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To address the need for minimal permeability and adequate strength in the reconstructed aquiclude of open-pit coal mine waste dumps, we formulated a mudstone-slag-based waterproof composite (MSWC), incorporating mudstone, slag, waste rock, and an alkaline catalyst. Initial cyclic damage was emulated using uniaxial cyclic loading and unloading (UCLU), after which we conducted a series of tests on the MSWC, including penetration, uniaxial compression, SEM, and CT scans, to assess the impact of varying degrees of initial cyclic damage. We explored the MSWC’s mechanical attributes, stiffness, permeability, and pore structure across a range of UCLU cycles (N) and developed a damage constitutive model to interpret the damage parameters. Our findings indicate that as N cycles escalate, there is a marked exponential reduction in the MSWC’s uniaxial compressive strength, and stiffness. This is attributed to the progressive enlargement of microcracks and pores within the material, leading to a reduction in its overall strength. Specifically, the uniaxial compressive strength (UCS) dropped by 6.56%, 13.13%, and 16.49%, the stiffness by 9.46%, 12.43%, and 19.73%, and porosity rose from 1.62% to 2.31%, 2.56%, and 2.67%. Consequently, the MSWC is deemed suitable for use as an aquiclude and can be effectively implemented in such applications. These findings offer valuable insights for the ecological rehabilitation of open-pit coal mine waste dumps.
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1 INTRODUCTION
With the increasing demand for energy in China, open-pit coal mining activities have had a significant impact on the surrounding environment (Jie et al., 2021; Guanghe et al., 2024). In particular, the mining activities have destroyed the original water barrier layer, coupled with the loose structure and strong permeability of the dumping materials, it is difficult to store water in the stratum, which leads to many challenges in the reclamation and greening of the dump site (Ma et al., 2021; Olena and Grygorii, 2024; Zine et al., 2024). In view of this, the reconstructed aquiclude of open-pit coal mine waste dump site may become a pivotal measure to solve the ecological restoration of the dump site.
In the aspect of the reconstructed aquiclude of the dump site, many scholars have conducted extensive research and discussion on this, and found that the reconstructed aquiclude can effectively solve the water storage problem faced by the open-pit coal mine dump site (Ma et al., 2021; Jun-Jie et al., 2017; Wang et al., 2018; Ding et al., 2019). Sun et al. (2021) proposed a new concept and method of using backfill mining technology to reconstruct key aquifers and analyzed the principle and reconstruction technology of reconstructing key aquifers in detail. However, the artificial construction of the water-resisting layer in the open-pit coal mine dump site requires a large number of raw materials, which is best to meet the characteristics of easy preparation and low cost. The mudstone is a natural aquifuge raw material (Huanyi et al., 2022; Iyare et al., 2023; Yang et al., 2023), which is widely used in the preparation of aquifuge materials because of its wide existence in open-pit coal mines and its characteristics of fine mineral particles and low permeability. It has become a development trend for the reconstructed aquiclude with mudstone, slag (Chen et al., 2018; Chen et al., 2024), red mud (Zhou et al., 2020; Kumar et al., 2021), and fly ash (Chuah et al., 2016; Lan-Ping et al., 2020; Zeng et al., 2020). Zhou et al. (2020) used standard sand as aggregate, mudstone, slag, red mud, and other powder materials to prepare water barrier materials, and took the uniaxial loading level as the damage variable, focusing on the analysis of the permeability characteristics of mudstone-geopolymer material damage. Lei et al. (2024) combined the synergistic stabilization technology of microorganisms and geopolymers to use the best mixture of metakaolin and alkali activators to stabilize red-bed mudstone fillers. The compactness, pore characteristics, unconfined compressive strength, and disintegration of red-bed mudstone fillers were analyzed, and the mechanism of microorganisms-geopolymers was analyzed by SEM and EDS.
Due to the frequent dumping operations of mining trucks on the dump site, not only the ground dynamic load effect caused by the ground is significant (Wu et al., 2020; Wu et al., 2022), but also the cyclic load generated by the dump site causes a series of problems such as fatigue damage, permeability change, and strength reduction. In terms of the initial damage caused by cyclic loading, scholars pay more attention to coal specimens, rock specimens, concrete, and so on. Zhong et al. (2019) carried out cyclic load-unload tests of saturated coal specimens with different loading rates, amplitudes and numbers of uniaxial cyclic loading and unloading cycles (N).
