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a b s t r a c t

During unconventional energy extraction, substantial volumes of fluid are injected into low-
permeability reservoirs to facilitate hydraulic fracturing, creating an extensive network of fractures
that enhance fluid mobility. However, such large-scale fluid injection can lead to the initiation and
propagation of fractures, potentially triggering detectable seismic events that pose risks to human life
and infrastructure. To better understand these processes, in situ dynamic scanning imaging of hydraulic
fracture propagation and water-rock interactions in tight sandstones has been conducted using X-ray
computed tomography (CT). Our experimental findings reveal that fluid infiltration weakens rock
strength, thereby promoting rock failure. Under the influence of fluid injection, microfractures undergo
a continuous cycle of generation, expansion, and coalescence, ultimately forming interconnected hy-
drological pathways. These pathways are critical for the sustained propagation of fractures within the
rock. CT imaging highlights a positive feedback loop between fracture growth and the enhancement of
fluid diffusion. Notably, the rock at the dry-wet interface of the fluid front is particularly susceptible to
fracturing. Additionally, the rates of fracturing vary among different fractures and tend to progressively
decrease as the fractures extend deeper into the rock.
© 2026 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).

1. Introduction

In recent years, the role of exogenic fluids in anthropogenic
seismicity (particularly fluid injection-induced earthquakes asso-
ciated with energy exploitation) has garnered significant scientific
and societal attention. Fluid injection-induced earthquakes
remain a great threat to surrounding geological masses and resi-
dential structures (Shapiro and Dinske, 2009; Shelly et al., 2011;
Yang et al., 2012; Ellsworth, 2013b; Schultz and Wang, 2020; Tan

et al., 2020). As an effective means of energy exploitation, fluid
injection has been widely used, including that in underground
waste and saltwater disposal (Healy et al., 1968; Frohlich et al.
2011, 2014; Rubinstein et al., 2014; Foulger et al., 2018);
enhanced geothermal system (EGS) development (Majer et al.,
2007; Grigoli et al., 2018; Kim et al., 2018b; Lee et al., 2019;
Schoenball et al., 2020; Yeo et al., 2020); hydrocarbon pro-
duction(Wilson et al., 2017; Li et al., 2020); carbon dioxide capture,
sequestration and underground gas storage (Cesca et al., 2014);
hydraulic fracturing of rocks (House, 1987; Atkinson et al., 2020);
and coal, mineral and ore mining (Foulger et al., 2018). However,
several fluid injection-induced earthquakes with largemagnitudes
have occurred previously (Bao and Eaton, 2016). Since 2015,
several hydraulic fracturing induced earthquakes (ML 4.5+) have
occurred in the Western Canada Sedimentary Basin (WCSB). The
latest induced earthquake (ML 5.2) occurred in November 2022 in
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the province of Alberta, and research has confirmed that it was
directly related to nearby hydraulic fracturing operations (Pe~na
Castro et al., 2020). Some earthquakes (ML ≥ 4) in the Central
and Eastern United States are induced by wastewater disposal
(Ellsworth, 2013b). Fluid injection for EGS development has also
induced a MW 5.4 earthquake in Pohang, South Korea (Kim et al.,
2018a). In the Sichuan Basin of China, fluid injection operations
such as wastewater disposal, salt mining, and hydraulic fracturing
have induced earthquakes of different magnitudes (Lei et al.,
2020). For example, hydraulic fracturing operations have caused
several destructive earthquakes, including the MW 4.7, ML 5.7, ML
4.9, and ML 5.3 earthquakes in 2017, 2018, 2019, and 2019,
respectively (Lei et al. 2017, 2019; Yang et al., 2020). In these in-
dustrial operations, large fluid volumes were injected into target
geological formations. Thus, fluid-injection-induced earthquakes
have caused a series of controversial problems (Lei et al., 2020).
However, the rock failure process of fluid injection remains
controversial (Berchenko and Detournay, 1997; Bohloli and De
Pater, 2006; Arthur et al., 2009; Hu and Wang, 2018; Wang et al.,
2021), and measures must be taken to conduct the operations
safely and more efficiently. Thus, we are committed to investi-
gating the role of fluids in the occurrence of fluid injection-
induced earthquakes.

Understanding the rock failure process during fluid injection,
particularly the hydraulic fracture propagation process, is crucial
for ensuring the stability of the geological mass in the construction
area and reducing the risk of induced earthquakes (Rutledge et al.,
2004; Cui et al., 2013; Ellsworth, 2013a; Liu et al., 2014; Schultz
et al., 2020; Schultz and Wang, 2020; Tan et al., 2020). Despite
extensive research on the mechanisms of fluid injection-induced
earthquakes, there remains a scarcity of direct observational evi-
dence to substantiate existing research perspectives. Geological
formations, being opaque media, pose challenges for the direct
observation of rock failure processes within them. Furthermore,
operational constraints of monitoring devices hinder real-time
monitoring in high-temperature and high-pressure environ-
ments thousands of meters underground. Fortunately, laboratory
simulations of field fluid injection construction provide conve-
nient conditions for such research (Lei et al., 2016).

Investigating the role of fluids within rock failure mechanisms
necessitates a comprehensive understanding of the mechanical
deformation characteristics exhibited by fractured rock masses, as
well as the growth dynamics of fracture networks. The nucleation
and coalescence of fractures depend on the inherent properties of
reservoir rock and its response to geological formation stress. The
fracture propagation path is based on the reaction of fracture
growth to injection operations, the mechanism of interactionwith
existing natural fractures, and the hierarchy of multiple fractures
(Cao et al., 2021). Under these complex stress conditions, the
mechanisms controlling fracture nucleation, generation, and
growth are particularly important (Renard et al., 2019; Zang et al.,
2021).

To elucidate the principles governing fracture growth within
large-scale reservoirs, the deformation and fluid flow dynamics
within geological formations must be observed. Microseismic
monitoring and imaging techniques have been widely used for
indirectly describing the spatial distributions of fractures and
inferring fracture propagation patterns during field operations of
hydraulic fracturing (Maxwell et al., 2010). However, the accuracy
of fracture analysis may be significantly compromised by the
suboptimal quality of microseismic signals acquired in field set-
tings, along with the considerable expenses associated with field
construction (Zang et al. 2017, 2021). Laboratory-based hydraulic
fracturing experiments, characterised by their flexible design and
robust operability, offer a viable alternative for simulating diverse

operational conditions. In situ hydraulic fracturing experiments
have progressively emerged as a conventional method for inves-
tigating the propagation characteristics of hydraulic fractures (Ma
et al., 2022). Acoustic emission monitoring is an effective method
to study the destruction process of the rock sample (Ishida et al.,
2012; Rodriguez and Stanchits, 2017; Kwiatek et al., 2018; Gehne
et al., 2019; Velcin et al., 2020), which can indicate the fracture
pattern inside a rock sample (Naoi et al., 2025; Song et al., 2025).
However, for small-scale rock samples, the location accuracy of
acoustic emission events is limited.

