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ABSTRACT: Deep shale gas reservoirs in the southern Sichuan Basin are typically characterized by significant
horizontal stress anisotropy (expressed as stress difference), variable brittleness—ductility in rock mechanics,
and strong heterogeneity. These complex geomechanical conditions lead to pronounced differences in hydraulic
fracturing outcomes among wells and sections. To investigate hydraulic fracture propagation and fracturing fluid
injection behavior under varying geomechanical settings, true triaxial physical simulation tests were performed on
400 x 400 x 400 mm artificial rock samples. The samples were designed with different media properties based on
similarity criteria. A sensitivity analysis was conducted to assess the effects of brittleness—ductility characteristics,
natural fractures, and in-situ stress conditions. The results reveal that: (i) brittle samples with lower stress difference
are favorable for forming complex, perforable fracture networks; (ii) brittle samples with higher stress difference
tend to develop simple, planar hydraulic fractures, with natural fractures only slightly activated during very short
injection periods; (iii) ductile behavior enhances the activation of natural fractures but reduces fracture complexity
compared with brittle samples, even under lower stress difference; and (iv) for typical deep shale formations, larger
fluid injection volumes combined with high-density, multi-cluster fracturing techniques are recommended.

KEYWORDS: Deep shale in the southern Sichuan basin; hydraulic fracturing; fracture propagation; true triaxial
physical simulation tests; typical different geomechanics

1 Introduction

The Sichuan Basin is rich in shale gas resources, which makes it a major area for shale gas
development [1]. At present, several shale gas production demonstration zones are established with the main
techniques breakthrough of exploration and development [2]. However, complex geological structures—such
as extensive natural fractures and significant horizontal stress anisotropy—lead to challenges including
difficult fracture initiation, high critical net pressure, uneven fracture propagation, and reduced complexity.
These factors critically constrain efficient shale gas development in this basin [3,4]. At the same time,
reservoir lithology differences, in-situ stress state and natural fracture development have a great influence
on the propagation direction and fracture geometry characteristics in the process of hydraulic fracture
propagation [5-7], which directly affects the fracturing effect.

Numerous scholars have conducted extensive research on the initiation and propagation of hydraulic
fractures under various reservoir characteristics, including in-situ stress field, natural fractures, elastic
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formation and so on. Beugelsdijk (2000) believes that in the in-situ stress field, the hydraulic fracture
morphology will become more distorted under the influence of natural fractures [8]. Peacock (2005) studied
the controlling effects of natural fracture parameters, in-situ stress distribution and local disturbance on
the propagation and distribution of hydraulic fractures in the formation [9]. In general, complex fracture
systems are more likely to form in highly elastic formations, low in-situ stress difference (Ac), low fluid
viscosity and high displacement [10]. The experimental study of Warpinski (1993) shows that natural
fractures will cause a large amount of fracturing fluid filtration and multiple fracture branch propagation,
leading to the propagation of the main fracture in the direction of the natural fracture zone [11]. Fu (2014)
combined numerical and physical model experiments and concluded that large horizontal stress difference,
the angle between the maximum horizontal stress direction and the natural fracture, and the tensile strength
of the natural fracture are conducive to passing through the natural fracture [12]. Natural fractures will
lead to changes in the propagation direction of hydraulic fractures [13,14], and the interaction between the
two occurs, such as capture, deflection through, and straight through, forming complex fracture network
morphology [15-18].

Based on the characteristics of the deep shale reservoir in southern Sichuan basin, in order to study
the 3D fracture propagation characteristics under complex geomechanics, true triaxial physical simulation
tests were conducted on the 400 x 400 x 400 mm artificial rock specimens made under different media
characteristics. The effects of horizontal stress difference, with or without natural fractures and the brittle
or ductile characteristics of the samples on hydraulic fractures were analyzed.

2 Experimental Material and Scheme

2.1 Geological Characteristics

The research block is the Luzhou 203 well area (referred to as the Lu 203), located in the southern
Sichuan Basin, and the main gas-bearing formation is the Longmaxi Formation with a burial depth between
3530~3590 m. The in-situ stress test data show that the overlying rock pressure in the block ranges from
92.61 to 93.30 MPa, with an average value of about 93 MPa, and the maximum horizontal principal stress
ranges from 95.1 to 96.9 MPa. The average value is about 96.2 MPa, the minimum horizontal principal
stress is between 86 and 86.5 MPa, and the average value is about 86 MPa, which belongs to the strike-slip
stress state. Young’s modulus is about 29.10 GPa and Poisson’s ratio is about 0.208. In the reservoir, natural
fracture zones and small faults/stratum flexures are widely developed, and there are 5 large faults with strike
ranges from 30° to 75°, and most of the approaching angles are about 45° (Fig. 1). The whole reservoir in the
block shows strong heterogeneity, which leads to the disequilibrium of hydraulic fracturing reformation
and limits the reformation effect.