This study reveals for the first time that the radial residual strain decreases gradually with the increase of N cycles. Based on the pore-scale mechanical analysis, the mechanism of pore water pressure affecting the macroscopic mechanical response by changing the microstructure integrity of coal samples is clarified. Zhang et al. (2023) addressed the coupled effects of cyclic loading and moisture content on sandstone by: studying cyclic stress-dependent changes in elastic modulus, Poisson’s ratio, and irreversible strain during loading phases; developing a Weibull distribution-based constitutive model integrating hydric and mechanical damage evolution pathways. Chen et al. (2021) proposed a Hoek-Brown-damage coupled constitutive model to characterize the residual strength evolution of fractured rocks. For rocks subjected to cyclic loading, Liu et al. (2016) formulated a damage model using energy dissipation thresholds; identified exponential growth of damage variable with strain accumulation.
In summary, there have been many achievements in mudstone-based aquiclude materials, but the evolution mechanism of strength and permeability characteristics of the reconstructed aquiclude under cyclic loading of equipment is still unclear. Therefore, in this study, MSWC was used to construct the aquiclude of an open-pit coal mine dump site, and UCLU tests were carried out on MSWC specimens to simulate the cyclic loading damage of artificial reconstructed aquiclude equipment. Penetration velocity test, uniaxial compression test, SEM test, and CT scanning test were carried out on the damaged MSWC specimens. In this way, the mechanical properties, elastic modulus (Yang et al., 2024), permeability characteristics, pore structure, and energy evolution characteristics of MSWC under initial damage of cyclic loading are studied, and the damage constitutive model of the MSWC is established. The findings offer operable guidance for the restoration of open-pit coal mine dump sites.
2 MATERIALS AND METHODS
2.1 Experimental materials
The MSWC specimens are primarily composed of mudstone, slag, waste rock aggregate, and an alkaline activator. An open-pit coal mine in Inner Mongolia provided the mudstone and waste rock aggregates used in this research. The mudstone is the byproduct of open-pit coal mining, while the waste rock aggregate consists of sandstone. For the slag component, we utilize S95 grade slag powder, which is mainly made up of CaO, SiO2, and Al2O3. Component analysis of the mudstone by performing XRD tests As shown in Figure 1, it can be seen that the mudstone, as a high-silicon aluminum material, has a composition of 77.10% and has a certain alkali-activated activity. Therefore, both mudstone and slag are employed as cementitious materials in this paper. The alkaline activator used is a sodium silicate solution with a modulus of 1.0, adjusted with NaOH, and the waste rock from the mining area serves as aggregate to prepare the MSWC.
[image: X-ray diffraction (XRD) pattern showing intensity versus theta angle for mineral analysis. The main peaks correspond to quartz, with additional peaks for orthoclase, muscovite, albite, and kaolinite, indicating their presence as minor components.]FIGURE 1 | X-ray diffractograms of mudstone materials.2.2 Specimen preparation
The average mass of MSWC specimens was 400 g, consisting of Mudstone, Slag, Water glass, NaOH, Water, Sandstone aggregate, and the content and mass of each component is shown in Figure 2, and the specimen preparation process is shown in Figure 3, after which the specimens were placed in a curing box with a humidity of 60% ± 2% and a temperature of 25 °C ± 2 °C for curing, and the curing ages (T) were 1 days, 3 days, 7 days, and 28 days. The specimens were taken out according to the curing age, and the specimens were processed into standard specimens of Φ50 × 100 mm according to the rock mechanical properties test standard.