Numerical simulation is also an effective method for studying
the propagation process of hydraulic fractures. Xia et al. (2024)
employed the rock failure process analysis (RFPA) method to
establish a deep reservoir model that considers permeability
anisotropy and conducted comparative research on the hydraulic
fracture propagation law. Wei et al. (2024) established a hydraulic
fracturing model based on the combined discrete element method
(CDEM) and conducted numerical simulations on the propagation
laws of hydraulic fractures. Based on the results of numerical
simulation and spatiotemporal distribution characteristics of
acoustic emissions during hydraulic fracturing, scholars have
gained extensive insights into the propagation laws of hydraulic
fractures (Liu et al., 2022). The propagation path of hydraulic
fractures is controlled by the direction and magnitude of in situ
stress, and bedding structures (such as bedding planes and natural
fractures) also significantly influence the fracture propagation
path (Zhang et al., 2023). However, during numerical simulation,
the selection of input parameters and models, as well as the
establishment of boundary conditions, can affect the simulation
results, and the validity of numerical simulations relies on verifi-
cation through experimental or field data.

The propagation of hydraulic fractures is the result of complex
fluid-solid coupling interactions. However, methods based on
acoustic emission monitoring or numerical simulations cannot
effectively help investigate the underlying mechanisms of how
fluids influence the effective stress field within rock matrices,
dynamic initiation of hydraulic fractures, and their interactions
with natural fractures (Li et al., 2023). X-ray computed tomogra-
phy (CT) has beenwidely employed for directly revealing fluid flow
through pores and the evolution of the internal structure in rock
samples (Watanabe et al., 2011; Watanabe et al., 2013; Delle Piane
et al., 2017; Jiang et al., 2017; Renard et al., 2017; Patmonoaji et al.,
2019; Renard et al., 2019; Van Offenwert et al., 2019; Alhosani
et al., 2020; Withers et al., 2021). In situ industrial X-ray micro-
tomography (synchrotron radiation facility) has been successfully
employed to monitor fracture growth within millimetre-scale
samples under triaxial stress loading (Cartwright-Taylor et al.,
2020). Nevertheless, when conducting in situ X-ray micro-
tomography of rock fracture propagation under synchrotron ra-
diation facility conditions, the utilised rock specimens are
exceedingly diminutive (merely a fewmillimetres in size). Drilling
water holes and conducting fluid injection in such small rock
samples are difficult; thus, scholars can only observe the rock
failure process under triaxial compression. Consequently, simu-
lating the fluid injection process within geological formations
under the aforementioned experimental conditions is unfeasible.
Furthermore, the fractures observed in millimetre-scale rock
specimens are of insufficient magnitude to be of practical signifi-
cance for industrial applications. A more profound understanding
of the rock fracture process can be attained through the investi-
gation of fluid-rock interactions within geological formations.
Medical X-ray tomography has proven to be an exemplary method
for in situ research on the fluid transfusion process and growth of
the hydraulic fracture network within centimetre-scale rock
specimens (Ma et al., 2022).
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In this study, based on in situ real-time X-ray imaging tech-
nology, the actual fracture propagation process within authentic
centimetre-scale sandstone samples has been successfully docu-
mented and analysed under simulated formation pressure condi-
tions. For the first time, the experimental results revealed a
positive feedback mechanism between hydraulic fracture propa-
gation and fluid seepage enhancement in tight sandstone. In this
study, we demonstrated the preferential fracturing pattern at the
dry-wet interface of the fluid front, elucidating the spatial selec-
tivity of seepage weakening in rock failure mechanisms. Further-
more, the dynamic behaviour ofmicrofractures is quantified in this
study by proposing a three-stage ‘generation-propagation-
connection’ evolutionary model, indicating that the formation of
seepage channels primarily depends on nonlinear fracture coa-
lescence processes. Additionally, we elucidated the attenuation
law of fracture propagation rates: competitive propagation exists
among different fractures, with fracturing rates exhibiting expo-
nential decay as fractures extend deeper into the rock. According
to the above fluid-structure interaction phenomenon observed
during the experiment, new evidence is provided for the mecha-
nism of fluid injection-induced earthquakes.

2. Experimental details

2.1. Experimental facility

To accurately obtain the variation law of the internal structure
of rock samples during fluid injection, we independently built a set
of experimental equipment apparatus. The independently devel-
oped experimental apparatus is capable of simulating a pseudo-
triaxial stress field and the fluid injection process, while simulta-
neously enabling in situ real-time CT scanning of rock samples. A
detailed description of the method and apparatus is presented by
Ma et al. (2022).

The independently developed experimental setup comprises
two parts: (1) the aluminium alloy core holder that can withstand
ultrahigh pressure, and (2) a pressure loading system to simulate
pressure conditions. Another part of the experimental system is
the third-generation medical X-ray CT scanner, which is used to
image the sample placed in the core holder. The schematic dia-
gram of the experimental system is shown in Fig. A1. The pressure
loading system is used to simulate the actual formation stress
state, and the hydraulic fracturing process includes three syringe
pumps (Fig. A1) to control the confining, axial, and water injection
pressures. All three pressure pumps are electrically controlled to
ensure stable operation during the hydraulic fracturing experi-
ment, and the control software can remotely control the contin-
uous pressure setting and recording (Ma et al., 2022).

As the key goal of this experiment is to determine the evolution
of the internal rock structure during the fluid injection experi-
ment, the X-ray CT scanning image quality should be as high as
possible. The core holder we used independently met two
important criteria simultaneously. One is the excellent mechanical
performance capable of withstanding ultrahigh pressure to ensure
the safety of the experiment. The other is appropriate X-ray
penetrability to ensure the quality of the X-ray CT scanning image.
According to previous studies, we found that the aluminium alloy
material is suitable (Shi et al., 2011; Akbarabadi and Piri, 2013;
Wenning et al., 2019). Aluminium alloy has very good mechani-
cal properties but a very low density of approximately ~2.75
g=cm3, and its X-ray attenuation coefficient is relatively low. To
determine the most suitable core holder thickness for the exper-
iment, we conducted a series of tests. The core holder was
designed to withstand confining and axial pressures up to 50 MPa
and 100 MPa, respectively. We adopted the method of controlling

variables for testing. First, we prepared cylindrical sleeves
comprising aluminium alloy with thicknesses of 8 mm, 9 mm,
10 mm,11 mm, and 12 mm, and placed themwith the rock sample
for CT scanning. By comparing the resolution of the CT images, we
found that the 11- and 12-mm thick sleeves can cause artifacts in
CT imaging. Therefore, we excluded these two thicknesses. Sub-
sequently, we conducted a one-week pressure limit test using the
remaining sleeves, with test pressures higher than the set
confining and axial pressure values. After the test, we measured
whether the deformation of the sleeves was within the normal
range. The 8- and 9-mm thick sleeves exceeded the prescribed
deformation range after the pressure test; thus, only the 10-mm
thick sleeve met the requirements. Therefore, the thickness of
the aluminium alloy core holder was finally set to 10 mm.

