush stage and the sand-carrying fluid stage is set to 5 mL/min
and 30 mL/min, respectively. The 3# sample was fractured by the high-low viscosity
combination (100-10 mPa-s), as shown in Figure 7. In the high-viscosity stage, the fracture
pressure is 25.17 MPa, and the artificial fracture propagates through the natural fracture.
After the upper and lower parts pass through the interlayer interface, they are cut off by the
lamina and fail to penetrate the sample. The fracture height is 7.8 cm. In the low viscosity
stage, there is no extension in the longitudinal direction of the crack, but two stripe layer
cracks are opened, and two natural cracks are activated. At the same time, the interlayer
interface is opened, and the crack complexity is obviously improved, which is consistent
with the previous research results. The 4% sample was fractured by the high-low-high
viscosity combination (100-10-100 mPa-s), and the fracturing results are shown in Figure 8.
The fracture morphology is more complex as a whole, which is in the cross shaped pattern,
accompanied by branch fractures. A total of three stripe-layer fractures are opened, and
two natural fractures are activated. Artificial fractures run through the sample, and the
fracture height is 10 cm.

The elastic modulus of the upper and lower adjacent layers reaches 41.06 GPa. Due to
this high elastic modulus, the hydraulic fracture is arrested by the laminae before reaching
the specimen boundary after penetrating the interlayer interface, thereby limiting the ability
of the fracture to propagate vertically through the layer, as shown in Figure 7a. The 4*
sample continues to expand after the deflection occurs at the extension to the lamina, and
finally penetrates the sample, as shown in Figure 8a. Therefore, the use of high-low-high
viscosity combined fracturing fluid can further increase the fracture height while taking into
account the complexity of the fracture, and the fracture height is increased by 1.28 times. At
the same time, the high-low-high viscosity combination method can significantly increase
the seam width to improve the proppant placement effect. The pressure-curve sand-
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carrying stage also shows that when the proppant uses the same particle size concentration,
the pressure of the 3* sample sand-carrying stage rises rapidly to 39.75 MPa in the later
stage, and there is obvious sand plugging. The sand-carrying pressure of the 4* sample is
low, the peak pressure is 23.50 MPa, and the proppant placement effect is better.
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Figure 7. Pressure curve and fracture morphology of sample 3*: (a) fracture morphology in high-
viscosity stage; (b) fracture morphology in high-low-viscosity stage; (c) pressure curve.
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Figure 8. Pressure curve and fracture morphology of sample 4%: (a) fracture morphology in high-
low-high-viscosity stage; (b) pressure curve.

(3) The effect of low-high-viscosity and low-high-low-viscosity combination fracturing
fluid on fracture propagation.

The lithology of the perforation layer of 5% and 6* samples is gray mudstone, and
the lithology of the upper and lower adjacent layers is felsic-gray mixed mud shale. The
displacement of the pre-flush stage and the sand-carrying fluid stage is set to 5 mL/min
and 30 mL/min, respectively. The 5% sample was fractured by the low-high viscosity
combination (10-100 mPa-s), as shown in Figure 9. In the low-viscosity stage, the pressure
curve fluctuates frequently and rises slowly, there is no obvious fracture pressure, and
the crack propagation is slow, showing the strong plastic characteristics of the sample.
An artificial crack is formed, the upper part is cut off by the interlayer interface, and the
lower part is cut off from the lamina. At the same time, three stripe layers are activated,
and the crack height is limited, only 5.5 cm. In the high-viscosity stage, the artificial crack
passes through the interface, and extends to the top of the sample after large displacement
deflection. There is no obvious change in the lower part, and the crack height is 7 cm. The
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6 sample was fractured by the low-high-low viscosity combination (10-100-10 mPa-s),
and the fracturing results are shown in Figure 10. The plastic characteristics of the sample
are obvious. The low-viscosity and high-viscosity fracture pressures are low, which are
6.26 MPa and 8.18 MPa respectively. Two artificial cracks are opened. The upper part of
crack 1 is cut off by the lamina, and the lower part is cut off at the interface between the
layers. Three stripe layers are activated to form stepped cracks. The upper part of fracture
2 is extended through the interlayer interface, and the lower part is cut off by the interlayer
interface. The fracture height is 7.5 cm.
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Figure 9. Pressure curve and fracture morphology of sample 5*: (a) fracture morphology in low-
viscosity stage; (b) fracture morphology in low-high-viscosity stage; (c) pressure curve.
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Figure 10. Pressure curve and fracture morphology of sample 6%: (a) fracture morphology in low—
high-low-viscosity stage; (b) pressure curve.

