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Hydro-Damage Properties of Red-Bed Mudstone Failures Induced by Nonlinear Seepage and
Diffusion Effect

Abstract: Nonlinear catastrophes caused by geological fluids are a fundamental issue in rock mechanics and the
geoengineering hazard field. For the consideration of hydrodynamic force on red-bed mudstone softening damage,
X-ray visualization test on the fissure flow in mudstone block failure under hydrodynamic force was performed in
this study based on block scale and the physical phenomena of fissure seepage and nonlinear diffusion were further
explored. A new method for evaluating the hydro-damage degrees of rocks using an X-ray image analysis was
proposed, and the quantitative relation of diffusion coefficients of hydro-damage and seepage was established. The
research results revealed that the hydrodynamic force promoted the fluid-filled fissure behavior in mudstone
specimen failure. Also, the seepage and diffusion phenomena of fluid in rocks during failures were indicated using
X-ray imaging. A dual mechanical behavior was presented in the nonlinear seepage and abnormal diffusion of a red
mudstone geological body under hydrodynamic conditions. The damaged degree of mudstone was aggravated by
the effect of hydrodynamic force, and the initial seepage—diffusion coefficient with respect to lower hydro-damage
was larger than the final seepage—diffusion coefficient with respect to higher hydro-damage of rocks with a
decreasing nonlinear trend.
Keywords: hydro-damage, red-bed mudstone, hydrodynamic, X-ray image, seepage—diffusion
1  Introduction

Geologic disasters introduced by soft rocks of red-bed areas have been frequently reported in Southwest China
[1], especially landslide hazards caused by heavy rainfall [2,3], which are prolific .The side slope damage seepage
of mudstone geologic bodies intensified by the hydrodynamic force is a fundamental cause of landslide hazards.
The lithology of geologic bodies in a red-bed mountainous area is mainly mudstone, shale, and silty mudstone.
These lithologic materials are characterized by perviousness, hydrophilicity, softening in water, and easy
disintegration during water loss [4], because red-bed soft rock is rich in viscosity soil minerals, such as kaolinite
and montmorillonite, which leads to rapid disintegration and softening under hydraulic action. In addition, the red-
bed soft rock was formed in a hot and high-pressure sedimentary environment and the original joints and fissures in
the rock mass were abnormal and sufficient. Under engineering excavation and unloading, fissure development
intensifies with a large opening and long extension depth, which often generates the hydraulic channel of soft rock
catastrophes. Therefore, heavy rainfall scouring causes the side slope rock mass to create headrace channels.
Therefore, drainage must be considered in soft rock reinforcement projects of red beds. Figure la presents the
failure of a sand and mudstone slope of the Xiashaximiao village in a section from +610 to +828 m of the main line
K123 of the Mabian highway in Renmu, Sichuan Province. Scouring by heavy rainfall created headrace channels,
and the resulting hydrodynamic force intensified the instability of the red soft rock slope induced by the
aggravation of hydrodynamic conditions, causing side slope instability of a large area of the highway (as shown in

Figure 1b), which directly caused economic loss to projects and gravely threatened the traffic safety of the highway.
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\b Frgm K123 +610m to +828m of Mabian main line of
X 3 Renmuxm expressway in Sichuan Province

Figure 1 Characteristics of geologic landslide and engineering catastrophes of red-bed soft rocks in Southwest China. (a) Red-bed

landslide after rainfall. (b) Side slope support failure of the Renmuxin highway.

