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Abstract
Red-bed soft rock is a geomaterial that displays special deformation and failure characteristics. The stability of red-bed slopes
can be negatively impacted by water and stepped excavation disturbance; however, there is limited research regarding the
mechanical behavior and failure characteristics of red-bed soft rock under the action of water-rock hydro-mechanical coupling.
In this study, to explore the mechanical response and failure mechanisms of red-bed soft rock under coupled water-rock hydro-
mechanical action, a visual experimental platform based on digital radiography and a multi-level loading device was
constructed. Angiography was used to visualize the rock fracture process by replacing �ssure water with a contrast medium.
Multi-level loading was applied to cubic red-bed mudstone samples, and acoustic emission signals, stress, �ow rate, and
digital radiography images were collected during the failure process. An original image processing method based on Hough
transform and a convolutional neural network was used to segment and extract cracks from the imagery, and �ssure water
�ow characteristics, rock mechanical response, and crack evolution were analyzed in detail (Liu et al., 2015; Lv et al., 2013,
2014). Results showed that when the Felicity ratio FR was lower than 1.2, water could induce secondary "water-damaged
cracks" in the red-bed samples. Study �ndings were used to highlight the importance of improved early-warning methods for
rainfall-induced landslides at an engineering scale. The original experimental platform proposed and evaluated in this study
provides a new and powerful tool to investigate the mechanical behavior of different rock types under the action of water-rock
hydro-mechanical coupling at a laboratory scale. These �ndings will facilitate improved disaster prevention strategies for red-
bed geological bodies.

1. Introduction
Argillaceous rocks are of interest to engineers due to their wide distribution, sensitivity to environmental factors (e.g., water and
external loads), and complex mechanical properties and failure characteristics (Corkum and Martin, 2007). Common in China,
red-bed soft rock is considered to be a special kind of argillaceous rock characterized by weak permeability, strong
hydrophilicity, and water softening capacity. Argillaceous interlayers (mudstone), are common in Chinese red-bed regions and
have a signi�cant in�uence on engineering stability. According to the statistics from Chai et al. (2014), approximately 18 % of
landslides in the Three Gorges Reservoir area occur in these mudstones. With increased engineering activity (e.g., slope
stepped excavation), engineering problems (e.g., landslides) related to red-bed soft rock are increasing. Thus, a systematic
investigation of the mechanical behavior and failure mechanisms of red-bed soft rock considering factors such as water and
loading stress is urgently required.

Numerous studies have examined the mechanical properties of rock. For example, Geertsema (2002) found that the shear
strength of mudstone was far lower than expected, which should be considered when designing a dam on argillaceous rock
mass with planar joints. Furthermore, loading tests revealed that mudstone deformation and failure under compression was
mainly dependent on axial loading and dilatancy in the lateral direction (Wen et al., 2018; Zheng et al., 2018). He et al. (2010)
conducted a true triaxial single-face dynamic unloading test on limestone to investigate its acoustic emission (AE)
characteristics and found AE signals with a high amplitude and low frequency before the test sample was broken. A direct
shear test was also used to study bedding planes formed by purplish-red mudstone and argillaceous limestone from the Three
Gorges Reservoir Area (Wu et al., 2018). Results illustrated that bedding planes between intensively weathered mudstone and
slightly weathered limestone were the most dangerous potential sliding planes. Environmental scanning electron microscopy
(SEM) and digital image correlation techniques have also been used to study the mechanical behavior of mudstone at a
microscopic level (Wang et al., 2015). However, none of the aforementioned studies have considered the effect of water on
rock degradation.