(c)

Figure 1: The geographical location (a), fracture development characteristics (b), lithology profile and rock mechanics
characteristics (c) of Lu203.
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2.2 Experimental Equipment

In this study, a true triaxial multi-physics large-scale physical simulation experiment system was
developed and constructed independently to carry out a hydraulic fracturing physical simulation experiment.
The system is mainly composed of a fracturing fluid injection system, a triaxial compression loading
system, a monitoring system and a triaxial loading chamber. The overall structure is shown in Fig. 2.
The X-Y-Z three-direction loading plate provides power loading through the oil cylinder, and the maximum
loading stress can reach 40 MPa and the maximum fracturing pressure can reach 120 MPa. Therefore,
the loading method adopted by the true triaxial test instrument can better simulate the formation stress
state through triaxial compression. The maximum size of the sample that can be placed in the chamber is
400 mm x 400 mm x 400 mm. To mitigate the effects of surface imperfections, 0.5 mm neoprene pads were
placed between specimen faces and loading platens. The real-time monitoring system of flow and pressure
is composed of a flow acquisition instrument and a computer data acquisition and control instrument,
which can realize real-time monitoring and recording of the pressure, displacement and volume of pumping.
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Figure 2: True triaxial multi-physics large-scale physical simulation experiment system.

2.3 Instantaneous Fracturing Mechanism of Flow Pressurization and Sample Preparation

2.3.1 Instantaneous Fracturing Mechanism of Constant Flow Pressurization

Under the constant flow injection mode, before the hydraulic fracture starts to initiate, its length is
0, and the fluid pressure in the wellbore is constant at a certain time. The fluid pressure in the wellbore
gradually increases with time. The high-pressure fluid induces a high-stress area around the wellbore.
The mineral particles near the wellbore have different deformations due to their different stiffness, which
forms stress concentration in local areas, resulting in the primary weak surface cracking and generating
hydraulic fractures [19]. The high-pressure fluid accumulated in the wellbore immediately diffuses into
the fracture to drive the hydraulic fracture’s further propagation, causing the sample’s instantaneous
breakdown. In this process, due to the fluid flow in the main fracture, the fluid pressure presents a gradient
distribution of non-uniform pressure from the injection point to the fracture tip [20]. Therefore, this study
employs constant-flow injection of fracturing fluid to investigate the 3D propagation characteristics of
hydraulic fractures and their corresponding fracturing fluid pressure response characteristics under complex
geomechanical settings.
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2.3.2 The Sample Preparation

Considering that the rock strength of outcrop samples is difficult to meet the requirements of deep
rock samples, the strong heterogeneity affects the stability and accuracy of the experimental results, and it
is difficult to obtain large physical model experimental samples underground, we adopted indoor pouring
samples for the experiment. Combined with the geological characteristics of the reservoir in southern
Sichuan, and based on the similarity criterion [21], a suitable similarity scale was selected. The sample
was made of 425 type cement, 80 mesh fine sand and water, with a mass ratio of 2:1:0.1 (cement: fine sand:
water), and the sample size was 400 mm x 400 mm x 400 mm. At the same time, in order to characterize the
stratification characteristics of the sample, we adopted the method of stratification to make the sample.
The sample was divided into seven layers, and after each layer was made, we waited half an hour before
making the next layer to ensure that there was a certain weak cementation between the layers, but the
strength of the weak cementation was not particularly low, so as to ensure that our research results would
not be affected. The simulated wellbore has an inner diameter of 6 mm, an outer diameter of 16 mm, a wall
thickness of 5 mm, an overall length of 360 mm, a cluster of four holes, a hole size of 2 mm, and an angle of
90° between the holes. In order to ensure the brittle-plastic contrast of the sample, a plasticizer was added
to the biased ductile sample to improve the ductile characteristics of the sample. In addition, based on the
raw material of the artificial sample, a cylindrical core was prepared for a pseudo-triaxial test to test the
brittleness and ductility characteristics of the artificial sample (Fig. 3). This is consistent with the classical
failure curve of brittle and ductile samples. The elastic modulus of the test sample is 16 GPa, Poisson’s ratio
is 0.2, and the uniaxial compressive strength is 32 MPa. The specific test parameters are shown in Table 1.
At the same time, the influence of natural fractures on the initiation and propagation of hydraulic fractures
is studied by placing pre-arranged fractures on one side of the wellbore and not on the symmetrical side of
the wellbore. The angle between the fracture and the wellbore on one side with the preset fracture is 45°
and the distance from the perforation hole is 5 cm, and the fracture size is 5 cm x 10 cm (Fig. 4).