The published research on water—rock interactions of red-bed soft rock catastrophes mainly focused on
microscopic fissures, disintegration and softening, and damage seepage. Zhou, et al. [5] established the relationship
between multi-fractal characteristics and mechanical properties in the consideration of internal fissure structure
complexity of soft rock in red beds. The permeability characteristics of red-bed mudstone are closely related to its
damage mechanics properties [6,7]. Various experimental studies on the stress—seepage coupling problems of rocks
have been conducted [5,8-10]. The permeability characteristics of rocks under different working conditions have
become a typical research topic in rock mechanics and engineering fields, and an important approach has been
provided by numerical simulation technology to study such problems. Lu [10] analyzed and predicted the
underground water gushing disaster caused by disturbance and damage of a Karst collapse column under the
premise of the changing stress and fissure network using the stress—damage—fracture coupling model. The
aforementioned research aimed at the permeability characteristics of rocks or rock mass and mainly targeted static
or dynamic seepage. In fact, the engineering rock mass introduces dual mechanical behaviors of nonlinear seepage
and abnormal diffusion because of the change in external stress [11-13], which is also the main cause for the
nonlinear catastrophe of engineering geological fluids. To determine the hydraulic disaster mechanism of red-bed
soft rock from the perspective of material science, this study focused on the basic scientific problems of damage
and seepage characteristics of red-bed mudstone under hydrodynamic conditions and conducted an X-ray
visualization test on the fissure flow during red-bed mudstone fracture [14]. Some study results about mechanics,
damage and hydro properties of rocks have been revealed by experiments of acoustic emission signals [15,16], flow
rate [17], fissure flow behaviors [18-20] and so on. In this study, the X-ray image features were analyzed through
threshold segmentation and an LOG image algorithm, and the physical phenomena of the nonlinear seepage
behavior and diffusion during the fracture of red mudstone specimens were explored. Furthermore, a new approach
of rock—water damage evaluation based on an X-ray image technology was proposed and the mathematical
relationship between the water damage factor and seepage—diffusion coefficient was established [14]. Finally, a
scientific explanation for the water damage disaster of a red engineering geological body is provided from a
material perspective, which allows for theoretical guidance for the prevention and control of geological disasters in
red-bed soft rock.

2 Experimental Design on Liquid Flow Observation of Rocks Failure
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2.1 Principles of Hydro-Damage Definition and Rock Mechanic Tests

The phenomenon of an engineering geologic hazard in red-bed soft rock induced by rainfall indicates that the
intensified damage of red-bed mudstone under hydrodynamic force is the primary cause of side slope instability.
According to typical damage mechanics, the damage factor of brittle materials can be defined by an elastic strain

approach. The calculation formula is as follows [21]:

p=1-Z (1)

Eo

Where E, is the original elastic modulus of the material (unit: MPa) and E' is the elastic modulus of the
material in damage status. The purpose of this test was to study the damage characteristics of red-bed mudstone
under the cyclic condition of hydrodynamic force. Therefore, the elastic modulus of red-bed mudstone under the
action of hydrodynamic force can be defined as E. and the expression of the red-bed mudstone damage factor under
the condition of hydrodynamic force can be obtained by
Es

Dg=1- @

Where E:/E,the ratio of the elastic modulus is for damaged and undamaged rocks under hydrodynamic cyclic

Eo

action, indicating that the parameters E{ and E; shall be tested under hydrodynamic force.

An evaluation of mudstone damage caused by hydraulic conduction at the material scale was conducted to
reveal the damage characteristics of red-bed mudstone material under hydrodynamic force. The experiment was
completed on a medical X-ray flat digital imaging platform, which adopted diversion holes in the mudstone
specimens to allow for hydrodynamic force circulation conditions on the premise of water flow and to obtain X-ray
images of red-bed mudstone seepage damage under different loads, including physical and mechanical parameters.
Moreover, the X-ray image features of fissure flow corresponding to different mechanical parameters were
analyzed and compared to establish the correlation between mudstone damage characteristics and seepage image
features, and a new approach for red-bed mudstone hydro-damage evaluation was introduced.

Rock materials with different mechanical properties have significant differences in X-ray absorption and
attenuation degrees. Figure 2a shows the principle of an X-ray plate-scanning test during rock specimen failures,
which was mainly intended for stress, hydraulic conduction flow, and X-ray image data. The X-ray images were
analyzed, and the pixels of images in the DICM (Digital Imaging and Communications in Medicine) format were read
using the MATLAB software, of which each pixel had an independent coordinate(x;, y;, and value). x and y are the
position coordinates of pixels in the image plane window valued by the X-ray absorbed dose corresponding to the
pixel positions (Figure 2b). According to published results of tissues and organs, the rock matrix has a greater X-ray
absorption dose threshold than that of iodine, bones, and muscles, and generally, the soft rock has lower X-ray
absorption than that of hard rock (Figure 2¢). In a special case, the red-bed mudstone has higher X-ray attenuation
characteristics because of iron and other metal minerals in the sedimentary environment, whereas rock fissures, soft
rock strata, and fissure water have lower X-ray absorption dose, especially fissure water. Therefore, it is difficult to
observe water filling fissures in rocks using X-ray scanning equipment. As a result, special image enhancement
measures are required to improve the X-ray imaging effect of fissure flow to extract and segment different image