To ensure the integrity of the sample within the core holder
during the experiment and prevent fluid leakage between the
rubber sleeve and the sample, two measures were implemented.
First, experiments were conducted using tight sandstone samples
with extremely low permeability. Prior to the experiment, the
samples were meticulously polished with sandpaper to achieve a
smooth surface, ensuring a snug fit between the rubber sleeve and
the sample. Under the high confining pressure conditions of the
experiment, there was virtually no gap between the rubber sleeve
and the sample, thereby preventing fluid circulation. Second, the
plugs at both ends of the sample were designed with grooves and
sealing rings to further mitigate the risk of fluid leakage.

The utilisation of synchrotron radiation facilities for the imaging
of in situ dynamic fracture propagation within rock samples under
triaxial stress loading serves as a robust foundation for this study.
Nevertheless, the X-ray tomography scan duration of synchrotron
radiation facilities, which can extend up to severalminutes,may not
effectively capture rapid hydraulic fracture expansion (Renard et al.,
2017). Furthermore, the sample must be rotated to complete CT
scanning with the synchrotron radiation facility. In our study, to
preserve the absolute static state of the rock samples and promptly
ensure the completion of CT scanning, the medical scanner
emerged as a viable option. We selected the latest generation of
medical scanners, called GE Revolution CT, produced by the General
Electric Company. The scanning parameters of this medical CT
scanner are excellent. The detector has a width of 160 mm and can
rotate 360◦ around the rock sample. All the CT scans in one com-
plete experiment use the same set of scanning parameters. The
voltage and current are set to 140 kV, 300 mA, respectively; the
time to complete one CT scan is set to 0.5 s (two frames per second);
the pixel spatial resolution is set to 0.23 mm; and the pixel matrix
size is 512 × 512 pixels (Ma et al., 2022). The spatial resolution of
the medical equipment is sufficient to observe fractures inside
centimetre-scale samples. To capture rapid fracture propagation,
the extremely high temporal resolution of the medical X-ray
scanner can compensate for some disadvantages in spatial resolu-
tion compared with the higher spatial resolution of industrial X-ray
scanners. Besides, the CT scanning data for mapping in subsequent
sections have already been denoised, including removal of ring ar-
tifacts and beam hardening.

2.2. Geological features of the experimental samples

We conducted a laboratory fluid injection experiment using
tight sandstone samples collected from a tight sandstone gas
reservoir. The total reserves of tight sandstone gas have reached 1/
3 of China's total natural gas reserves. Therefore, the exploitation
of tight sandstone gas has become the most important and real-
istic area of unconventional natural gas extraction in China in the
future. The Sichuan Basin inwestern China is themain natural gas-
producing area in the country. The exploration of moderate-depth
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and shallow continental tight sandstone in the Sichuan Basin has a
long history. Several tight oil and gas reservoirs have been found in
the Jurassic Shaximiao Formation (Wang et al., 2020).

The samples used in this study were obtained from the Jurassic
Shaximiao Formation in the central Sichuan Basin. Before starting
the fluid injection experiment, we measured the physical param-
eters of 30 test samples. The mineral composition of the tight
sandstones was determined through X-ray diffraction (XRD)
analysis; the tight sandstones comprised quartz, feldspar, and
clastic mica. The average quartz, feldspar, muscovite, and clay
mineral contents were 69.1 %, 7.8 %, 2.6 %, and 20.5 %, respectively.
The permeability and porosity of the sample were obtained by
standard gas measurement. Based on the measurements, the
average porosity and permeability were 8.5 % and 0.03 mD,
respectively. The average grain size of the rock was 0.25 mm. The
compressive and tensile strengths of the dry sample were
45.4 MPa and 15.18 MPa, respectively. Before the experiment, the
tight sandstone sample was processed into a straight cylinder. The
length and diameter were 125 mm and 50 mm, respectively. A
water injection hole with a diameter of 6 mm and a length of
80 mm was drilled from the top of the sample (Fig. 1).

2.3. In situ fluid injection CT scanning experiment

The purpose of this experiment is to investigate the fracture
propagation during fluid injection. According to the depth range of
the target reservoir from 1500 m to 2500 m, we select the litho-
static pressure range from 15 MPa to 25 MPa. Considering the di-
rection and value of the maximum horizontal principal stress in the
reservoir, the axial pressure was set to vary between 80 MPa and
100MPa. The setting range for the fluid injection pressure was from
10MPa to 35MPa. Based on themethod of controlling variables, we
conducted tests with a step size of 5 MPa within the aforemen-
tioned ranges of axial, confining, and injection pressures. A total of
27 experiments were conducted within the core holder pressure
limitation. Each sample in the experiment was successfully frac-
tured. Although the internal fracture network morphology of
different samples after fracturing is not completely consistent, they
all exhibit strong commonality. The experimental results presented
in this study are the most typical results after comparison. After
comparative analysis of the test experiments, the optimal pressure
combination setting was finally determined (Fig. 2).

The experiment illustrated in Fig. 3 was conducted at room
temperature and under nominally dry conditions. The duration of
the entire experiment was approximately 180 min. The pressure

loading during the experiment was set according to the optimal
pressure combination obtained from previous test experiments:
the maximum confining, axial, and injection pressures were
20 MPa, 99 MPa, and 37 MPa, respectively. The experimental
conditions were relevant for the brittle deformation of rocks at
depths of approximately 2 km (Renard et al., 2019). According to
the pressure loading, the entire experiment included five stages:
(I) coaxial loading, (II) increasing differential stress, (III) water
injection, (IV) continuous fracture and (V) fracture completion
stages (Fig. 3). During the entire hydraulic fracturing experiment,
numerous of CT scans were conducted to observe the structural
evolution inside the tight sandstone sample. The CT scan times are
marked by the vertical lines in Fig. 3.