Comparative analysis reveals that the low-high viscosity combination (10-100 mPa-s)
can effectively promote both hydraulic fractures and bedding-plane fractures. The initial
stage employs low-viscosity fluid, which facilitates the opening of bedding-plane frac-
tures. The secondary stage utilizes high-viscosity fluid, significantly enhancing the vertical
propagation of hydraulic fractures. The third stage reverts to low-viscosity fluid, but the
stimulation effect is marginal, because after high-viscosity fracturing, the apertures of
both bedding plane and hydraulic fractures increase substantially—an effect particularly
pronounced in rocks with strong plastic character—whereas low-viscosity fluid exhibits
high fluid leak-off and cannot readily generate pressure. The pressure curve confirms that
in the third fracturing stage, the pressure is only 0.81 MPa, as shown in Figure 10b.
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3.3. The Influence of Displacement on Fracture Distribution

High-rate fracturing can improve operational efficiency, promote complex fracture
network formation, enhance proppant transport capacity, and increase the stimulated
reservoir volume. This section investigates the influence of injection rate on fracture
propagation morphology, as shown in Figures 5 and 11. The lithology of the perforation
layers of 1# and 7# samples is felsic-gray mixed mud shale, and the lithology of the upper
and lower adjacent layers is gray mudstone. The type of fracturing fluid is low-viscosity
fracturing fluid (10 mPa-s). Under the condition of displacement of 5 mL/min, the fracture
pressure of the sample is 21.45 MPa, and two longitudinal hydraulic fractures are formed.
The upper part is cut off from the interlayer interface, and the lower part activates two
stripe seams, which are cut off at the lamina joints. The fracture height is limited to only
5.5 cm. Under the condition of displacement of 20 mL/min, the fracture pressure of the
sample is 9.12 MPa, and multiple peaks appear in the pre-stage of the fracturing curve,
indicating that the multi-stripe layer is activated. The height of the artificial crack is limited,
only 5.8 cm. The upper part is cut off by the lamina, and the lower part passes through the
interface between the layers and extends to the bottom of the sample.
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Figure 11. Pressure curve and fracture morphology of sample 7#: (a) fracture geometry; (b) pres-
sure curve.

The comparison shows that the effect of hydraulic fracture vertical penetration under
high injection rate is marginal. This is because under low-viscosity conditions, bedding
plane fractures are readily opened. The fracturing fluid rapidly leaks off after activating
numerous bedding-plane fractures, resulting in a low breakdown pressure of only 9.12 MPa
and limited vertical penetration. Compared with increasing injection rate, the use of high-
viscosity fracturing fluid to promote fracture height and enhance vertical penetration is
more effective, although fracture width can be substantially increased at high injection
rates, as shown in Figures 5a and 11a. When the injection rate is increased from 5 mL/min
to 20 mL/min, the fracture width increases from 0.121 mm to 0.324 mm. The pressure
curve shows that the 7# sample uses 200-300 mesh proppant. At a concentration of 30 g/L,
the treating pressure is only 0.57 MPa. When the concentration is increased to 40 g/L, the
treating pressure peak reaches 19.76 MPa. The proppant particle size of the 1# sample is
the same. When the concentration is 30 g/L, sand plugging occurs in the later stage of
sand-carrying, indicating that the high displacement has a significant effect on increasing
the fracture width and the sand-carrying effect is better.

3.4. Quantitative Characterization of Fracture Complexity

In order to quantitatively analyze the influence of different fracturing fluid viscosity
and combination, displacement and other factors on the complexity of cracks, the number
of cracks, crack length, crack height and complexity coefficient produced by hydraulic
fracturing of each sample under different experimental conditions are counted. The results
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are shown in Table 6, and the relationship between the construction parameters and the
complexity of the cracks is studied.

Table 6. Quantitative characterization of fracture complexity.

Number  Fracture Geometry

Total
Fracture
Height
(cm)

Actual
Fracture
Height
(cm)

Total
Fracture
Length
(cm)

Number
of Longi-
tudinal
Seams

Number
of Lami-
nated
Stitches

Actual
Fracture
Length
(cm)

Dimensionless

!
i En Ey Fr Fracture Height

The fracture intersects
parallel bedding planes,
and multiple bedding
planes open.

1#

2 2 8 7.5 125 7.5 0 1125 0582 0.444 0.92

Two simple hydraulic
fractures form,
id penetrate the specimen,
with no
bedding-plane opening

0.500 1.045 0.389 0.291 1.67

Artificial fractures
expand through natural
fractures, and natural
fractures and
multi-striped fractures
open at the same time.

3#

0.647 1.359 0.546 0.615 1.30

The multi-stripe layer
opens, the main seam
expands along the
natural fracture and
cuts off at the lower
lamina. The path is
tortuous, forming a
complex branch seam.

4#

0.610 1.048 0.681 0.646 1.67

A large number of
laminae are activated,
and artificial cracks
5% propagate through
laminae. The crack
propagation path
is stepped.

0762 1140 0.402 0.582 1.17

Two artificial cracks are
formed. Fracture
1 communicates with
multi-stripe layers. The
crack propagation path
is stepped. Fracture
2 penetrates the
sample upwards.

6"

3 2 10.7 8 8.0 7.5 0.689 1402 0438 0.564 1.25

The multi-stripe layer is
opened, the artificial
74 crack is cut off by the
lamina, and the crack
height is limited.

0.742 1359 0418 0.580 1.16

The artificial fracture complexity coefficient (Fy,) is defined based on fracture tortuosity,
which characterizes the deviation of the actual fracture path from an ideal straight line
trajectory [13,54]. The ratio of actual path length (I;) to linear distance (l) and the ratio
of actual height (h;) to linear height (h) are dimensionless measures widely adopted for
fracture geometry characterization [55,56]. The actual fracture path is measured by tracing
the visible fracture trajectory on dissected sample surfaces, while the straight line distance
is measured between the initiation point and the farthest termination point [20].