features using a threshold approach.
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Figure 2 X-ray visualization test and image of fissure flow in red-bed mudstone failure under hydrodynamic force. (a) The principle of
an X-ray plate-scanning test during rock specimen failures. (b) the X-ray absorbed dose corresponding to the pixel positions. (c)
Relations of X-ray absorption dose and X-ray energy for different materials.
2.2 Enhanced X-ray Image Digital Radiology Techniques and Sample Preparation for Hydro-Rock Testing

For the X-ray images of fissure flow in red-bed mudstone failure under hydrodynamic conditions, a
multiloading rock mechanics testing device matching the X-ray digital radiology imaging platform was designed to
simultaneously obtain X-ray images of rock mechanics parameters and fissure flow under pipeline diversion,
analyze the influence of multistage loads on the fractured seepage of red mudstone, explore the diffusion effect of
red mudstone nonlinear seepage under hydrodynamic conditions, and discuss a new evaluation approach for the
degree of mudstone water damage on the basis of the X-ray digital radiology image analysis.

The designed and constructed physical platform is shown in Figure 3. The entire test platform integrated the
functions of stress, flow monitoring, and X-ray imaging. The rock specimens were loaded with a hydraulic jack
thrust to determine a multistage dynamic load path, and a spoke sensor with a range of 30 tons was selected to

collect the stress load. With the help of the data acquisition system, and computer terminal to obtain the stress data
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during mudstone specimen failure. The parameters of the self-priming pump for the contrast fluid diversion of the
test are listed in Table 1, and the parameters of the DN4 micro flowmeter for contrast fluid diversion speed
monitoring are listed in Table 2. The model of the digital radiology imaging equipment was created as a DSM-80
flat-panel X-ray machine, which introduced a new type of high-frequency (100 KHz) variable X-ray generator
adopting an inverter rectifier module and high-speed rotating anode X-ray tube assembly. To uniformly analyze the
X-ray image features of a mudstone specimen failure, the shooting voltage was uniformly set as tube voltage, 80
kV; tube current, 320 mA; and loading time, 400 ms. With the cooperative operation of the test system platform
and monitoring, the multivariate mechanical parameters and fissure flow X-ray image data of the rock failure
process could be obtained. According to the actual effect of rock failure X-ray imaging, fissure flow had a low
degree of absorption attenuation against X-rays; hence, it was difficult to image the feature with a relatively
obvious contrast with the fissured medium. Enhanced X-ray image digital radiology (EXIDR) techniques were used
for medical cardiovascular imaging with iodine agents with a high attenuation degree to X-rays to improve the
imaging quality. To improve and enhance the image quality of the fissure flow in the X-ray scanning system, the
contrast medium was used to replace the pure water medium in the experiment. The contrast medium was mainly
an aqueous solution, and its hydrodynamic properties were very close to a pure water medium. Meanwhile, there
was a difference in the X-ray attenuation between the contrast medium and RBM matrix components; therefore, X-
ray images with obvious image feature comparisons could be obtained. The comparative images of the meglumine

diatrizoate developer and fissure flow before and after X-ray imaging are shown in Figure 4.
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Figure 3 X-ray visualization test platform for fissure flow in red-bed mudstone.
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Figure 4 Comparison of meglumine diatrizoate developer and fissure flow before and after X-ray imaging. (a) Water solubility. (b) X-
ray image feature of rock specimen before contrast liquid injection. (c) Fissure flow visualization in X-ray image of rock specimen
after contrast liquid contrast injection.

A test sample was taken from section K2+200 of Minhe Chuanda highway in Haidong, Qinghai Province,
China. The sampled mudstone was cut into standard cubic specimens of 100 x 100 x 100 mm. Furthermore, a small
carborundum drill was also used to make 4.0-mm diameter holes in the center of the top surface of specimens. The
sealing joint was set at the diversion interface of a specimen pipeline to avoid leakage during hydraulic
transmission. In this experiment, three mudstone specimen cubes were successfully tested (as shown in Figure 5),

which were identified as RBM-01, RBM-02, and RBM-03, respectively.