The first CT scan was conducted on the tight sandstone sample
at zero stress as a reference to obtain the initial state of the sample
before loading. Subsequently, the first stage of the experiment
began, during which two CT scan images (Nos. 2 and 3) were ob-
tained to determine the sample state after coaxial pressure.
Thereafter, the experiment entered the second stage, during which
the differential stress experienced six increments from 0 to
79MPa. A total of six CT scan images (Nos. 4–9) were obtained after
each stress increment during this stage. Subsequently, fluid was
injected into the dry sandstone sample in creep form at the
beginning. Previous numerical studies, along with the results of
microseismic monitoring, have indicated that in hydraulic frac-
turing experiments, when the injection rate is set to a continu-
ously increasing mode, the hydraulic fracturing effect is the best
(Wang et al., 2016). In this stage, the fluid was injected with a
gradually increasing injection rate setting for the syringe pump.
The specific injection scenario followed three steps. Step 1: The
injection pressurewas increased from0 to 10MPa at a rate of 1mL/
min. Step 2: The injection pressure was increased from 10 MPa to
20 MPa at a rate of 1.5 mL/min. Step 3: The injection pressure was
increased from 20 MPa to 30 MPa at a rate of 2 mL/min. A total of
six CT scans (Nos. 10–15) were obtained after each pressure
increment. The fourth stagewas the continuous fracture process of
the sandstone sample. At the beginning of this stage, the syringe
pump was set at a rate of 5 mL/min to increase the injection
pressure from 30 MPa to 35 MPa. When the injection pressure
reached the target pressure, the sandstone sample rapidly began
to fracture. The entire fracture stage lasted for approximately

Fig. 1. Schematic images of the sample. After sample preparation, the sandstone
sample used in the study was a cylinder measuring 125 mm and 50 mm in length and
diameter, respectively. A water injection hole was drilled on one side of each sample,
measuring 6 mm in diameter and 80 mm in length, respectively.

Fig. 2. Schematic diagram of the pressure combination settings. Blue dots represent
different pressure combination settings. Orange asterisks represent pressure values
projected onto confining and axial pressure planes. The red pentagon marks the
optimal pressure combination setting.

Z. Ma, Y. Wang, L. Zhao et al. Journal of Rock Mechanics and Geotechnical Engineering 18 (2026) 3640–3653

3643



20 min and can be divided into two parts. Part 1 represented the
initial rapid fracture process with an extremely short time. During
this part, forty three-dimensional (3D) X-ray tomography scans
(Nos. 16–55) were obtained to indicate the drastic change in in-
ternal structure in the sandstone sample. The results of the 40 CT
scan imageswere obtained in continuous scanningmode. The time
to complete one CT scan was 0.5 s; the CT scan time interval be-
tween two adjacent scans was 2.5 s; and the total time was 120 s.
The times of the 40 scans aremarked by a purple rectangular block
in Fig. 1. Part 2 represented the fracture development process.
During this part, the axial stress, confining pressure, and injection
pressure were finally decreased synchronously. In this part, six 3D
X-ray tomography scans (Nos. 56–61) were used to indicate the
continuous evolution of fractures in the sandstone sample. The
fifth stagewas the fracture completion stage. In this stage, all types
of pressure were unloaded, which marked the end of the hydraulic
fracturing experiment, and the CT scan No. 62 was conducted.

3. Results

We conducted a total of 62 CT scans to track the evolution of the
internal structure during the experiment (Fig. 3). In this study, we
focus on the results of the first 55 CT scan images.

3.1. Evolution of the fracture network in two-dimensional (2D)
slices

In this section, 16 representative 3D X-ray tomograms in
sequence are selected for analysis (Figs. 4 and 5). Video 1 in

Appendix B shows a total of 40 CT scan images of the rapid pro-
cess of internal structure evolution.

The initial CT scan image depicted the pristine structural
integrity of the sample, characterised by randomly dispersed
mineral particles and the absence of pre-existing fractures
(Fig. 4a). A total of fifteen 3DX-ray tomograms (1st to 15th CT scan
images) were acquired to monitor the structural evolution before
fracturing (Video 1 in Appendix B). We selected seven 3D X-ray
tomograms to introduce the specific phenomena.

Under the sustained application of coaxial pressure, the green
dot area (high-density area) progressively expanded in the CT scan
images (Fig. 4b and c). We inferred that with increasing coaxial
pressure, some pre-existing micropores closed, implying
compaction. When the differential stress reached the maximum
value in the increasing differential stress stage (II), the high-
density area in the sample increased further, indicating a deeper
degree of compaction (Fig. 4d).

As shown in the images, the injection of fluid changed the
completely dry state inside the sandstone sample. Concurrently,
the injection pressure increased with injection time, and the
continuous green area around the injection hole gradually
expanded in the CT scan images (Fig. 4e–h). This phenomenon
indicates that with increasing injection time and pressure, water
gradually migrated from the injection hole into the rock matrix.
Owing to the compactness of the sample, even during the latter
period of this stage, only the rock matrix around the injection hole
reached the fluid saturation state.

During the experiment, to investigate the changes in the internal
structure of the sample with greater precision, we incorporated

Fig. 3. Pressure loading curve for the fluid injection experiment. The blue, orange, and yellow lines represent the loading curves of confining pressure, axial compression, and
injection pressure, respectively. The hydraulic fracturing experiment comprises five stages, where the blue, red, green, purple, and black dotted boxes indicate the coaxial loading
(I), increasing differential stress (II), water injection (III), continuous fracture (IV), and fracture completion (V) stages, respectively. The CT scanning times during the entire
hydraulic fracturing experiment are indicated by dotted lines of different colours and corresponding numbers. The pink vertical dotted line identifies the first CT scan of the
sample in a stress-free state; the blue vertical dotted line indicates the two CT scan times for the coaxial loading stage; the red vertical dotted lines indicate the six CT scan times
for the increasing differential stress stage; the green vertical dotted lines indicate the six CT scan times for the third stage; the purple rectangular block and another six purple
vertical dotted lines indicate the CT scan time for the continuous fracture stage; and the black vertical dotted line indicates the CT scan time for the fifth stage.
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slices extracted from different axial positions for comparative
analysis (as shown in Fig. A3). At the inception of the fracture
process (Fig. 5a), a narrow fracture was observed, forming an angle
of 30◦ with respect to the σ1 direction. This is in accordance with
the value range in the Mohr-Coulomb criterion, which posits that
the angle between the rock fracture surface and maximum prin-

cipal compressive stress is
(
45◦ −

φ
2

)
, where φ represents the in-

ternal friction angle of rock, and the value of φ is usually 30◦.
After propagating for 18 s (Fig. 5b), the narrow fracture extended

into a region characterised by diverse mineral compositions,
resulting in a noticeable deflection of its propagation direction,
marked by the red box labelled No. 1. Additionally, the symmetrical
position relative to fracture No. 1 was marked by the orange box
labelled No. 2. A microfracture, marked by a white circle No. 3,
occurred beneath the bottom of the injection hole (refer to the

position marked by the dashed line No. IV in Fig. A3), and the di-
rection of this microfracture was consistent with the dry-wet
interface in this area. After extending for 18 s (Fig. 5c), the micro-
fracture marked by white circle No. 3 gradually developed into a
macrofracture along the dry-wet interface. At the position corre-
sponding to dashed line No. V in Fig. A3, we observed another
microfracture generated at the dry-wet interface marked by purple
circle No. 4. After extending for 12 s (Fig. 5d), a pair of new fractures
formed, marked by the pink box No. 5. This pair of new fractures
and the existing fractures were axisymmetric about the axial di-
rection of the sample. The microfracture marked by the purple
circle No. 4 also gradually developed along the dry-wet interface.
After extending for 24 s (Fig. 5e), microfracture No. 4 finally
developed into a macrofracture. The No. 5 fractures enlarged and
generated cross-fracture branches. At the position corresponding to