The lamina fracture complexity coefficient (F;) captures the interaction between hy-
draulic fractures and pre-existing bedding planes. Laminated shales exhibit strong me-
chanical anisotropy at bedding interfaces, where fracture toughness is significantly lower
than the rock matrix [12,57]. Hydraulic fractures may cross, divert along, or be arrested by
these interfaces depending on the approaching angle and stress contrast [58,59]. A higher
Fj indicates enhanced lamina activation, which promotes fracture network complexity
through branching mechanisms [60].
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The comprehensive coefficient (F;) uses equal weighting of F,, and Fy, following estab-
lished normalization practices in fracability evaluation [61]. This formulation assumes both
primary fracture tortuosity and lamina activation contribute equally to overall stimulation
effectiveness. It is acknowledged that fracture complexity is multi-dimensional, ideally
incorporating connectivity, aperture distribution, conductivity, and stimulated reservoir
volume [55,62].

Artificial fracture complex coefficient Fj, calculation formula:

Fh:nxl%x

SE
_
=

The complex coefficient of artificial fracture is normalized to obtain Fj,’:

Fn
F, = (5)
h Fh max
Laminate seam complex coefficient F; calculation formula:
m
F = 6
1= (6)
Comprehensive fracture complex coefficient Fr calculation formula:
Fr = 0.5F, + 0.5F, (7)

where n denotes the number of fractures; I, denotes the actual length of the crack, cm;
I represents the straight-line length of the extension range of the seam length, cm; h,
represents the actual height of the crack, cm; h represents the linear distance of fracture
height extension in the fracture, cm; m represents the number of lamina seams; f; represents
the complex coefficient of artificial fracture; f; denotes the complexity coefficient of bedding
plane; and fr represents the comprehensive fracture complexity coefficient.

Table 6 shows the calculation results of quantitative characterization of crack com-
plexity of seven samples. Comparing 1* and 2* samples, it is found that the complexity
of artificial fractures in high-viscosity fracturing fluid is higher, reaching 0.582, while the
complexity of artificial fractures in low-viscosity fracturing fluid is only 0.389, but the
complexity of lamina fractures can reach 0.5. In the end, the complex coefficient of ar-
tificial fracture of high-viscosity fracturing fluid increases by 49.6% compared with that
of low-viscosity fracturing fluid, and the complex coefficient of comprehensive fracture
decreases by 34.5%. It can be seen that the viscosity of single-fracturing fluid cannot take
into account both the effect of crossing layer and the complexity of fracture at the same
time, and the fracturing effect is limited. Among the four different viscosity combinations
of fracturing fluid, the complexity of artificial fractures is: 4# sample high-low-high-
viscosity combination (0.681) > 3* sample high-low-viscosity combination (0.546) > 6%
sample low-high-low-viscosity combination (0.438)~5" sample low-high-viscosity com-
bination (0.408); the complexity of the lamination seam is: 5¥ sample low-high-viscosity
combination (0.762) > 6* sample low-high-low-viscosity combination (0.689) > 3* high-
low-viscosity combination (0.647) > 4* sample high-low-high-viscosity combination (0.610).
The comprehensive fracture complexity is: 4* sample high-low-high-viscosity combination
(0.646) > 3* sample high-low-viscosity combination (0.615) > 5% sample low-high-viscosity
combination (0.582) > 6* sample low—high-low-viscosity combination (0.564).

3.5. Pressure Response Analysis

To quantitatively interpret hydraulic fracturing behavior, key pressure parameters for
all seven samples are summarized in Table 7.
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Table 7. Key pressure parameters for all samples.
No Fracturing Fluid Pump Rate Breakdown gzi;;ngPI;f)ess:;i Pressure
) & (mL/min) Pressure (MPa) g “Topp Fluctuation
Injection (MPa)
Sand plugging at
1# Low viscosity (10 mPa-s) 5 21.45 late stage (30 g/L), Violent
no peak reported
High viscosity (100 Satisfactory Relativel
2# & y 5 38.97 placement, no peak y
mPa-s) smooth
reported
High-low viscosity 25.17
# _— . I . _
3 (100-10 mPa-s) 5 (high-viscosity 39.75 (screen-out) Moderate
stage)
High-low—high viscosit ~25 (high-viscosit
# & & y & y
4 (100-10-100 mPa-s) 5 stage) 2350 Moderate
. . . Frequent
Low-high viscosit . - .
# & y — .
5 (10-100 mPa-s) 5 Not obvious (low-viscosity
stage)
Low-high—low viscosit 6.26 (low)/8.18 . Not explicitl
# & y phcitly
6 (10-100-10 mPa-s) 5 (high) 0.81 (third stage) described
. 0.57 (30 g/L)/19.76 ~ Multiple peaks
# .
7 Low viscosity (10 mPa-s) 20 9.12 (40'g/L) (pre-breakdown)

Increasing fluid viscosity from 10 mPa-s to 100 mPa-s (1# — 2¥) raises the breakdown
pressure by 81.7% (21.45 — 38.97 MPa), attributable to greater viscous flow resistance near
the fracture tip [11]. High pump rate reduces effective stress ahead of the fracture tip: 7* at
20 mL/min drops to 9.12 MPa, 57.5% lower than 1# [21]. The extremely low breakdown
pressures of 6% (6.26/8.18 MPa) in plastic mudstone reflect its low Young’s modulus.