Rock specimens

@ =4mm

RBM-01 RBM-02 RBM-03

Figure 5 Machining and experimental preparation of the cubic mudstone specimens.

Table 1 Parameters of the Self-Priming Pump

Model Rated Voltage Initial Flow Motor Speed Maximum Lift
LS-0412 1.2A 2.0 L/min 2200 r/min 30m

Table 2 Parameters of the DN4 Micro Flowmeter

Typical Withstand Pressure
(MPa)
DN4 0.04-0.25 0.04-0.25 6.30
3 Hydro-Damage Evolution with Red-Bed Mudstone Failures

Gauge Diameter (mm) Normal Flow Range (m3/h) Expand Flow Range (m3/h)

In this experiment, the X-ray image of fissure flow during mudstone specimen failure was obtained by EXIDR
technology, the X-ray image of fissure flow was analyzed to distinguish different components in the mudstone
material, and a pixel window with a fixed size of 824 x 1087 was used for the X-ray imaging (Figure 6). The
accumulated X-ray absorbed dose representing all pixels in the window was denoted as I (nh loading), and the total
X-ray absorbed dose corresponding to the fissure flow and rock matrix was obtained by a threshold segmentation
approach, which was denoted as I. and I, respectively. Sun, et al. [22] confirmed that X-ray absorbed dose was
related to rock integrity, elastic modulus parameters, and similar mechanical properties; therefore, there was a
positive functional relationship between the elastic modulus £ and the X-ray absorbed dose of mudstone material
under the action of hydro-damage Es = f(1I,,), where I,, = I + I,,,, I; is the X-ray absorbed dose corresponding to
the characteristic area of seepage image damaged by mudstone, and /i, accounts for more than 90% of I,, which

plays a role in controlling rock strength, i.e., I,, > I;. Therefore, Formula 3 can be deduced as follows:
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Dy=1-m 3)

where I, represents the total X-ray absorption dose (unit: pGy) corresponding to the mudstone matrix image area
and / represents the total X-ray absorption dose (unit: pGy) of the rock matrix in a nondestructive state. In this test,
the total absorption dose of all pixel points in the X-ray image obtained under unloaded conditions was recorded as
Ip and D was noted as the mudstone damage factor under hydrodynamic force conditions. The calculation results
are listed in Table 3.

Figure 6 shows the analytical results of the mudstone matrix color and X-ray absorbed dose before and after
the destruction of the RBM-01 specimens. The matrix color of mudstone specimens in a water-saturated state is
dark brown. According to the X-ray absorption dose analysis results of the RBM-01 specimens in the saturated
hydro-damage state shown in Figure 6, the internal liquid filling fissure of mudstone in the hydro-damage state
corresponds to a lower I, i.e., the total X-ray absorption dose (/i5) in the 15th loading complete failure state of
RBM-01 specimens is less than the total X-ray absorption dose (/y) in the nondestructive state. The statistical
results of the multilevel stress peak and damage factor calculation during red-bed mudstone damage in this test are
listed in Table 4. The resulting X-ray images were segmented according to the threshold to obtain a mudstone

matrix and damage seepage characteristics (as shown in Figure 7).
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Figure 6 Image interpretations on red-bed mudstone color characteristics and X-ray absorbed dose in nondestructive and hydro-
damage states. (a) Color features and image analysis of mudstone surface in nondestructive state. (b) Color features and image analysis

of mudstone indication in the hydro-damage state.
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Figure 7 Image segmentation of red-bed mudstone matrix and damaged seepage features and interpretation on X-ray absorbed dose

data.
Table 3 Statistical Results of the Multilevel Stress Peak and Hydro-Damage Coefficient During Red-Bed Mudstone Specimen Failure

Peak Loading of Multilevel Stress (Mpa) and Hydro-Damage Coefficients

Number o1 02 o3 A o5 0% o7 o3 09 o10 o1 o12 013 (41! o15
Ds1 Ds, Ds3 Ds4 Dss Dss D Dss Dso Ds10 D11 Ds12 Ds13 Ds1a Ds1s
3.82 5.56 7.66 10.12 1276 1558 1820 20.74 2232 2416 26.44 2852 3096 3330 36.76