Table 1: The mechanical parameters of brittle and ductility samples.

No. Confining Young’s Poisson’s Compressive  Brittleness or
Pressure (MPa) Modulus (GPa) Ratio Strength (MPa) Ductility
1 25 6.24 0.235 52.6 brittleness
2 25 6.15 0.239 55.1 brittleness
3 25 5.21 0.224 53.7 brittleness
4 25 6.31 0.231 54.8 brittleness
5 25 6.28 0.241 55.6 brittleness
6 25 5.94 0.229 53.2 brittleness
7 25 5.81 0.234 54.9 brittleness
8 25 4.31 0.302 48.2 ductility
9 25 5.47 0.287 47.9 ductility
10 25 4.12 0.292 45.7 ductility
11 25 4.58 0.311 46.5 ductility
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Figure 3: The test results of pseudo-triaxial compression of brittle and ductile samples.
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Figure 4: Schematic diagram of the artificial samples and the simulated wellbore.

2.4 Experimental Process and Scheme

Hydraulic fractures typically propagate along the maximum principal stress direction. However,
in shale formations characterized by complex mineral compositions, abundant natural fractures, and
pronounced structural anisotropy, hydraulic fractures interact with the matrix, natural fractures, and
bedding planes through behaviors such as penetration, capture, diversion, and offset. Among these, the
geometric configuration of discontinuous interfaces and their physico-mechanical properties exert the most
significant influence [22,23]. Therefore, this study investigates hydraulic fracture propagation morphology
in heterogeneous shale reservoirs under varying stress anisotropy, natural fracture distributions, and
brittle-ductile properties. In this study, a total of 9 samples in 3 groups were simulated and compared in
fracturing experiments, all of which used water with red tracer as fracturing fluid. The minimum horizontal
principal stress (o) is applied along the axis of the wellbore (X direction), the maximum horizontal principal
stress (o) is applied perpendicular to the plane of the preset fracture (Z direction), and the intermediate
principal stress (o) is applied parallel to the plane of the preset fracture (Y direction). The influence of
stress difference on hydraulic fracture was investigated by changing the value of the three-way principal
stress. Put the fully consolidated sample into the true triaxial experimental instrument kettle, connect the
liquid injection pipe and install the pressure plate. In order to ensure the uniform force on each surface of
the sample, the pressure in the y and z directions is applied first, and then the pressure is applied in the
x direction until the three-way confining pressure rises to a predetermined value. Two values are used for
the stress difference, among which 13.5 MPa is the average value of the stress difference in the LU203 block,
and 18 MPa is about the highest value. After that, the fracturing fluid was injected into the sample at a
constant rate of 15 mL/min, and the pumping pressure curve was followed in real time until the end of
the experiment. The damage morphology of the sample after the test is shown in Fig. 5, and the specific
parameters are shown in Table 2.

Table 2: Parameters of fracturing simulation experiment.

Sample Number Sample Size/mm? Br]l;:llcetrilfistilor Triaxial Pressure/MPa Ao/MPa Rate/ (E;Ynin’l)
1-1 400 Brittleness oy = 27,0, =13.5,0, = 20 13.5 15
1-2 400 Brittleness oy = 27,05 =13.5,0, = 20 13.5 15
1-3 400 Brittleness og = 27,0 =13.5,0, = 20 13.5 15
2-1 400 Brittleness oy =350, =17,0, =33 18 15
2-2 400 Brittleness oy =350, =17,0, =33 18 15
2-3 400 Brittleness oy =350, =17,0, =33 18 15
3-1 400 Ductility og = 27,0 =13.5,0, = 20 13.5 15
3-2 400 Ductility oy = 27,05 =13.5,0, = 20 13.5 15

3-3 400 Ductility og = 27,0, = 13.5,0, = 20 13.5 15




Fluid Dyn Mater Process. 2026;22(2):10 7

Fracture
plane

Fracture
plane
- - = R
-

Figure 5: Fracture morphology of samples after fracturing.