The 25.15 MPa pressure drop of 2 corresponds to an aperture of 0.448 mm and effective
proppant placement, versus 0.121 mm for 1¥. Low-viscosity fluid experiences rapid leak
off, limiting net pressure and width. Samples 3 and 4* share similar initial breakdown
pressures (~25 MPa), yet diverge during proppant injection: 3* experiences screen-out at
39.75 MPa, while 4* peaks at only 23.50 MPa, indicating that the high-low-high viscosity
schedule achieves superior fracture conductivity.

Violent oscillations in 1# correspond to tortuous paths with repeated branching and
arrest at laminae. Multiple pre-breakdown peaks in 7* indicate sequential lamina activation,
but rapid dissipation limits height (5.8 cm). Frequent fluctuations in 5% confirm that lamina
opening dominates in plastic rock. Sample 4* demonstrates that switching to high-viscosity
fluid after initial low-viscosity injection facilitates vertical extension.

The sharp rise to 39.75 MPa in 3" is definitive screen-out. Sample 4* avoids this via
final high-viscosity widening, keeping treating pressure below 23.50 MPa. Sample 7*
operates at 0.57 MPa (30 g/L), yet 40 g/L raises the peak to 19.76 MPa. The third stage
pressure of 6" is merely 0.81 MPa, demonstrating that post-high-viscosity low-viscosity
injection cannot build pressure due to excessive leak-off.

Breakdown pressure increases with viscosity but decreases with pump rate and plas-
ticity. Pressure drop magnitude correlates with fracture width and inversely with lamina
activation intensity. Elevated treating pressure during proppant injection indicates screen-
out risk. The high-low-high-viscosity schedule (4*, Ft = 0.646, height 10 cm) provides the
optimal balance between complexity and proppant transport efficiency.
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4. Discussion

This study systematically investigated hydraulic fracture propagation characteristics in
multi-lithology combination shale oil reservoirs through small-scale true triaxial hydraulic
fracturing physical simulation experiments, and proposed a quantitative complexity coeffi-
cient system for evaluating fracture complexity. However, the following limitations remain
due to experimental constraints. First, the specimen dimensions (8 cm x 8 cm x 10 cm)
are considerably smaller than field-scale, the boundary effects and the applicability of
similarity criteria to heterogeneous layered media require further validation, and the epoxy-
resin-bonded artificial interfaces cannot fully replicate the stress-dependent mechanical
behaviors of natural bedding planes. Second, the total number of specimens is limited
(seven samples), and replicate experiments are lacking for the optimal high-low-high-
viscosity sequence and pump-rate comparison. Third, the experiments employed vertical
wellbore configurations, without addressing stress interference and fracture competition
inherent to horizontal-well multi-cluster fracturing. Fourth, the quantitative relationship
between the comprehensive fracture complexity coefficient (F;) and actual productivity
contribution has not yet been established.

To address the above limitations, future research is recommended in the following
directions: (1) Conduct large-scale physical simulations and systematically characterize the
key mechanical parameters (shear strength, friction coefficient, etc.) of artificial interfaces
and natural bedding planes to validate scale effects and improve the applicability of simi-
larity criteria. (2) Conduct supplemental replicate experiments and complete the parameter
matrix of pump rate and fluid viscosity to verify the reproducibility of the main findings.
(3) Carry out horizontal-well multi-cluster fracturing physical simulations to investigate
multi-fracture initiation, propagation, and inter-cluster competition under different litho-
logic combinations and injection parameters. (4) Integrate fracture complexity coefficients
with reservoir numerical simulation to establish a quantitative correlation between F; and
single-well productivity, providing a basis for field-fracturing parameter optimization.
(5) Develop coupled thermo-hydro-mechanical numerical models and perform joint vali-
dation with laboratory experiments and field microseismic monitoring data, forming an
integrated “experiment-simulation-monitoring” research framework.

5. Conclusions

This study presents small-scale true triaxial physical simulation experiments on multi-
lithology combination shale oil reservoirs from the lower Es3 member of the Bonan Sag.
The effects of fracturing fluid viscosity, viscosity combination strategies, and injection
rate on hydraulic fracture propagation were investigated using seven cubic samples
(8 cm x 8 cm x 10 cm). The following preliminary findings are drawn under these specific
experimental conditions:

(1) Single-viscosity fluids exhibit a distinct trade off. High-viscosity fluid (100 mPa-s)
promotes vertical growth through bedding planes, generates larger fracture width,
and improves proppant placement, but produces simpler fracture geometry with
limited bedding-plane opening. Low-viscosity fluid (10 mPa-s) activates multiple
bedding planes and enhances fracture network complexity, yet results in limited
fracture height, narrow fracture width, and poor proppant transport. Neither single
viscosity condition can simultaneously optimize both vertical penetration and fracture
network complexity.

(2) Among the four viscosity combination strategies tested, the high-low-high sequence
(Sample 4%) achieved the highest comprehensive fracture complexity coefficient
(Fr = 0.646), combining relatively large fracture height (9.5 cm) with complex fracture
geometry. However, this observation is based on a single sample without replicate
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testing, and its statistical robustness remains unverified. While combined viscosity
strategies show promise for balancing complexity and vertical growth, their relative
ranking requires further experimental validation.