Fig. 4. Comparison of computed tomography (CT) slices of the internal structure of the sandstone sample before fracturing in the experiment. The CT scan images of each group
are acquired at approximately the same position in the sample. Specific position descriptions and image feature descriptions of each group image are shown in Fig. A2. The red
letters in each figure mark the number of the CT scan, and the white letters mark the time of the current CT scan (relative time from the start of the experiment). The colour bar of
the image: the colours from black to red represent the changes in CT values from low to high.
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the No. VI dashed line in Fig. A3, we observed anothermicrofracture
generated at the dry-wet interface marked by a blue circle No. 6.
After extending for 12 s (Fig. 5f), a cross-microfracture formed at the
end of the No. 2 fracture, marked by the grey box No. 7. After
extending for 15 s (Fig. 5g), a secondary fracture nearly perpen-
dicular to the direction of the maximum principal compressive
stress was produced based on the large fracture extending to the
bottom of the sample, marked by red box No. 1. The volume of the
Nos. 6 and 7 fractures were significantly enlarged. Additionally,
another secondary fracture was generated based on No. 3 fracture,
and its expansion direction was also along the new dry-wet inter-
face of the area. This fracture was marked by a yellow circle No. 8.
After extending for 18 s (Fig. 5h), the secondary fracture in the red
box No. 1 began to deflect, and its propagation direction changed
from initially perpendicular to themaximumprincipal compressive
stress to parallel to it. The original No. 7 cross-fracture enlarged, and
a new fracture was generated nearly parallel to it. The No. 8 sec-
ondary fracture continued to expand.

3.2. Evolution of the fracture network in 3D volume

In the previous section, we analysed the fracture propagation
pattern according to the CT slice images. To more comprehensively

investigate the fracture propagation process, we focused on the
propagation of the three-dimensional fracture network inside the
rock sample. A detailed analysis of the fracture propagation pro-
cess during the fluid injection experiment was performed using
VG Studio Max software (V3.3) (Volume Graphics GmbH, Ger-
many) to extract the fracture network and calculate the fracture
volume from 40 CT scan datasets. The use of CT data to directly
extract the fracture structure can help determine the growth of the
real fracture network in the rock sample.

The gradually increasing slope of the curve of water injection
rate reflects the transformation process of the internal structure of
the rock (purple solid line in Fig. 6). During the initial stage, the
injection volume showed a slow increase. After 20 min, the slope
of the injection curve exhibited a marked enhancement, with this
inflection point corresponding to structural alterations in the in-
ternal permeability of the rock. After 25 min, fracture initiation
occurred within the sample, accompanied by a substantial in-
crease in fluid migration channels, which increased the injection
volume to sustain fracturing pressure. This phenomenon serves as
a critical engineering indicator for evaluating the maturity of
fracture network development.

The 40 values of fracture volume calculated by the software are
projected onto the pressure curve to analyse the evolution of

Fig. 5. Comparison of CT slices of the internal structure of the sandstone sample during the fracture process in the experiment. A total of six axial slices represent the six
important positions of the sample, marked in Fig. A3.
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internal fracture volume with changing pressure over time after
the start of fracturing, as shown by the blue dashed-dotted line in
Fig. 6. According to the slope change of the curve of change in
water injection volume, the water injection volume increased
steadily. During the fracture process, the water injection volume
increased rapidly.

Fig. 7 shows five representative CT scanning results selected
from the 40 fracture networks from four perspectives extracted by
the software. Video 2 in Appendix B shows a total of 40 groups of
fracture network structures from four perspectives extracted by
the software. As shown in Fig. 7, the connected fractures are
marked with the same colour, and the same colour scheme is used
to mark the fractures from small (blue) to large volumes (red). To
describe the fracture propagation process, the fractures are
marked in numbered boxes according to the positions of spatial
distribution in the image, consistent with the marking order in CT
images in the previous section.

In the first stage, the whole fracture morphology and volume
changed dramatically. The comparison between the 16th (Fig. 7a)
and 19th CT scan results (Fig. 7b) indicates that the fracture
marked in the first red box experienced fracture deflection. The
deflection direction is approximately 17◦, and this deflection angle
falls within the range of 10◦–20◦ of local crustal stress field
deflection in the Sichuan Basin (Ning et al., 2024). This indicates
that fracture propagation is controlled by the redirection of
regional tectonic stress. The second orange box shows the gener-
ation of the new fracture, which propagated at an angle of 30◦ with
respect to the direction of the maximum principal compressive
stress. It reveals the regulatory effect of sandstone weakness
planes on fracture trajectories, which is consistent with the
modified Coulomb fracture criterion.

In the second stage (Fig. 7c), the whole fracture morphology
and volume did not change dramatically. We chose the represen-
tative 31st CT scan result, indicating that the fracture network was
clearly expanded relative to the original network. The two frac-
tures marked in the red box No.1 and the orange box No. 2 merged
with each other. Hydrological pathways include microfractures
and pores in rock that facilitate fluid migration. Compared with
that in pores, fluid migration is more likely to occur in fractures.
The coalescence of two fractures signifies the formation of

dominant hydrological pathways. The deflection degree of the No.
1 fracture increased. A new fracture branch formed and propa-
gated at an angle of 30◦ with respect to the direction of the

Fig. 6. Curve of the change in fracture volume with pressure loading during the hydraulic fracturing experiment. This curve mainly represents the stage when the pressure curve
changed dramatically in the latter stage of the hydraulic fracturing experiment.

Fig. 7. Schematic images of the fracture propagation process inside the sandstone
sample. The sequential order of the results is the 16th, 19th, 31st, 46th, and 55th CT
scans. The legend on the right represents the corresponding colour scale value of the
fracture volume.
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maximum principal compressive stress, marked by the 3rd box
(yellow).

In the third stage, the whole fracture morphology and volume
also changed dramatically. The 46th CT scan result (Fig. 7d) shows
that a complex annular fracture surface was generated, marked by
the No. 4 pink box. Additionally, at the bottom of the fracture
network, a secondary fracture branch expanded perpendicular to
the direction of the generated maximum principal stress, marked
by blue box No. 5. This indicated that the boundary effect had a
significant influence on fracture evolution. In the 55th CT scan
results (Fig. 7e), the direction of expansion of the secondary frac-
ture branch marked by blue box No. 5 changed, and it was no
longer completely perpendicular to the direction of the maximum
principal stress but tended to grow towards the bottom of the rock
sample.