Water-rock interaction has a considerable impact on rock mechanical strength and failure behavior (Liu et al., 2008a, 2008b;
Deng et al., 2016), and studies generally agree that water reduces rock strength (Lin et al., 2013; Liu et al., 2018; Liu et al., 2020;
Lu et al., 2017; Wasantha and Ranjith 2014). Water-induced weakening was more apparent in rocks rich in clay compared to
those rich in quartz (Grant, 1982; Poulsen et al., 2014). Furthermore, rocks with different clay content would have varying
degrees of dilatancy and softening following water absorption, resulting in mechanical strength decline (Erguler and Ulusay,
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2009). The strength of mudstone is related to its saturation (water content); that is, the uniaxial compressive strength of rock
is either negatively linear or negatively exponentially correlated with water content (Ramos da Silva et al., 2008; Yilmaz, 2010).
Jiang et al. (2014) conducted water-mudstone interaction tests and found that weakened mechanical strength was attributed
to the physical expansion force generated by the dilatancy of clay minerals following water absorption. Gautam and Shakoor
(2013) found that the clay content was a key factor affecting mudstone disintegration and failure. Furthermore, mudstone
strength and slope stability was signi�cantly reduced by the drying-wetting cycle (Xu et al., 2018). In recent years, advanced
techniques such as SEM and computed tomography (CT) have been used to study microscopic water-induced weakening
mechanisms in mudstone, providing a strong basis for researchers to directly observe the mechanical properties of water-
weakened rocks (Jiang et al., 2014; Wang et al., 2015; Xiao et al., 2016; Zhang et al., 2012). However, these techniques are not
capable of studying the evolution of rock cracks.

Rock failure is a consequence of the initiation, propagation, and connection of cracks. Furthermore, research shows that the
combined action of external load and water is the main reason for the mechanical deterioration of red-bed mudstone. However,
the evolution of rock cracks is di�cult to monitor and observe. Furthermore, evaluating the impact of water �ow in cracks on
rock mechanical properties remains challenging. The circulatory system of the human body is analogous to the rock internal
fracture network. Advanced digital radiography (DR) techniques have provided technical support for understanding changes in
human body structure, and enhanced angiography has become an effective means to directly observe and calibrate targets
(Hirono et al., 2003). The DR image, which is similar to a CT image, is composed of pixels with different gray levels from black
to white, which re�ect the X-ray absorption coe�cient of the associated voxel (Sheikhzadeh et al., 2019). However, it can be
di�cult to obtain accurate results from image segmentation methods based on threshold or machine learning techniques due
to complex geometric topology, small grayscale differences, and the need to manually design a task-related recognition
process (Shi et al., 2016). Consequently, the accurate detection of crack distribution remains challenging at the pixel scale. In
recent years, use of the convolutional neural network (CNN) at the pixel scale has been prominent in various deep neural
networks because it is capable of self-learning from image samples, showing considerable advantages in terms of image
recognition, segmentation, and classi�cation (Ai et al., 2020; Polsinelli et al., 2020; Xu et al., 2019).

Stepped excavation disturbance and water-induced weakening would inevitably lead to deformation and failure, accelerating
the instability of the red-bed slope. In this study, a visual experimental platform based on DR and a multi-level loading device
was designed and constructed to realize the synchronous visualization of rock fracture processes and �ssure water �ow.
Multilevel loading was applied to red-bed cubic mudstone samples for the collection of AE signals, stress, �ow rate, and DR
images during the failure process. An original image processing method based on Hough transform (HT) and a CNN was
proposed to segment and extract cracks from DR imagery to reveal water-induced damage characteristics and the failure
mechanisms of red-bed mudstone under the action of water-rock hydro-mechanical coupling. Finally, we discuss our research
�ndings in the context of early warning index selection for rainfall-type landslides at an engineering scale. The original
experimental platform proposed and evaluated in this study provides a new and powerful tool to investigate the mechanical
behavior of different rock types under the action of water-rock hydro-mechanical coupling at a laboratory scale. The research
�ndings will help to improve disaster prevention for red-bed geological bodies at an engineering scale.