REM-OL 0354 0364 0372 0391 0408 0405 0413 0413 0518 0622 0625 0629 0731 0.843 0.907

3.32 4.60 7.14 9.90 1172 1048  3.02 3.34 3.34 3.20 2.58 N/A N/A N/A N/A
RBM-02 0.724 0701 0.707 0.713 0725 0753 0.772 0.789 0.820 0.870 0.923 N/A N/A N/A N/A
RBM-03 3.72 5.68 8.16 9.02 6.16 2.24 0.92 N/A N/A N/A N/A N/A N/A N/A N/A

0.444 0448 0.714 0811 0.942 0.948 0.972 N/A N/A N/A N/A N/A N/A N/A N/A

For consideration of the internal mineral composition of each mudstone specimens, the damage seepage image
area characteristic threshold of RBM-01 specimens was confirmed as less than 26000 pGy according to the
threshold of the digital radiology image scanning system corresponding to the X-ray absorption dose of the mineral
composition, and the RBM-02 and RBM-03 components were similar. The characteristic area threshold of damage
seepage image (/) was set to less than 19000 pGy. Furthermore, MATLAB software was used to statistically
analyze corresponding /s and I values of red-bed mudstone specimens under different loads (as shown in Figure
7), and the change law of hydro-damage coefficient (Ds) in the red-bed mudstone failure under hydrodynamic force

was calculated.
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Figure 8 Change law of the hydro-damage coefficient during mudstone specimen failure.

As shown in Figure 8, the change law of the hydro-damage coefficient in the red-bed mudstone specimen
failure was evident. The change in the mudstone damage factor under hydrodynamic force has an intensified
evolution process. The change in the damage factor of the mudstone specimens exhibits a stable development trend
at the initial stage of loading. At this time, the strength damage of the mudstone material intensified, whereas the
degree of damage of the hydrodynamic force was not obvious. The hydro-damage coefficient of the mudstone
material increased exponentially with the increase in multiload time. The mathematical expression is as follows:

Dy =b+axe*™ @)
Where a and b are both constants, n is the loading time, and o is the coefficient. According to the data fitting results
shown in Figure 8, the fitting results o of the RBM-01 and RBM-03 specimens were 1.04 and 1.33, respectively,
and the fitting result o of the RBM-02 specimen test was 0.05. Therefore, when a > 1, the water damage factor of
the mudstone specimen increased nonlinearly with the change in the loading times, whereas when a < 1, the water
damage factor increased moderately. These indicate that the damage effect of the hydrodynamic force on mudstone
was a nonlinear process, and the water damage degree of mudstone was mainly affected by the nonlinear seepage
behavior and its hydraulics.
4 Seepage and Diffusion Coefficient Evolution with Rock Failures
Seepage is the basic mechanical behavior of fluid conduction in a porous medium, and diffusion is a common

physical phenomenon of solute transport in a porous medium [23]. The behavior of seepage in the rock dynamic
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failure is often accompanied by a more complicated hydraulic diffusion phenomenon. In this experiment, the image
features of mudstone damage seepage at a material scale were obtained by X-ray digital radiology scanning. The
behavior of mudstone seepage under hydrodynamic force was accompanied by significant hydraulic diffusion (as
shown in Figure 9). Therefore, the X-ray absorption dose threshold approach was applied on the basis of the
analysis results from the image of mudstone damage seepage obtained by experiments to segment and calculate the
diffusion area of seepage, count the number and actual area of corresponding pixel points in different characteristic

regions, and calculate the diffusion coefficient (C,;) of mudstone seepage according to Formula (5).

Cd — Stotal .& (5)

Npixtes ¢
Cp is the rock seepage—diffusion coefficient (unit: mm/s), which implies the area of seepage and diffusion of fluid
in the rock within a unit interval, Siy,; i the actual total area (unit: mm?) corresponding to the segmented X-ray
feature images, Npixels 18 the total number of pixel points of the segmented X-ray feature images, N, is the total
number of pixel points of the seepage—diffusion feature image area, and ¢ is the hydrodynamic force cycle
cumulative time (unit: s) corresponding to the X-ray image shooting. The area and pixel points of the feature area
shown in Figure 9 were identified and extracted, and the seepage—diffusion coefficient was calculated according to

Formula (5). The calculation results are listed in Table 4.