Integrated analysis of fracture network evolution across three
stages reveals partial fracture closure in localised regions during
the fracturing process. This phenomenon indicates a competitive
mechanism between the directional propagation of secondary
fractures and stress shadowing effects from dominant fractures.
Such competition induces intermittent opening-closing behaviour
in effective conductive channels, providing a crucial theoretical
foundation for optimising the pumping protocols in fracturing
design.

3.3. Calculation of the fracture propagation rate

According to a series of CT images obtained during the exper-
iment, we found that the fracture rate was not uniform throughout
the entire process. There were obvious differences in fracture
propagation velocity at different positions in the early stage of the
experiment. We selected three groups of representative images to
illustrate the specific fracture evolution pattern and slip velocity.
For comparison, we focused on several typical fractures in the
sample. The changes in the propagation velocity or slip velocity of
these typical fractures during the entire experiment were
calculated.

For each selected fracture, we delimited a unified area to
conduct measurements and calculations. When calculating the
fracture propagation rate or fault slip rate, the areas delineated in
the same group of images were used. The increase in propagation
length was measured along the direction of fracture propagation.
The increase in propagation width was measured by considering
five equidistant points on the target fracture and subsequently
calculating the average value. The propagation rate was calculated
based on the expansion time.

Three examples are described below. In the first example, we
selected the results of the 19th and 20th CT scans. In this example,
we focused on the propagation rate of three fractures, as shown in
Fig. 8. After calculation, the propagation rates of these three frac-
tures were different. The growth rate of the newly deflected
fracture (No. 1) was approximately 5:3× 10− 3 m=s. The growth
rate of another new fracture (No. 2) was approximately 3:5×
10− 3 m=s. The propagation rate of the No. 3 fracture was consid-
erably slow, at approximately 1:7× 10− 4 m=s. In the second
example, we selected the results of the 22nd and 24th CT scans.
The propagation rate of the No.1 fracture was approximately 7:9×
10− 4 m=s. The propagation rate of the No. 2 fracture was
approximately 8:8× 10− 5 m=s. The propagation rate of the No. 3
fracture was approximately 4:2× 10− 5 m=s. In the third example,
we selected the results of the 27th and 30th CT scans. The prop-
agation rate of the No.1 fracturewas approximately 8:8× 10− 5 m=
s. The propagation rate of the No. 2 fracture was approximately
5:8× 10− 5 m=s. The propagation rate of the No. 3 fracture was
approximately 2:9× 10− 5 m=s.

To summarise, with the continuous injection of fluid, the
fractures had a wide range of propagation rates, which can be
attributed to the heterogeneity in the internal structure and
complexity of the mineral composition. We can summarise that
the rate of fracture growth/propagation gradually decreased with
time. According to the laboratory measurements, the order of
magnitude of the growth rate of new fractures in the rock sample
was 10− 3 m=s, and that of the fracture propagation rate crossed an
order of magnitude from 10− 4 m=s to 10− 5 m=s.

4. Discussion

4.1. Fracture network propagation process of the sandstone sample
during fluid injection

In this study, for the first time, we innovatively employ in situ
observation technology to comprehensively reveal the rapid hy-
draulic fracturing process (<30 min) of sandstone from the intact
matrix, microfracture generation and macroscopic fracture
network. Compared with conventional acoustic emission moni-
toring (Lei et al., 2000) or post-fracture CT scanning, we achieve
the four-dimensional visualisation of the complete fracture pro-
cess (nucleation-propagation-interaction) through synchronised
pressure-CT-fluid tracing technology (Video 1 in Appendix B).
Thus, we provide direct experimental evidence for unravelling the
dynamic competition mechanisms governing hydraulic fracture
propagation.

Lei et al. (2000) proposed an additional strain field at the pro-
cess zone, which includes the tensile (volume strain increase) and
compressive modes (volume strain decrease). The front of the
propagating shear fracture is prone to expand towards the tensile
direction, which contributes to the deflection(Lei et al., 2000). In
our experiment, the process zone of the No. 1 fracture, marked in
Fig. 5 and Video 1 in Appendix B, follows this propagation mech-
anism. The fracture initially propagated along a direction with an
angle of 30◦ with respect to the direction of the maximum prin-
cipal compressive stress σ1. Under the effect of the local stress field
at the process zone, the propagation direction gradually deflected
towards the σ1 direction. Finally, the No. 1 fracture propagates
along the σ1 direction. Moreover, many studies have indicated that
some special phenomena may occur during the shear fracture
propagation. For example, inclined and normal shear fracture
zones may be created between the pre-existing and wing fracture
zones (Lajtai, 1974; V�as�arhelyi, 2006). In our experiment, the
process zone of the No. 5 and No. 7 fractures, marked in Fig. 5 and
Video 1 in Appendix B, follows this propagation mechanism.

For the first time, this experiment captured the dynamic details
of the ‘water precursor effect’. According to the typical propaga-
tion of the No. 1 fracture, we concluded that water plays the most
important role in fracture propagation. According to the dynamic
in situ CT scanning images obtained during the hydraulic frac-
turing experiment, we can determine the position of the fluid front
based on the spatial distribution of CT values of the sample. In the
process of continuous propagation, we found that the water front
was always ahead of the fracture front, implying that water can
drive the expansion of the fracture. With the continuous injection
of high-pressure water, water-rock interaction occurred inside the
sandstone, and the strength of the sandstonewasweakened owing
to the action of water. The effect of water pressure promoted the
connection of pores between mineral particles in the sandstone,
resulting in the loose arrangement structure of mineral particles.
Some microfractures of extremely small scales began to appear
inside the sandstone. Microfractures acted as important hydraulic
connection channels, such that a steady stream of water converged
at the microfractures. Under the continuous collection of water,
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the pore pressure in this area continued to increase, and the
effective positive stress continued to decrease, resulting in the
propagation of microfractures.

The dry-wet interface was easily damaged at first, and the
fracture easily propagated from the dry area far from the injection
position to the wet area close to the injection position. We ana-
lysed that the effective normal stress is low owing to the high pore
pressure in the wet area. The pore pressure is low and the effective
normal stress is high in the dry area. The fracture was easily
propagated from the area with high effective normal stress to that
with low effective normal stress. Moreover, fractures easily prop-
agated along the edge of the dry-wet interface. Owing to the
complex stress state of the interface area, the angle deflection
easily occurs when the fracture expands. This phenomenon
confirmed the guiding effect of the unsaturated seepage field on
the fracture process.