2. Methodology

2.1. Visual experimental platform
Advanced digital radiography (DR) is an imaging technique used in diagnostic radiology in the medical �eld. In this technique,
a substance, which has a higher or lower density and atomic number, is used in human organs to produce a notable contrast
to facilitate differentiation and visualization. In this study, DSM-80 X-ray DR equipment was used to visualize the evolution of
rock cracks (Kasap and Rowlands, 2002; Sun, 2017). To investigate the failure mechanisms of red-bed mudstone under the
action of water-rock hydro-mechanical coupling, a multi-level loading device matching the DR system was developed (Fig. 1)
(Sun et al., 2021). The visual experimental platform for rock crack evolution was built based on the DR system and multilevel
loading device, as shown in Fig. 2.
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The multilevel loading device was composed of an upper, middle, and bottom panel. The upper and bottom panels were �xed
by a steel cylindrical rod while the middle panel could slide up and down the rod. Nylon material was used as an inner tube to
reduce sliding friction. A manually controlled hydraulic jack was used to drive the middle panel upwards to realize uniaxial
compression loading on the rock specimen. A spoke stress sensor with an accuracy of ± 1‰ was installed under the upper
panel and a video graphics array interface was used to connect a computer to monitor and record the stress. A SAEU3S
centralized AE monitoring system was used to obtain AE data during the rock fracture process. The basic thresholds for AE
monitoring is summarized in Table 1. The AE probes were �xed on the surface of the cubic red-bed rock specimen and
connected to an ampli�er, data acquisition host, and the computer terminal. A self-priming pump and two �owmeters were
used to inject contrast medium with a water pressure of approximately 0.8 MPa and record the �ow rate, respectively. The
parameters of the self-priming pump and �owmeters are shown in Tables 2 and 3. The rock samples used in this paper were
taken from the location K2 + 200 at the Chuanda Highway, Qinghai Province and were processed to a cubic specimen size of
10 × 10 × 10 cm with a 3 mm diameter tube in the center of the specimen. The main mineral composition of these rock
samples was quartz, albite, clinochlore, muscovite and hematite (Fig. 3), with relative contents of 40.9%, 33.1%, 9.32%, 1.38%
and 15.3%, respectively.

Table 1
Threshold parameters used in AE testing

Parameters Channel
threshold
(mV)

Hit
de�nition
time (µs)

Maximum
de�nition time
(µs)

Sampling
frequency
(MHz)

Filter control

Maximum
limiting

frequency
(kHz)

Minimum
limiting

frequency
(kHz)

Filter

threshold
(mV)

Value 100 2000 500 6 400 100 20

Table 2
Self-priming pump parameters

Model Rated current/A Inlet �ow rate/ L·min− 1 Motor speed/r·min− 1 Maximum head/m

LS-0412 1.2 2.0 2200 30

Table 3
Flowmeter parameters

Model Normal range of �ow rate/m3·h− 1 Bearing stress/MPa

DN4 0.04 ~ 0.25 6.30

2.2. Image processing method
Crack evolution in the DR images was visualized by replacing water with a contrast medium according to the difference in the
X-ray absorption coe�cient for different components, i.e., angiography. Notably, the contrast medium in the cracks extended to
the tube; thus, the imaging effect of cracks enhanced by the contrast medium showed bands of white spots with different
brightness at the pixel scale.

In this paper, an original image processing method based on median �lter, HT, and CNN was proposed to segment and extract
cracks in DR images, as shown in Fig. 4. The median �lter algorithm can reduce image noise while maintaining its original
boundary. This is a typical pre-processing step which can improve the results in subsequent processing such as edge detection
or segmentation (Huang, 1979). Furthermore, HT is a basic method to recognize geometry such as circles and lines (Hough,
1962; Wang et al., 2019). The basic principle of HT is to use point and line duality to convert a line in the original image to a
point; that is, to transform the detection of overall characteristics into the detection of local characteristics to reduce the
computational burden of subsequent identi�cation. The CNN uses �lters composed of several layers with different functions
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to encode the existing images and vectorize part of the input image information into the new matrix through convolution
computation (Schmidhuber and Jürgen 2015). The useful information in the new matrix can be extracted by pooling layers to
reduce the size of the matrix. Then, the updated weight matrix is propagated backwards using the activation and loss
functions to achieve the segmentation and extraction of local features (e.g., cracks) in the target object (e.g., rocks). The noise-
reduced DR images were vectorized using MATLAB R2019a, irrelevant background data was removed to segment the region of
interest using HT, and the pre-trained CNN was used to automatically extract useful geometry (Fig. 5).