[image: Bar chart showing the raw material ratio of MSWC in terms of percent and quality. Mudstone: 10% (50g) and 40% quality. Slag: 6.67% (50g) and 26.68% quality. Water glass: 14.8% (50g) and 59.2% quality. NaOH: 3.48% (50g) and 13.92% quality. Water: 15.77% (50g) and 63.08% quality. Aggregate: 50% (200g) and 200% quality. Red and blue bars represent percent and quality, respectively.]FIGURE 2 | Raw material ratio of the MSWC.[image: Flowchart illustrating the process of creating a standard specimen. Three components—mudstone, slag, and aggregate—are mixed for five minutes. Separately, an alkaline exciter made of sodium silicate, NaOH, and water is mixed and cooled. The two mixtures combine into a slurry, then poured into molds, vibrated, and cured. Finally, the specimens are cut to create a standard shape.]FIGURE 3 | MSWC specimen preparation flowchart.2.3 Test scheme
	1. HMTK600B mining truck has an approximate front and rear axle load distribution ratio of 0.33:0.67 when fully loaded, with each wheel bearing approximately 100.0 tons. The ground contact area is about 1.25 m × 0.42 m, resulting in a ground specific pressure of roughly 1.87 MPa. When unloaded, the front and rear axle load distribution ratio of HMTK600B mining truck is approximately 0.46:0.54. Each front wheel bears around 54.5 tons, with a ground contact area of 1.25 m × 0.35 m and a ground specific pressure of about 1.22 MPa. Each rear wheel carries approximately 32.0 tons, featuring a ground contact area of 1.25 m × 0.35 m and a ground specific pressure of roughly 0.72 MPa. The upper stress limit σmax in the single-axis cyclic loading and unloading test is determined to be 2 MPa, and the lower limit σmin is 0 MPa. According to the test requirements, the corresponding program is compiled. The uniaxial cyclic loading and unloading damage treatment of MSWC specimens is carried out by the TATW-2000 rock triaxial test system which is shown in Figure 4. The loading method is displacement loading, and the loading rate and unloading rate are 0.5 mm/min. The damage specimens of the MSWC under different numbers of N cycles are obtained. Uniaxial compression tests on damaged MSWC specimens to test their mechanical properties and energy evolution characteristics by the TATW-2000 rock triaxial test system.
	2. The THMC multi-field coupled seepage test system is used to carry out gas injection permeability test on the damaged MSWC specimens, to obtain the permeability of MSWC under different damage conditions, and the confining pressure for the permeability test was set to 2 MPa, and the THMC multi-field coupled seepage test system is shown in Figure 5. To systematically study the influence of the number of damages on the permeability of the water barrier material, and to combine with the SEM test to analyze the characteristics of the different gelation products, to reveal the fine-scale mechanism for the permeability characteristics of the MSWC evolution.
	3. The CT scanning test of the waterproof material is carried out by the Nano Voxel 3502E open tube transmission CT system which is shown in Figure 6. The damaged specimen was scanned using a CT scanning system to generate images, and AVIZO software was employed to reconstruct the CT scan images, resulting in a three-dimensional damage map of the specimen. This enables intuitive analysis of the pore structure and porosity variation of the MSWC specimen, as well as the permeability variation law of the MSWC specimen over N cycles. In this SEM test, the VEGA3 scanning electron microscope is used to determine the fine-scale characteristics of mudstone-slag-based water barrier materials with different mudstone occupancies and different numbers of uniaxial cyclic loading and unloading, and the instrumentation is shown in Figure 7.
	4. The energy evolution, stress-strain curve, and elastic modulus of the MSWC under different N cycles are obtained by uniaxial compression test, and used to define the damage variables. The rock damage constitutive model is established by the characteristic that the microelement strength of the MSWC obeys the Weibull distribution.