(3) Increasing the injection rate from 5 mL/min to 20 mL/min (low-viscosity condition)
reduced breakdown pressure from 21.45 MPa to 9.12 MPa and increased fracture
width from 0.121 mm to 0.324 mm, thereby improving proppant transport. However,
its contribution to vertical penetration of the main hydraulic fracture was marginal
(~5.5 cm to ~5.8 cm). These observations are derived from only two samples (1* and 7*)
under low-viscosity conditions; data for high-viscosity scenarios are absent, limiting
the scope of this finding.

Author Contributions: Conceptualization, Y.Z.; investigation, Y.Z., H.Y., N.L. and T.Z.; methodology,
Y.Z. and H.Y,; writing—original draft, Y.Z., H.Y. and Y.C.; formal analysis, Y.Z., T.Z., Y.C.,, N.L. and
H.Y.; writing—review and editing, Y.Z. and T.Z. All authors have read and agreed to the published

version of the manuscript.

Funding: This paper was supported by the Sinopec Key Laboratory Special Project (Grant No.
KLP25027); National Natural Science Foundation of China (Grant No. 52374066, No. 52304062); the
Open Research Fund of National Energy Shale Oil Research and Development Center (China) (Grant
No. 33550000-24-ZC0613-0008).

Data Availability Statement: The original contributions presented in this study are included in the
article material. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: Authors Tong Zhou and Ning Li were employed by the Research Institute
of Petroleum Exploration and Development, Sinopec. Author Haiyang Yu was employed by the
Production Technology Institute of Daqing Oilfield Limited Company. The remaining authors declare
that the research was conducted in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

References

1.  Abdelaal, A.; Aljawad, M.S.; Alyousef, Z.; Almajid, M.M. A review of foam-based fracturing fluids applications: From lab studies
to field implementations. J. Nat. Gas Sci. Eng. 2021, 95, 104236. [CrossRef]

2. Feng, X.L.; Ma, ES.; Zhao, H.J.; Guo, J. Numerical simulation of hydraulic fracturing in shale gas reservoirs under fault influence.
J. Eng. Geol. 2021, 29, 751-763.

3. Fu,S.H,; Hou, B,; Xia, Y.; Chen, M,; Tan, P. Experimental research on hydraulic fracture propagation in integrated fracturing for
layered formation with multi-lithology combination. J. China Coal Soc. 2021, 46, 377-384.

4.  Deng, YH.; Xia, Y.; Wang, D.; Jin, Y. A study of hydraulic fracture propagation in laminated shale using extended finite element
method. Comput. Geotech. 2024, 166, 105961. [CrossRef]

5. Han, L.; Zhou, X. Numerical simulations of the hydraulic fracture propagation in poroelastic media using the coupled hydro-
mechanical field-enriched finite element method. Rock Mech. Rock Eng. 2025, 58, 245-274. [CrossRef]

6. Zheng, H.; Wang, H; Li, F; Li, N. Numerical simulation of the interaction between hydraulic fracture and the bedding plane in
shale formation. Processes 2024, 13, 6. [CrossRef]

7. Shi, C.; Shentu, J.J.; Lin, B.T.; Wei, S.M.; Jin, Y.; Jeoung, S.Y. Digital simulation of hydraulic fracturing in laminated shale formation
containing varying bedding planes. Processes 2025, 13, 1017. [CrossRef]

8. Dong, Z.; Shen, Y.J. Numerical simulation of hydraulic fracture propagation behaviors in bedding shale. J. Eng. Geol. 2025, 33,
1712-1722. [CrossRef]

9.  Chen, CW,; Guan, Q.S.; Du, Z.Y;; Cui, Y.; Lu, Y.C.; Wang, H. Geological characteristics, depositional environment, and differential
reservoir storage capacity of laminated shale in Huanghua Depression, Bohai Bay Basin. China Pet. Explor. 2025, 30, 1-16.

10. Luo, Y; Kong, H.; Xu, K.S.; Mamuty, T.; Zheng, H. Numerical simulation for vertical propagation pattern of hydraulic fractures in
sand-shale interbedded reservoirs. Xinjiang Oil Gas 2023, 19, 49-56.

11. Heng, S.; Yang, C.H.; Zeng, Y.J.; Guo, Y.T.; Wang, L.; Hou, Z.K. Experimental study on hydraulic fracture geometry of shale. Chin.
J. Geotech. Eng. 2014, 36, 1243-1251.

12.  Li, YW,; Zhu, C.F; Zeng, Y.J.; Shui, H.C.; Fan, C.H.; Guo, W. Numerical simulations of the effects of bedding planes on hydraulic

fracture propagation law in oil shale. Coal Geol. Explor. 2023, 51, 44-54. [CrossRef]

https://doi.org/10.3390/pr14142269


https://doi.org/10.1016/j.jngse.2021.104236
https://doi.org/10.1016/j.compgeo.2023.105961
https://doi.org/10.1007/s00603-024-04153-5
https://doi.org/10.3390/pr13010006
https://doi.org/10.3390/pr13041017
https://doi.org/10.13544/j.cnki.jeg.2025-0022
https://doi.org/10.12363/issn.1001-1986.23.07.0397
https://doi.org/10.3390/pr14142269

Processes 2026, 14, 2269 20 of 21

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

Tan, P; Jin, Y.; Han, K.; Hou, B.; Chen, M.; Guo, X.F; Gao, J. Analysis of hydraulic fracture initiation and vertical propagation
behavior in laminated shale formation. Fuel 2017, 206, 482-493. [CrossRef]

Li, X.S.; Lei, Q.; Li, M,; Pan, Y.H.; Su, R.B. Study on the complexity of hydraulic fracture network in shale reservoirs considering
the bedding planes encountering the natural fractures. J. Eng. Geol. 2024, 32, 1309-1321.