Macro fractures were developed based on microfractures. In
the initial stage of fracturing, the distribution of microfractures
was discrete. With the continuous injection of high-pressure fluid,
the microfractures continued to expand and connected to form
macro-fractures. Previous numerical simulations (Li et al., 2020;
Rabbel et al., 2020) based on the extended finite element
method (XFEM) or other numerical models have been conducted
to study the fracture network evolution during hydraulic frac-
turing. These studies suggest several kinds of fracture develop-
ment during rapid internal fluid generation in the rock sample,
including individual fracture propagation, interaction and coales-
cence (Li et al., 2020; Rabbel et al., 2020). The conclusions of nu-
merical simulations serve as a powerful theoretical basis for
explaining the experimental phenomena observed in this study.

The specific evolution of fractures during the fracture process
was also highly complicated. In the early stage of the fracture
process, the expansion process of the fracture network was
accompanied by the emergence of new fractures and closure of old

fractures, which is consistent with the conclusions of previous
studies (Renard et al., 2019; Rabbel et al., 2020). Many studies have
shown that the interaction between fractures may alter the way
that hydraulic fractures propagate, resulting in a compound frac-
ture network. There are several reported types of fracture in-
teractions, including crossing, slippage, dilation, activation, and
deflection (Bongole et al., 2019). Phenomena corresponding to
these types of fracture interaction were observed in our experi-
ment. Main fracture propagation activated the surrounding
microfractures and formed secondary fractures, and cross frac-
tures were easily produced. Moreover, the early fracture network,
which was initially formed in the sample, deeply affected the
subsequent fracture development and propagation process. Frac-
ture arrest, diversion, or offset were observed when a fracture
encountered the existing fracture network. These conclusions can
also be confirmed by previous numerical simulations (Rabbel et al.,
2020).

4.2. Typical rock failure phenomena in the process of fluid injection

In this experiment, we observed some special rock failure
phenomena during fluid injection. Here, we summarise four
typical rock failure phenomena induced by fluid injection, ac-
cording to the typical schematics of fracture propagation.

The first phenomenon is the generation of the isolated fracture.
During the fluid injection experiment, an isolated fracture was
generated far from the existing main fracture network, indicated
by an orange dashed box in the fracture extraction results of the
19th, 20th and 21st CT scans (Fig. 9a). Notably, the continuous
injection of fluid can increase the volume and mass of the
permeable main fracture network, resulting in changes in the
regional gravity load and pore thermoelastic effect. The pore-
elastic coupling-induced earthquake model posits that fluid in-
jection/extraction can alter the pore pressure in rock layers, which

Fig. 8. Velocity calculation results of different parts inside the sample during the hydraulic fracturing experiment. (a) Velocity calculation results based on the 19th and 20th CT
scan images of the sandstone sample. (b) Velocity calculation results based on the 22nd and 24th CT scan images of the sandstone sample. (c) Velocity calculation results based on
the 27th and 30th CT scan images of the sandstone sample.
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in turn adjusts the in situ stress field through pore-elastic effects
(coupled fluid-solid mechanics). An increase in pore pressure re-
duces the effective normal stress. When the shear stress τ exceeds
the critical frictional strength, the pre-existing fault becomes un-
stable and slips (Ellsworth, 2013b). These changes can cause the
rupture of the intact area far from the main fracture network.
However, we propose different views in this study. Despite the
absence of a clear, direct hydraulic channel facilitating fluid
diffusion between the isolated fracture and the existing main
fracture network, the continuous injection of fluid can stimulate
the ongoing creation of microfractures at certain distances from
the injection hole. These microfractures serve as pathways,
enabling the fluid to gradually spread to regions far from the hy-
draulic channel and ultimately induce the formation of new
fractures.

The second phenomenon is the hydraulic fracture propagation.
During the fluid injection experiment, new fracture branches were
generated on the edge of the existing main fracture network and
continued to expand, indicated by the green dotted line in the
fracture extraction results of the 22nd, 23rd and 24th CT scans
(Fig. 9b). The connected main fracture network can provide a good
hydraulic channel. Fluid diffusion can continuously increase pore
pressure in the edge area of the fracture network, which can
activate the weak surface in the critical state in the area. The weak
surface can easily slide. Macroscopically, the existing large fracture
network can continue to expand. This view is consistent with the
pore pressure diffusion model (direct induced earthquake model)
promoted by Ellsworth (Ellsworth, 2013b).

The third phenomenon is the split and closure of the fracture.
During the fluid injection experiment, the fracture branch at the
edge of the main fracture network slipped under the combined
action of pore pressure and regional stress and separated from the
main fracture network, indicated by the blue dotted box in the
fracture extraction results of the 27th and 30th CT scans (Fig. 9c).
Subsequently, the volume of this isolated fracture gradually
decreased, indicated by the blue dashed box in the fracture
extraction results of the 30th and 35th CT scans (Fig. 9c). The iso-
lated fracture experienced the process of continuous closure and

compaction. The fracture closure is driven by dual mechanisms: (1)
the stress shadow effect leads to the redistribution of confining
pressure, increasing the normal stress on the fracture surface; (2)
coupling of fluid seepage-stress induces pore structure collapse,
with CT value analysis revealing a decrease in matrix porosity
around the fractures. This process fundamentally represents the
relaxation of the fracture system from a non-equilibrium state to a
thermodynamically stable state. This phenomenon unveils the self-
organised criticality of hydraulic fracture systems. When injection
pressure exceeds the rock damage threshold, the fracture network
dissipates energy through branch splitting. During the injection-
pause periods, the system restores local stress equilibrium
through the closure of secondary fractures. This dynamic equilib-
rium mechanism provides laboratory evidence for explaining the
‘pressure oscillation-fracture reconstruction’ cycle observed in field
fracturing operations. Notably, in engineering practice, a pulsed
injection strategy should be adopted to regulate such processes,
which can enhance the stability of flow conductivity.

The fourth phenomenon is the deflection of the fracture. During
the fluid injection experiment, the fracture propagation front
clearly deflected with the continuous propagation of the fracture,
marked by the pink dashed box in the fracture extraction results of
the 25th, 31st and 37th CT scans (Fig. 9d). Owing to the complex
distribution of mineral components inside the rock sample, the
overall internal structure was nonuniform. In areas where certain
distributed minerals have higher density and intensity, the rock
matrix areas have lower density and relative intensity. During the
expansion of the fracture front, if it encountered a mineral ag-
gregation area with high strength, it was prone to deflection, and
subsequently, it tended to bypass this area and expand along the
low intensity area, which is more conducive to expansion. More-
over, the existence of the dry-wet interface can also be an
important factor leading to fracture deflection.

4.3. Knowledge of the fracture generation and propagation
mechanism during fluid injection

Previous studies have indicated that fracture propagation in-
side the rock during high-pressure fluid injection corresponds to
seismic activity. The fracture is formed in areas where seismic
events accumulate, and the fracture will subsequently propagate
rapidly. The fracture distribution inside the rock coincides with the
seismic source distribution (Benson et al., 2020; Du et al., 2020).
Therefore, the analysis of the mechanism of fracture generation
and propagation during fluid injection is an important reference
for understanding the seismogenic process of induced
earthquakes.