3. Results

3.1. Flow characteristics
Figure 5 shows that the inlet and outlet �ow rate of the test specimen �uctuate markedly and the �ow rate curve displays an
apparent zigzag shape, attributed to water absorption characteristics (Fig. 7b) and red-bed soft rock softening. Water �ow
softened the tube wall of the samples and exfoliated some particles from the wall surface, increasing the tube wall roughness
and unstable �ow state. As water scoured the tube wall, exfoliated argillaceous particles were entrained in the water due to
hydrodynamic action, increasing its turbidity (Fig. 8). The inlet �ow rate was always greater than that of the outlet, and we
attribute this to frictional and local head loss. Consequently, the outlet �ow velocity was lower compared to that at the inlet
based on the energy conservation law. Because the tube diameter was the same, the �ow rate evolution was the same as that
of �ow velocity. However, the DN4 �owmeters used this study have a high sensitivity, and small exfoliated argillaceous
particles would block the rotation of induction blade inside the �owmeter resulting in unusual instantaneous data readings
and a sudden drop in �ow rate (Fig. 6d).

3.2. Stress and AE coupling characteristics
The Kaiser effect re�ects the memory of AE characteristics under historical loads during fracture process, i.e. no obvious AE
signal occurs before the repeated loading reaches the maximum stress previously applied. However, the anti-Kaiser effect, also
known as the Felicity effect, is a phenomenon that the notable AE signal appears when the repeated loading is lower than the
historical maximum stress, which usually indicates that critical damage has occurred in materials like rocks. The Felicity ratio
FR is a quantitative parameter that can re�ect the damage degree of a material. The FR can be calculated as follows:

1
where  and  are the stress corresponding to the initial AE signal during the repeated loading and the previous
maximum stress, respectively. If FR > 1, the Kaiser effect is present; if FR < 1, the Felicity effect is present.

Previous studies have shown that AE signals during the steady stage of uniaxial multilevel loading were very small; however,
they increased signi�cantly during the loading stage (Zhang et al., 2006). Figure 9 illustrates the relationship between stress
and the AE signal for four red-bed mudstone samples, named RBSR01, RBSR02, RBSR03, and RBSR04, respectively, under
uniaxial multilevel loading and hydrodynamic action. At the beginning of the experiment, the sudden increase in the AE signal
(ringing count and energy count) occurred at or shortly before and after the single-level stress loading stage, indicating that
external loads played a leading role in red-bed mudstone sample damage when the stress was small. The AE signal gradually
increased during the steady loading stage, indicating that accumulated deformation and damage would make water-induced
damage more apparent when the stress was large. Water �owed into the cracks and continued to develop pre-existing cracks,
producing large secondary water-damaged cracks. According to the calculated FR (seen in Table 4) and Fig. 9, when FR was
greater than 1.2, the signi�cant increase of AE signal almost occurred in the loading stage; when FR was lower than 1.2, the
similar AE signal can be gradually seen in the steady stage. Thus, the FR could be a possible parameter and the value of FR
equal to approximately 1.2 was the threshold to evaluate whether the secondary water-damaged cracks existed. The speci�c
failure mechanism of water-damaged cracks is discussed further in Sect. 4. When the Kaiser effect of AE signal changed to
Felicity effect, i.e. FR changed from greater than 1 to less than 1, the corresponding stress was the peak stress. In addition,

FR =
σAE

σmax

σAE σmax
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according to Figs. 9 (a–h), the peak loading of RBSR01, RBSR02, RBSR03, and RBSR04 corresponded with loading levels 7 (5
MPa), 15 (18.5 MPa), 5 (5.93 MPa), and 4 (4.51 MPa), respectively. This indicates that RBSR02 was harder than RBSR01,
RBSR03, and RBSR04. The abrupt drop in the stress curve at the moment of rock failure in Figs. 9 (a–f) indicates that RBSR01,
RBSR02, and RBSR03 had certain brittle failure characteristics, while the gradual decline of the stress curve in Figs. 9 (g) and
(h) reveals no apparent brittleness in RBSR04.