Figure 9 Fissure seepage and diffusion phenomenon in red-bed mudstone failure.

Table 4 Calculation Results of the Seepage—Diffusion Coefficient in Mudstone Specimen Failure

RBM-01 RBM-02 RNM-03
Loading
steps Thresholds Seepage—diffusion Thresholds Seepage—diffusion Thresholds Seepage—diffusion
(uGy) coefficient (mm?/s) (uGy) coefficient (mm?/s) (uGy) coefficient (mm?/s)
Ist 26000 187.69 19000 274.28 19000 409.95
2nd 26000 16.45 19000 188.97 19000 228.74
3rd 26000 4.02 19000 80.51 19000 92.63
4th 26000 2.84 19000 60.03 19000 65.33
5th 26000 2.01 19000 48.00 19000 50.73
6th 26000 2.04 19000 36.33 19000 39.95
7th 26000 2.01 19000 28.33 19000 32.40
8th 26000 1.96 19000 25.43 19000 29.03
9th 26000 1.99 19000 20.82 N/A N/A
10th 26000 1.99 19000 18.48 N/A N/A
11th 26000 1.99 19000 16.70 N/A N/A
12th 26000 1.77 N/A N/A N/A N/A
13th 26000 1.77 N/A N/A N/A N/A
14th 26000 1.81 N/A N/A N/A N/A

15th 26000 2.07 N/A N/A N/A N/A
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Figure 6 Fitting relation between the hydro-damage factor and seepage—diffusion coefficient.

The relationship between the mudstone hydro-damage factor and seepage—diffusion coefficient were obtained
by Boltzmann function fitting, as shown in Figure 10. In the hydro-damage aggravation of the mudstone specimen,
the seepage—diffusion coefficient of the mudstone presented a nonlinear decreasing trend, which indicates that the
initial seepage velocity and nonlinear diffusion coefficient of the mudstone specimen were relatively high in the
initial fissure state. However, the pipeline overflowed, the hydrodynamic action intensified the fluid-filled fissure,
and the saturation degree of the mudstone specimen increased gradually against the gradual decrease in the
saturated seepage velocity and diffusion flux as the expansion of the internal fracture of the mudstone specimen and
the gradual rupture of pipeline. The functional relation between the hydro-damage factor and seepage—diffusion

coefficients of the mudstone specimens is as follows:
aq

Cd =t 1+exp[(Ds—b)/c]

(6)
where ao, ai, b, and c are all constants. The fitting relation between Ds and Cq4 indicates that the red-bed mudstone
material has greater initial seepage velocity and an abnormal diffusion coefficient, which is a reasonable
explanation for the red-bed mudstone geologic body seepage catastrophes from a material scale. Controlling or
reducing the seepage—diffusion coefficient is an effective means for red-bed disaster control.
5  Conclusion

(1) During the failure of red-bed mudstone specimens, hydrodynamic force intensifies the fluid-filled fissure

and the interaction between the fissure flow and solid matrix introduces the dispersion and attenuation of an elastic
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wave. Furthermore, fluid-filled fissure undergoes a stable development process with the crack growth.

(2) The X-ray image analysis of the red-bed mudstone specimen failure indicates that the spatial morphology
distribution of the pipeline fluid transition to fissure flow showed the physical phenomena of nonlinear seepage and
abnormal diffusion. Therefore, the red-bed mudstone pipeline fluid fissure induces a dual mechanical behavior of
nonlinear seepage and diffusion with significant seepage—diffusion effects under hydrodynamic force.

(3) The statistical analysis of the relationship between the mudstone hydro-damage factor and seepage—
diffusion coefficient indicates that the seepage—diffusion coefficient of the mudstone shows a nonlinear decreasing
trend under hydrodynamic force with the increase in water damage aggravation of mudstone specimens; the
analysis also indicates that the initial seepage—diffusion coefficient was large under the initial rupture state of the
mudstone specimens. The saturation degree of the mudstone specimen increases gradually against the gradual
decrease in the saturated seepage velocity and diffusion flux. These results support a reasonable explanation for the
seepage catastrophes of red-bed mudstone masses from the material scale.
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