Considering the mechanism of fluid injection-induced earth-
quake, Ellsworth (Ellsworth, 2013a) proposed two widely recog-
nised end-member models: (1) the direct induced model implies
that an induced earthquake is caused by the direct effect of fluid
injection and (2) indirect induced model implies that an induced
earthquake is caused by the change in solid-state stress, owing to
fluid injection and extraction (Ellsworth, 2013a; Atkinson et al.,
2016; Bao and Eaton, 2016; Kim et al., 2018b; Li et al., 2019;
Zhang et al., 2019; Schultz et al., 2020; Tan et al., 2020). Eyre
(Eyre et al., 2019)) proposed a third induced model combining the
above two models, wherein dynamic rupture at the end of an
existing fault can be caused by aseismic sliding driven by pore
pressure. Fluid injection can easily cause aseismic slip along a fault
near the injection well. Its accumulated strain can be transmitted
along the fault, further loading the brittle fracture area with high
strength far from the well.

However, our experimental results are not completely
compatible with previous descriptions of the rock failure

Fig. 9. Four rock failure phenomena during the process of fluid injection. The legend
on the right marks the corresponding colour scale value of the fracture volume.
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mechanisms induced by fluid injection. Our experimental results
can provide information regarding the mechanism of fracture
generation and propagation. In general, fluids play vital roles in
failure areas. In the process of fault instability and slippage, owing
to the strong thermal pressurisation effect caused by the fluid, the
stratigraphic rock can easily reach an unstable critical state. Once
the pore fluid pressure exceeds the minimum compressive stress,
the rock will rupture. Moreover, owing to the heterogeneity of
geological formations, the rupture process in the source zone is
complex. The rupture rate in the source zone is localised. The
rupture rate range measured in the laboratory is 10− 3 − 10− 5 m=s.
The rate of rupture at different spatial locations at the same time is
different. The rupture rate at the same spatial position is also
different at different times, and the rupture rate at the beginning
of rupture is higher than that in the subsequent rupture stages.

Based on the aforementioned analysis, the fracture mechanism
revealed by the experiment can be further summarised into two
distinct evolutionary phases. (1) Fluid-driven activation of pre-
existing weak planes: the pore pressure gradient may trigger the
tensile propagation of natural microfractures, forming
permeability-enhanced zones. (2) Self-organised critical propa-
gation: the primary fracture may regulate the growth and propa-
gation of the secondary fracture network through the stress
shadowing effect. The controlling role of geological heterogeneity
in fracture mechanisms manifests in three key aspects. (1)
Mineral-cemented weak planes as preferential conduits: CT im-
ages show that macroscopic fractures tend to develop along
feldspar-quartz grain boundaries. (2) Stress rotation-induced
fracture deflection: the presence of mineral grains and local
microfractures can cause the deviation of the local principal stress
direction, leading to the deviation of fracture paths from the σ1
direction and forming complex network structures. (3) Multiscale
fracture velocity coupling: there is a two-order-of-magnitude
difference between the microfracture propagation rate (10− 5 m/
s) and macroscopic fracture rate (10− 3 m/s), which also conforms
to the law of energy dissipation and explains the spatiotemporal
heterogeneity of fracture rates.

For geological formations in which faults already exist, fluid
injection will change the porosity and permeability of the forma-
tion and subsequently reduce the formation strength, eventually
leading to fault slippage. For the complete formation, the fluid-
rock interaction in the formation will cause the softening and
decomposition of mineral particles in the rock. The microstructure
of the rock will gradually loosen, which can easily cause macro-
scopic mechanical damage to the rock. Experimental observations
show that macro-fractures also occurred at a distance from the
location of water injection (no obvious hydraulic connection
channels). However, before the occurrence of the macro-fracture,
the fluid had gathered at that location, indicating that small-
scale hydraulic channels had existed, ensuring the possibility of
water flow. Although pores are obviously good channels for fluid
transport, certain areas, such as natural microfractures or weak
zones of mineral cementation, are the most critical factor in the
generation of fractures according to the experiment results.

Notably, the injected water may also change the surrounding
stress field, which can easily cause the slip of a fault in the critical
stress state. However, there is still a lack of intuitive experimental
results to support this hypothesis.

4.4. Relevant limitations of this study

In this study, the fluid migration process within rocks can be
observed from the perspective of the electromagnetic wave field
based on in situ real-time CT scanning images. However, this
method has limitations: analysing hydraulic fracture dynamic

propagation solely through CT scanning images provides insuffi-
cient insight into the force interactions during rock failure, making
it difficult to establish a bridge between fractures and stress.
Although electromagnetic wave-based imaging can visualise rock
matrix fracturing and fluid-solid coupling processes, it lacks the
capability for the mechanical analysis of these processes. In
particular, it cannot help elucidate the role of fluid seepage forces
in hydraulic fracture propagation under different fracturing
methods and cannot provide a comprehensive understanding of
hydraulic fracture propagation laws in rocks. Passive acoustic
emission real-time monitoring during experiments on rock hy-
draulic fracturing can effectively image the mechanical processes
of the fracturing of a rock matrix under different fracturing
methods from the perspective of a seismic wavefield.

In future studies, we aim to simultaneously conduct acoustic
emission real-time monitoring and in situ real-time CT scanning
during hydraulic fracturing experiments; moreover, we aim to
jointly investigate the fracturing of a rock matrix under fluid-solid
coupling and interactions between fluids and hydraulic fractures
from the perspectives of both seismic and electromagnetic wave-
fields. This integrated approach will enable a more comprehensive
understanding of the mechanisms of hydraulic fracture
propagation.

5. Conclusions

In this study, for the first time, water-rock interactions and
hydraulic fracture propagations inside sandstone samples during
fluid injection experiments are completely presented by in situ
dynamic X-ray CT. Based on this study, several conclusions can be
summarised.

(1) Our experiments demonstrate that water-rock interactions
can reduce rock strength, leading to macroscopic mechani-
cal failure. Fluid flow pathways and changes in pore pres-
sure are critical factors in the initiation of hydraulic fracture.

(2) Fractures preferentially nucleate at dry-wet interfaces
associated with heterogeneous fluid distributions. Sus-
tained high-pressure injection promotes shear fracture
propagation along the maximum principal stress direction,
forming complex fracture networks.

(3) The fracturing rate exhibits localised heterogeneity: rapid
initial propagation decays owing to energy dissipation and
roughening of the fracture surface.

In the future, we must conduct comparative studies on het-
erogeneous rocks (e.g. shale, carbonate) under stratigraphic con-
ditions to refine fluid-driven fracture models. Moreover, we aim to
combine acoustic emission and in situ dynamic X-ray CT to realise
joint multiphysics monitoring, resolving spatiotemporal anisot-
ropy in deep subsurface fracture networks.
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