 
Table 4

Ratios of two consecutive loads during the fracture process of each red-bed mudstone specimen
Sample
number

Ratios of two consecutive loads

σ2/
σ1

σ3/
σ2

σ4/σ3 σ5/σ4 σ6/
σ5

σ7/
σ6

σ8/σ7 σ9/
σ8

σ10/
σ9

σ11/
σ10

σ12/
σ11

σ13/
σ12

σ14/
σ13

σ15/
σ14

RBSR01 5.16 1.32 1.28 1.22 1.18 1.15 1.09∗ 0.91 0.48 0.87 1.00 0.58 N/A N/A

RBSR02 1.50 1.39 1.31 1.26 1.21 1.17 1.14 1.07 1.09 1.09 1.08 1.09 1.08 1.11∗

RBSR03 1.37 1.54 1.39 1.19∗ 0.88 0.29 N/A N/A N/A N/A N/A N/A N/A N/A

RBSR04 1.53 1.43 1.10∗ 0.68 0.36 0.41 N/A N/A N/A N/A N/A N/A N/A N/A

The * symbol represents the critical FR before rock failure

3.3. Failure characteristics and crack evolution
Under axial multilevel loading, the samples demonstrated a failure mode dominated by tensile failure (Fig. 10). Due to the
Poisson effect of geomaterials, obvious lateral dilatancy was observed when the lateral tensile stress exceeded the tensile
strength of the rock, generating cracks that were nearly parallel to the direction of loading. However, some cracks deviated
considerably from the loading axis near the lateral boundaries of the rock samples (Fig. 11).

To investigate the evolution of red-bed soft rock under the action of water-rock hydro-mechanical coupling, the image
processing method described in Sect. 2.2 was used to segment and extract cracks from DR images of RBSR04 as shown in
Fig. 12. This sample was chosen because all four rock samples displayed similar macroscopic failure modes. According to the
diagram of crack distribution in Figs. 12 (a2–e2), the corresponding fractal dimension, average crack width, damaged area
(Fig. 13), and crack orientation rose diagram (Fig. 14) were calculated and plotted.

The cracks in RBSR04 shown in Figs. 12 (a1) and (a2) do not correspond to the �rst loading and initial cracking, rather they
correspond to the second loading stage in Figs. 9 (g) and (h). The fractal dimension, average crack width, and percentage of
damage area all �uctuated to a certain extent. When the rock sample reached the stress peak corresponding to the fourth
loading stage in Figs. 9 (g) and (h) and 12 (c1) and (c2), and the third loading time in Fig. 13, the damaged area increased to
3.64 %, indicating that damage was still occurring. However, the fractal dimension (1.69 mm) and average crack width (0.994
mm) decreased signi�cantly. One possible reason is that parameter values were related to crack resolution, which was
positively correlated with the volume of contrast medium in the crack. When the rock was damaged, cracks penetrated the rock
surface, resulting in the loss of contrast medium and a failure to segment and extract certain cracks. Furthermore, original
cracks may have closed during loading. Although new cracks would be formed constantly, the contrast medium inlet was
relatively small and the �uid may not have reached these new cracks.

According to the �tting curves in Fig. 13, the fractal dimension, average crack width, and damaged area increased quickly
during the initial stages of crack propagation, attributed to many large cracks developing in a relatively short period. In other
words, the red-bed mudstone accumulated numerous cracks during the early loading stages. When the number of
accumulated cracks reached a certain level, large cracks could be seen in the DR images. At peak loading, the fractal
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dimension, average crack width, and damaged area still increased; however, the growth rate decreased gradually, indicating
that crack evolution slowed down following rock failure.

Figure 14 shows a rose diagram of the possible distribution of crack orientation, the radius of which represents the proportion
of cracks distributed in a certain interval. The crack strike was mainly concentrated within ± 30 º of the loading axis. As the
loading time increased, the crack strike gradually deviated away from the loading axis.