Wei, Y.L.; Yang, C.H.; Guo, Y.T,; Liu, W.; Wang, L.; Hou, Z.K.; Xu, F. Experimental study on hydraulic fracture geometry of tight
sandstone from Xujiahe group. Chin. |. Rock Mech. Eng. 2016, 35, 2720-2731.

Yang, Z.Z.; Liao, Y.; Li, X.G.; Yi, L.P; Yi, D.; Liu, J.P. Experimental study on hydraulic fracture extension through coal-shale
interfaces using true triaxial modeling. Drill. Prod. Technol. 2025, 48, 147-154.

Wang, W.W.,; Olson, J.E.; Prodanovi¢, M.; Schultz, R.A. Interaction between cemented natural fractures and hydraulic fractures
assessed by experiments and numerical simulations. J. Pet. Sci. Eng. 2018, 167, 506-516. [CrossRef]

Liu, G.; Han, C.C,; Yang, H.J; Xiu, ]J.L.; Li, X.; Hao, Z.W.; Wei, B.; Lv, N. Main control factors of fracture propagation in reservoir:
A review. ACS Omega 2023, 9, 117-136. [CrossRef] [PubMed]

Chai, N.N; Li, ].R;; Zhang, L.W.; Wang, ].].; Liu, Y.P.; Zhu, L. Experimental study on hydraulic fracture propagation in interbedded
continental shale oil reservoirs. Pet. Reserv. Eval. Dev. 2025, 15, 124-130.

Guo, TK; Zhang, S.C.; Qu, Z.Q.; Zhou, T; Xiao, Y.S.; Gao, J. Experimental study of hydraulic fracturing for shale by stimulated
reservoir volume. Fuel 2014, 128, 373-380. [CrossRef]

Liu, G.H.; Pang, F,; Chen, Z.X. Similarity criterion in hydraulic fracturing simulation experiment. J. China Univ. Pet. Nat. Sci. Ed.
2000, 24, 45-48.

Ding, R.; Lin, B.H.; Zhang, H.S,; Ren, T,; Yuan, Y.P; Li, J.; Zhao, X.Y.; Wang, Z.C.; Song, M.L. Study on the influence of rock
mechanical parameters on hydraulic fracturing fracture propagation in tight sandstone reservoirs. Exp. Mech. 2025, 40, 759-771.
Chen, Y;; Nagaya, Y.; Ishida, T. Observations of fractures induced by hydraulic fracturing in anisotropic granite. Rock Mech. Rock
Eng. 2015, 48, 1455-1461. [CrossRef]

Ma, ].Q.; Li, X.H.; Zhang, ].Q.; Yao, Q.L.; Zhong, Z.H.; Yang, S.; Yuan, Y.X. The study on the propagation laws of hydraulic
fractures in coal measure strata under true triaxial conditions. J. Min. Strat. Control Eng. 2025, 7, 043027.

Li, Z.; Chang, X,; Yao, Z.X.; Wang, Y.B. Fracture monitoring and reservoir evaluation by micro-seismic method. Chin. J. Geophys.
2019, 62, 707-719.

Li, Y.T.; Yang, G.Q.; Yang, F. Fracturing effect evaluation based on borehole microseismic monitoring method: Take well YP5-1 in
Yan’an exploration area as an example. Unconv. Oil Gas 2022, 9, 114-120.

Liu, F; Chen, X.Y;; Qin, L.; Tang, J.; Kang, L.; Ma, L.; Yong, J. Application of surface microseismic monitoring technology in the
development of deep shale gas reservoirs in Southern Sichuan Basin. J. Chongqing Univ. Sci. Technol. Nat. Sci. Ed. 2025, 27, 20-30.
Wang, S.L.; Wu, CJ.; Zheng, P.Y.; Zheng, ].; Zhao, L.Y.; Fu, Y.L,; Li, X.Z. Evaluation of fracturing effect of coalbed methane wells
based on microseismic fracture monitoring technology: A case study of the Santang coalbed methane block in Bijie Experimental
Zone, Guizhou Province. Energies 2025, 18, 5708. [CrossRef]

Wang, M.X,; Ji, D.G.; Yuan, F.; Wang, J.; Ma, X.F; Zou, Y.S.; Zhang, Z.P. Experimental study on the hydraulic fracture growth
characteristics with temporary plugging in multi-lithology reservoir. Sci. Technol. Eng. 2022, 22, 10534-10543.

Huang, B.X,; Cheng, Q.Y,; Liu, C.Y.; Wei, M.T.; Song, ].H. Hydraulic fracturing theory of coal-rock mass and its technical
framework. J. Min. Saf. Eng. 2011, 28, 167-173.