3 Experimental Results

3.1 Compressive Characteristics of Brittle Sample

As shown in Fig. 6, the fracture geometry morphology of brittle/ductile samples was reconstructed
based on the fracture plane morphology of fractured samples. On the whole, the three samples all formed a
vertical main hydraulic fracture, and when they propagated to the preset natural fracture plane, they all
turned and activated the natural fracture, and the vertical propagation was limited, making the natural
fracture channel an advantageous propagation path. Then the hydraulic fracture gradually turns to the
direction of maximum horizontal principal stress and breaks through to the surface of the sample. That
means when the horizontal stress difference is high, it is difficult for fractures to contain pressure, and the
fracturing fluid directly passes through the natural fractures with weak bonding strength to form a single
main fracture until it reaches the model boundary through the sample, and the fracture surface is flatter.

The injection pressure-time curve can be divided into four stages: initial compression stage, rapid
compression stage, post-peak pressure drop stage, and post-peak pressure stabilization stage. Additionally,
the fluid injection pressure characteristic curve reveals: Following completion of fracturing fluid filling
in high-pressure pipelines and wellbores, the pressure required to drive fluid begins to increase rapidly,
reaching the specimen’s breakdown pressure at approximately 13.5 min. Under a stress difference of
13.5 MPa, with continued fracturing fluid pumping, specimens 1-1, 1-2, and 1-3 exhibited initial (peak)
breakdown pressures of 14.09, 15.15, and 15.45 MPa, respectively. During the fracture propagation stage,
all three specimens maintained fluid pressures around 12 MPa. Concurrently, throughout subsequent
fracturing fluid injection, multiple pressure peaks occurred across all specimens, with the injection pressure
curve displaying frequent fluctuations. This reflects multiple fracturing events induced by fluid pressure,
involving initiation and propagation of new fractures, or post-communication between hydraulic fractures
and natural fractures where fracturing fluid intrudes into natural fracture systems. This intrusion alters
net fluid pressure within the fracture network, consequently causing frequent fluctuations in the injection
pressure curve.
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Figure 6: Fracture geometry morphology and fracture curve of brittle sample after fracturing.
3.2 Compressive Characteristics of Ductile Sample

The ductile characteristics of rock also have some influence on fracture propagation. Fig. 7 shows the
three-dimensional reconfiguration of the ductile sample after pressure and the pumping pressure curve.
From the three-dimensional reconfiguration, it can be found that the vertical main hydraulic fracture stops
vertical propagation after activating the natural fracture through communication, but turns directly to the
natural fracture and continues to propagate and expand as an extension path. After reaching the bottom of
the natural fracture, it turns toward the direction of the maximum horizontal principal stress and continues
to expand until it breaks through the specimen surface.

Simultaneously, the fluid injection characteristic curve indicates that all three specimens reached
breakdown pressure at approximately 22 min. Specimens 3-1, 3-2, and 3-3 exhibited peak breakdown
pressures of approximately 14.11, 14.93, and 14.4 MPa, respectively. Notably, Specimen 3-2 displayed two
distinct breakdown pressure peaks, indicating significant secondary fracture generation, consistent with
post-fracturing observations of fracture surface coverage within the specimens. The propagation pressure
for all three specimens was distributed around 10 MPa.
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3.3 Compressive Characteristics of Samples in High Stress Difference Environment

Beyond the inherent rock brittleness or ductility, the stress difference also plays a crucial role in fracture
propagation, as discussed below. Fig. 8 shows the fracture geometry morphology and fracture curve of the
samples with high stress difference (18 MPa) after fracturing. The three-dimensional reconstruction of the
fracture shows that only one straight fracture appears in the direction of the maximum horizontal principal
stress of the three samples. Because the horizontal stress difference is too high, the natural fracture is
only slightly activated, only a small amount of fracturing fluid enters, and it does not become a dominant
channel. The hydraulic fracture still propagates along the direction of the maximum horizontal principal
stress until it breaks through to the sample surface.