4. Discussion
It is well known that water sensitivity and external disturbance are key problems in red-bed soft rock areas. The water
sensitivity of red-bed soft rock depends on its clay mineral content; more clay minerals increase the sensitivity of red-bed soft
rock to water. The aforementioned mineral composition of red-bed mudstone in this study was mainly quartz, albite,
clinochlore, muscovite and hematite, whereas its clay mineral content (e.g., kaolinite, illite, and montmorillonite) was too low to
detect by XRD. Therefore, the water softening and disintegration effects observed in this study were not large. In Sect. 3.2, we
proposed the concept of water-damaged cracks. In our experiment, the water pressure provided by the self-priming pump was
relatively low (approximately 0.8 MPa). However, this low water pressure could still cause crack propagation and connection
because red-bed rock is relatively soft compared to rocks such as granite and sandstone. Consequently, we consider water-
damaged cracks to be hydraulic fracturing type cracks. Future research will focus on adopting SEM or CT techniques to
conduct microscopic and mesoscopic analysis on the failure surface to determine the speci�c failure mechanism of water-
damaged cracks. Uniaxial multilevel loading at the laboratory scale was adopted in this study to correspond with stepped
excavation disturbance at an engineering scale. However, engineers may pay more attention to unloading effects, which
corresponds with multilevel unloading or the multilevel loading and unloading cycle at the laboratory scale. Therefore, future
studies will focus on improving the visual experimental platform under the action of water-force coupling. Cracks visualized in
DR images are actually the projection of three-dimensional (3D) cracks on a two-dimensional (2D) plane. However, due to the
good integrity and invisible bedding surfaces of red-bed mudstone, the rock samples are regarded as isotropic bodies in this
study. Considering the randomness of spatial crack evolution, 2D crack evolution, at least statistically, can re�ect 3D crack
evolution.

The research �ndings in this study are important for the understanding of risks associated with red-bed geological bodies at
an engineering scale. Our �ndings show that water does not contribute markedly to the damage of red-bed samples under low
loading stress. Conversely, the impact of water on crack formation is considerable under high loads. This is because when the
loading stress is low, deformation and damage to the intact rock is minimal and the openings of internal microcracks are
small. Furthermore, poor crack connectivity and permeability make it di�cult for water to enter the cracks. When the external
loads are large, cumulative deformation and damage facilitate the connection of internal cracks, leading to the formation of
many large cracks. Pressurized water �ow within the cracks promotes further crack propagation. Based on these �ndings, we
conclude that the action of water may not induce obvious damage to red-bed rocks without the action of a load, regardless of
the rock deformation. In the western mountainous areas of China, where heavy rainfall is prevalent, large-scale red-bed
landslides have been caused by human activities (e.g., excavation disturbance during highway and railway construction).
Considering the water sensitivity of red-bed slopes, early warning systems for rainfall-type landslides are particularly
important. The most commonly used early warning method is currently the rainfall threshold warning. However, according to
the stress-AE coupling relationship described in Sect. 3.2 and the aforementioned analysis, there are obvious hidden dangers
in using rainfall as the only early warning index to evaluate landslide risk, even though the red-bed geological body is usually
affected by water at the engineering scale. Although the rainfall threshold early warning method has achieved remarkable
results in the early warning and disaster prevention of rainfall-induced landslides in China, the increasing number of false and
missing warnings has eroded con�dence in the index.

A combined index that considers variations in groundwater levels and slope deformation has been suggested as an alternate
warning system for rainfall-induced landslides. The variation of groundwater levels in a landslide, which is positively
correlated with the rainfall in�ltration coe�cient (or permeability) of rock and soil mass, is an important factor impacting slope
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stability. However, the rainfall in�ltration coe�cient varies considerably between regions due to different material composition
and topography. Even in heavy rainfall, rainwater cannot reach the potential sliding geological body due to the low
permeability of the rock and soil mass, so the water-induced weakening effect on the red-bed slope is signi�cantly reduced.
Furthermore, slope instability is based on accumulated deformation, which increases the permeability of the rock and soil
mass, resulting in the water in�ltration in the potential sliding mass, enhancing water-induced deterioration, and increasing the
likelihood of a red-bed landslide. Therefore, monitoring groundwater levels and slope deformation directly is more reliable
compared to monitoring rainfall alone. Groundwater levels and slope deformation were used as early warning indices by Xu et
al., (2020) and were found to greatly improve the accuracy of early warning systems for red-bed landslides.