Lu, ], Lin, B.T; Jin, Y.; Meng, H.; Song, Z.Y. 3D visualization characterization methodology of true triaxial hydraulic fractures:
A case study of conglomerate specimen. Pet. Drill. Tech. 2025, 53, 97-108.

Jin, AJ.; Huang, X.R.; Zhao, H.T.; Zhu, W. Damage evolution characteristics of natural fractures during hydraulic fracturing
process: A peridynamic hydro-mechanical coupling model. Comput. Geosci. 2025, 29, 22. [CrossRef]

Zhang, X.; Jeffrey, G.R.; Thiercelin, M. Deflection and propagation of fluid-driven fractures at frictional bedding interfaces:
A numerical investigation. J. Struct. Geol. 2006, 29, 396—410. [CrossRef]

Lin, R.; Peng, S.R.; Zhao, ].Z.; Jiang, H.; Ren, L.; Yu, Z.H.; Zhou, B.; Wu, ].E; Song, Y.; Shen, C. Shale brittleness evaluation under
high temperature and high confining stress based on energy evolution. Pet. Sci. Technol. 2025, 43, 989-1009.

Madyarov, A.; Prioul, R.; Zutshi, A.; Seprodi, N.; Groves, D.; Pei, ].Y.; Wong, S.W. Understanding the impact of completion
designs on multi-stage fracturing via block test experiments. In Proceedings of the 55th U.S. Rock Mechanics/Geomechanics
Symposium, Virtual, 18-25 June 2021; p. ARMA-2021-1309.

Athavale, A.S.; Miskimins, J.L. Laboratory hydraulic fracturing tests on small homogeneous and laminated blocks. In Proceedings
of 42nd US Rock Mechanics Symposium (USRMS), San Francisco, CA, USA, 29 June-2 July 2008.

Warpinski, N.R,; Clark, J.A.; Schmidt, R.A.; Huddle, C.W. Laboratory investigation on the effect of in-situ stresses on hydraulic
fracture containment. SPE |. 1982, 22, 333-340. [CrossRef]

BaZant, Z.P. Scaling laws in mechanics of failure. J. Eng. Mech. 1993, 119, 1828-1844. [CrossRef]

Li, W.; Jin, Z.; Cusatis, G. Size effect analysis for the characterization of Marcellus shale quasi-brittle fracture properties. Rock
Mech. Rock Eng. 2019, 52, 1.

https:/ /doi.org/10.3390/pr14142269


https://doi.org/10.1016/j.fuel.2017.05.033
https://doi.org/10.1016/j.petrol.2018.03.095
https://doi.org/10.1021/acsomega.3c08547
https://www.ncbi.nlm.nih.gov/pubmed/38222556
https://doi.org/10.1016/j.fuel.2014.03.029
https://doi.org/10.1007/s00603-015-0727-9
https://doi.org/10.3390/en18215708
https://doi.org/10.1007/s10596-025-10360-y
https://doi.org/10.1016/j.jsg.2006.09.013
https://doi.org/10.2118/9834-pa
https://doi.org/10.1061/(asce)0733-9399(1993)119:9(1828)
https://doi.org/10.3390/pr14142269

Processes 2026, 14, 2269 21 of 21

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Qiu, R.Y,; Zhang, G.Q.; Zheng, X.L.; Luo, S.L.; Chen, H.Z.; Zhao, ].L. Stress transfer law in laboratory hydraulic fracturing
experiments. Sci. Rep. 2024, 14, 16547. [CrossRef]

Hyman, ].D.; Jiménez-martinez, J.; Viswanathan, H.S.; Carey, ].W.; Porter, M.L.; Rougier, E.; Karra, S.; Kang, Q.; Frash, L.; Chen, L.;
et al. Understanding hydraulic fracturing: A multi-scale problem. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 2016, 374, 20150426.
[CrossRef]

Fu, W.; Morris, J.P; Fu, P.C.; Huang, ].X.; Sherman, C.S.; Settgast, R.R.; Ryerson, E]. Developing upscaling approach for swarming
hydraulic fractures observed at hydraulic fracturing test site through multiscale simulations. SPE J. 2021, 26, 2670-2686. [CrossRef]
Zhang, R.X.; Hou, B.; Han, H.F,; Fan, M.; Chen, M. Experimental investigation on fracture morphology in laminated shale
formation by hydraulic fracturing. J. Pet. Sci. Eng. 2019, 177, 442-451. [CrossRef]

Dehghan, A.N. An experimental investigation into the influence of pre-existing natural fracture on the behavior and length of
propagating hydraulic fracture. Eng. Fract. Mech. 2020, 240, 107330. [CrossRef]

Sheng, M.; Ma, B.; Li, P.; Khan, W.A.; Anyimah, P.O. Effects of brittleness and bedding plane on shear strength and fracture
morphology of shales. In ARMA US Rock Mechanics Symposium; OnePetro: Richardson, TA, USA, 2020.

Bakhshi, E.; Rasouli, V.; Ghorbani, A.; Marji, M.F.; Damjamac, B.; Wan, X. Lattice numerical simulations of lab-scale hydraulic
fracture and natural interface interaction. Rock Mech. Rock Eng. 2019, 52, 595-611.

Lin, C.; He, J.M,; Li, X,; Wan, X.L.; Zheng, B. An experimental investigation into the effects of the anisotropy of shale on hydraulic
fracture propagation. Rock Mech. Rock Eng. 2017, 50, 1115-1129.