The fracturing fluid pressure curve indicates that the specimen reached breakdown pressure at
approximately 6.8 min, with peak values of 25.33, 24.6, and 23.76 MPa, respectively. At this point, initial
fracture initiation occurred under fluid pressure. Subsequently, fluid pressure within the fracture plummeted
to approximately 10 MPa. With continued pumping of fracturing fluid, the fluid pressure curve stabilized
without significant fluctuations, maintaining around 15 MPa during the fracture propagation stage.
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Figure 8: Fracture geometry morphology and fracture curve of the samples in a high stress environment.
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4 Discussions

Since the experiments in this work have proved a uniformity for fracture shape and injection curve, the
schematic shape of the HF-NF intersection can be drawn based on the results. To evaluate the influence of
three different typical geomechanical conditions, the schematic fracture morphology of HF-NF intersection
behavior and the corresponding pumping pressure over injection time are compared, as shown in Fig. 9.
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Figure 9: Behavior of hydraulic fracture interaction with natural fracture among different geomechanical
conditions. (a) schematic fracture morphology of intersection behavior under brittleness with higher stress difference;
(b) schematic fracture morphology of intersection behavior under brittleness with lower stress difference; (c) schematic
fracture morphology of intersection behavior under ductility with lower stress; (d) pumping pressure responding

among different geomechanical conditions.

(1) Impact of ductility

For brittle shale (especially in middle-shallow depth) with a small approach angle, fluid-driven hydraulic
fractures under fluid pressure can trigger natural fracture activation while simultaneously extending along
the horizontal minimum stress direction, facilitating complex fracture network formation. For deep plastic
shale, natural fractures may be activated, but hydraulic fracture propagation remains entirely constrained
by natural fracture networks under fluid pressure, generating only a single dominant path (Fig. 9b,c). While
horizontal stress difference and natural fracture parameters govern fracture network complexity, deep shale
ductility dominates fluid-driven fracture propagation behavior, overriding these factors.

Moreover, the fracturing fluid pressure characteristics reveal that greater fluid volumes are required for
ductile sample initiation due to delayed breakdown pressure timing (Fig. 9d). This indicates that overcoming
deep shale ductility demands a significantly increased injection intensity (fluid volume per section meter)
to achieve perforation results comparable to middle-shallow layers through enhanced fluid energy delivery.
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(2) Impact of stress difference

High stress difference promotes simplified hydraulic fracture geometry with minimal natural fracture
engagement by fluid flow, even at small approach angles (Fig. 9a). Fig. 9d demonstrates that elevated stress
differences require higher breakdown pressures, indicating increased fluid pressure demands on wellbore
integrity. Propagation to geometric boundaries under high stress difference requires only approximately
one-third of the time of low-stress conditions, reducing fluid energy dissipation and improving operational
efficiency. Thus, high stress differences simultaneously reduce fracture network complexity under equivalent
fluid injection conditions and shorten treatment duration. High-density and multi-cluster fracturing may
enhance efficiency by optimizing fluid distribution. Note: While this Experimental analysis used absolute
stress difference, future work will implement stress difference coefficients.

(3) Impact of natural fractures

Natural fractures significantly alter fluid-driven hydraulic fracture propagation [24]. When hydraulic
fractures encounter natural fractures, the approach angle and stress differences jointly control the fluid
diversion behavior [25]. Fig. 6 demonstrates that under identical stress conditions, both elastic and ductile
samples (with/without preset fractures) exhibit asymmetric propagation. This occurs because fracturing
fluid preferentially enters low-resistance pathways along weaker prefabricated fractures, generating
fluid-dominated “slope-type” fracture surfaces until reaching model boundaries. For deep shale, the presence
of natural fractures alone cannot ensure efficient network formation; their fluid-conducting potential is
constrained by the rock’s ductility and the ambient stress state.

These experimental findings enable actionable optimizations for shale operations in the Sichuan Basin,
particularly for perforation clusters and fluid injection parameters.

5 Conclusions

(1) Compared to brittle shale at mid-to-shallow depths with small approach angles, hydraulic fractures in
deep ductile shale are primarily governed by natural fractures, resulting in a single propagation path.
To counteract the effects of ductility, injection intensity (fluid volume per meter) must be significantly
increased to achieve stimulation results comparable to those in shallower formations. In deep shale,
pronounced ductility may be the dominant factor limiting fracture network complexity.

(2) High stress differences significantly reduce treatment time, with fractures reaching geometric
boundaries in only one-third of the time required under low-stress conditions. Consequently, elevated
stress differences lead to both reduced fracture complexity and shorter operational durations in field
applications.

(3) Under higher stress difference conditions, elastic rock samples subjected to fluid injection exhibit
simple and planar hydraulic fracture geometries, with natural fractures experiencing minimal dilation
under the applied fluid pressure, achieved within a very short injection duration. Conversely, lower
stress difference conditions promote fluid-driven mechanisms conducive to the formation of permeable
complex fracture networks. Finally, for typical deep shale fracturing, a larger injection fluid volume as
well as high-density, multi-cluster fracturing techniques are recommended.
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