Although the visual experimental platform under the action of water-rock hydro-mechanical coupling evaluated in this study
has some limitations, our research �ndings regarding the failure mechanisms of red-bed soft rock provide laboratory scale
support for the selection of early warning systems for rainfall-induced landslides at an engineering scale.

5. Conclusion
The stability of red-bed slopes is greatly impacted by water in�ltration and stepped excavation disturbance. To investigate the
characteristics of red-bed soft rock under the action of water-rock hydro-mechanical coupling, a visual experimental platform
using DR and a multi-level loading device was constructed. Angiography was used to visualize crack evolution by replacing
�ssure water with a medical contrast medium. An original image processing method based on HT and CNN was then
proposed to segment and extract cracks during the red-bed mudstone failure process. According to AE signals, stress, �ow
rate, and crack distribution in DR images during the failure process, we analyzed the �ow characteristics of �ssure water, the
mechanical response of red-bed mudstone, and crack evolution. Research �ndings are as follows:

(1) Red-bed mudstone is characterized by obvious water absorption and a brittle failure mode.

(2) The Felicity ratio FR can be a parameter to evaluate whether the secondary "water-damaged cracks" exist. When FR was
lower than 1.2, water can induce secondary "water-damaged cracks".

(3) Red-bed mudstone samples demonstrated a failure mode dominated by tensile failure under the action of axial multilevel
loading. As the loading time increased, crack strikes deviated from an orientation that was approximately parallel to the
loading axis.

(4) According to the destructive mechanisms of water and deformation on red-bed geological bodies, an index which
combines groundwater level and slope deformation monitoring is recommended as an early warning index for rainfall-type
landslides.

Although the original visual experimental platform developed in this study has some limitations with respect to the loading
mode and 3D crack imaging, it provides a new and powerful tool to investigate the mechanical behavior of different rock types
under the action of water-rock hydro-mechanical coupling at a laboratory scale. Our research �ndings will help to improve early
warning systems and disaster prevention for red-bed geological bodies at an engineering scale.

Abbreviations
AE, acoustic emission; CNN, convolutional neural network; HT, Hough transform.
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Figures

Figure 1

The design of the multilevel loading device for the digital radiography (DR) system
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Figure 2

The experimental platform for visualizing rock crack evolution
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Figure 3

The main mineral composition of red-bed mudstone

Figure 4
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The image processing method

Figure 5

An example of crack segmentation and extraction

Figure 6

Flow rate curves for the red-bed soft rock (RBSR) samples (a) RBSR01, (b) RBSR02, (c) RBSR03, and (d) RBSR04
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Figure 7

Comparison of surface characteristics for red-bed mudstone before and after water absorption showing (a) microcracks
visible on the surface (light brown) and (b) the dark brown surface after absorption

Figure 8

Water turbidity comparison during the loading process
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Figure 9

The relationship between stress and the acoustic emission (AE) signal during rock fracture. (a), (c), (e), and (g) correspond to
the relationship between stress and ringing count for RBSR01, RBSR02, RBSR03, and RBSR04, respectively; (b), (d), (f), and (h)
correspond to the rela-tionship between stress and energy count of RBSR01, RBSR02, RBSR03, and RBSR04, re-spectively
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Figure 10

Diagram showing the main failure mode of red-bed mudstone under uniaxial compression

Figure 11

The ultimate failure mode of (a) RBSR01, (b) RBSR02, (c) RBSR03, and (d) RBSR04
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Figure 12

Crack evolution during the failure process of RBSR04. (a1–e1) show DR images and (a2–e2) show extracted crack images
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Figure 13

The evolution of fractal dimension, average crack width, and damage area during the failure process for RBSR04. Note: the
loading times in the �gure start from the loading level at which cracks were �rst observed in the DR images
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Figure 14

Rose diagram showing the relative distribution of the crack orientation for RBSR04