Rutter, E.H.; Mecklenburgh, J. Hydraulic conductivity of bedding-parallel cracks in shale as a function of shear and normal stress.
Geol. Soc. Lond. Spec. Publ. 2017, 454, 103-120. [CrossRef]

Chen, Z.; Yang, Z.; Wang, M. Hydro-mechanical coupled mechanisms of hydraulic fracture propagation in rocks with cemented
natural fractures. J. Pet. Sci. Eng. 2018, 162, 572-585.

Zoback, M.D. Reservoir Geomechanics; Cambridge University Press: Cambridge, UK, 2010.

Xian, H.Y.; Zhao, P.; Zhu, H.Y,; Tao, L.; Tang, X.H.; Lei, M. Research on hydraulic fracture cross-layer propagation and bedding
plane activation in artificial layered rock fracturing: Insight from physical experiments. Rock Mech. Rock Eng. 2026, 59, 837-853.
Shan, Q.; Jin, Y.; Tan, P; Zhang, R.X. Experimental and numerical investigations on the vertical propagation of hydraulic fractures
in laminated shales. |. Geophys. Eng. 2018, 15, 1729-1763. [CrossRef]

Huang, B.; Liu, J. Experimental investigation of the effect of bedding planes on hydraulic fracturing under true triaxial stress.
Rock Mech. Rock Eng. 2017, 50, 1877-1888. [CrossRef]

Jia, Y.Z.; Lu, Y.Y;; Elsworth, D.; Fang, Y.; Tang, ].R. Surface characteristics and permeability enhancement of shale fractures due to
water and supercritical carbon dioxide fracturing. J. Pet. Sci. Eng. 2018, 165, 284-297. [CrossRef]

Cipolla, C.L.; Warpinski, N.R.; Mayerhofer, M.].; Lolon, E.P.; Vincent, M.C. The relationship between fracture complexity, reservoir
properties, and fracture-treatment design. SPE Prod. Oper. 2010, 25, 438-452. [CrossRef]

Wang, S.; Wang, X.; Bao, L.Q.; Feng, Q.H.; Wang, X.J.; Xu, S.Q. Characterization of hydraulic fracture propagation in tight
formations: A fractal perspective. J. Pet. Sci. Eng. 2020, 195, 107684. [CrossRef]

Tan, P; Jin, Y.; Pang, H. Hydraulic fracture vertical propagation behavior in transversely isotropic layered shale formation with
transition zone using XFEM-based CZM method. Eng. Fract. Mech. 2021, 248, 107734. [CrossRef]

Zhao, Z.H.; Li, X,; Wang, Y.; Zheng, B.; Zhang, B. A laboratory study of the effects of interbeds on hydraulic fracture propagation
in shale formation. Energies 2016, 9, 556. [CrossRef]

Wu, S.; Gao, K.; Feng, Y.; Huang, X.L. Influence of slip and permeability of bedding interface on hydraulic fracturing: A numerical
study using combined finite-discrete element method. Comput. Geotech. 2022, 145, 104685.

Li, Y,; Yang, H.Q.; Li, B.Q.; Li, Z.H. Interference Behaviour between Bedding Planes and Hydraulic Fractures and Its Influence on
the Complex Fracture Network in Shale. Rock Mech. Rock Eng. 2025, 58, 1461-1482.

Sui, L.L.; Ju, Y;; Yang, Y.M,; Yang, Y.; Li, A.S. A quantification method for shale fracability based on analytic hierarchy process.
Energy 2016, 115, 637-645. [CrossRef]

Wu, Q.; Xu, Y.; Wang, T.F; Wang, X.Q. The revolution of reservoir stimulation: An introduction of volume fracturing. Nat. Gas
Ind. 2011, 31, 7-12.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/pr14142269


https://doi.org/10.1038/s41598-024-68426-3
https://doi.org/10.1098/rsta.2015.0426
https://doi.org/10.2118/199689-pa
https://doi.org/10.1016/j.petrol.2019.02.056
https://doi.org/10.1016/j.engfracmech.2020.107330
https://doi.org/10.1144/sp454.9
https://doi.org/10.1088/1742-2140/aac12f
https://doi.org/10.1007/s00603-017-1261-8
https://doi.org/10.1016/j.petrol.2018.02.018
https://doi.org/10.2118/115769-pa
https://doi.org/10.1016/j.petrol.2020.107871
https://doi.org/10.1016/j.engfracmech.2021.107707
https://doi.org/10.3390/en9070556
https://doi.org/10.1016/j.energy.2016.09.035
https://doi.org/10.3390/pr14142269

	Introduction 
	Multi-Lithology Combination Shale Rock Mechanics Parameter Test 
	Physical Simulation Experiment Research on Fracturing of Multi-Lithologic Combination Shale Oil Reservoir 
	Experimental Design 
	Experimental Equipment 
	Rock Sample Preparation 
	Experimental Scheme 
	Limitations of Artificial Bonding Interfaces and Effect of Boundary-Induced Stress 

	Effect of Viscosity and Combination of Fracturing Fluid on Fracture Distribution 
	The Influence of Displacement on Fracture Distribution 
	Quantitative Characterization of Fracture Complexity 
	Pressure Response Analysis 

	Discussion 
	Conclusions 
	References