[image: Rock triaxial testing machine labeled "TATW-2000" in a laboratory. The equipment features four vertical columns supporting a horizontal platform with mechanical and hydraulic components. Control panels are visible in the background along with computers and posters on the walls.]FIGURE 4 | The TATW-2000 rock triaxial test system.[image: A laboratory setup featuring a large mechanical device on the left with vertical rods and a rotating mechanism, likely for material testing. On the right, a metal control panel with gauges, knobs, and horizontal cylinders, connected by tubes. The equipment appears in an industrial lab environment.]FIGURE 5 | The THMC multi-field coupled seepage test system.[image: A scanning electron microscope (SEM) setup with a TESCAN MAIA3 Triglav instrument on the left, featuring a long probe. To the right, a desk with two monitors displaying different screens, a keyboard, mouse, and computer tower beneath. The room has white tiled walls and a blue floor.]FIGURE 6 | The THMC multi-field coupled seepage test system.[image: A lab setting with a nanoVoxel 3502E machine, featuring a control panel with multiple buttons. Beside it are two computer monitors displaying software interfaces, connected to additional electronic equipment.]FIGURE 7 | The Nano Voxel 3502E open tube transmission CT system.3 RESULTS AND DISCUSSIONS
3.1 Analysis of mechanical properties of the MSWC under initial damage effect of cyclic loading
To study the influence of N cycles on the mechanical properties of the MSWC, the MSWC with a curing age of 7 days are analyzed and studied. According to the slope of the elastic deformation stage of stress-strain curve of MSWC specimens, the elastic modulus of the MSWC under different N cycles is calculated.
3.1.1 The variation of mechanical properties of the MSWC with N cycles
In order to study the variation law of mechanical properties of MSWC specimens under different N cycles, the variation curves of UCS and elastic modulus of the MSWC with N cycles are obtained, as shown in Figure 8.
[image: Bar chart comparing elastic modulus in gigapascals (GPa) and uniaxial compressive strength in megapascals (MPa) for different values of N (0, 25, 50, 100). Elastic modulus data is shown in blue, compressive strength in orange. Both metrics exhibit consistent values across the N values.]FIGURE 8 | Mechanical properties of the MSWC under different N.From the diagram, it can be seen that the change rule of the elastic modulus of MSWC specimens is similar to that of UCS. When the number of N increases from 0 to 25, 50, and 100 times, both the UCS and elastic modulus of MSWC specimens decrease exponentially. The UCS is reduced by 6.56%, 13.13%, and 16.49%, and the elastic modulus is reduced by 9.46%, 12.43%, and 19.73%. During the initial phase of the UCLU experiment, the specimen undergoes cyclic loading that induces structural deterioration. This progressive damage mechanism facilitates pore nucleation within the material matrix, consequently diminishing its strain-resistance capacity. With the increase of N, new cracks and pores are generated inside, and its porosity increases. Its strength gradually decreases, and then the internal damage tends to be saturated, resulting in its UCS gradually approaching a threshold.
3.1.2 Energy evolution characteristics of the MSWC with N cycles
To accurately describe the energy evolution characteristics of MSWC specimens during loading, the energy evolution curves and stress-strain curves of each part are drawn as shown in Figure 9.
[image: Four graphs labeled (a), (b), (c), and (d) display relationships between axial stress and strain percentage, total strain energy, elastic strain energy, and dissipation energy. Each graph shows similar trends with increasing axial stress and energy values. The x-axis represents strain percentage, and the y-axes represent stress in megapascals (left) and energy in joules (right). Each graph exhibits a peak in axial stress, with total strain energy and dissipation energy consistently rising. Elastic strain energy shows a gradual increase. The graphs demonstrate the mechanical behavior under varying conditions.]FIGURE 9 | Energy evolution curve of the MSWC under different N. (a) N = 0. (b) N = 25. (c) N = 50. (d) N = 100.It can be seen from Figure 9 that as N cycles increase, the energy of each part of MSWC specimens gradually decreases. Because the UCLU test causes damage to the interior of MSWC specimens, the energy storage limit of the MSWC specimen gradually decreases. Therefore, with the increase of N cycles, the energy storage limit of the MSWC specimen gradually decreases.
3.2 The permeability and internal structure characteristics of the MSWC under the initial damage effect of cyclic loading
3.2.1 The variation of the MSWC permeability with N cycles
The permeability of the MSWC is a critical indicator for evaluating its effectiveness as a waterproofing layer material. Under different curing ages, the average permeability of the material varies with the number of damage cycles, and the corresponding variation pattern is illustrated in Figure 10.
[image: Graph showing the relationship between \(K(10^{16} \text{cm}^2)\) and \(N\) over 1, 3, 7, and 28 days, each represented by different colored curves (black, red, blue, green). Equations of best-fit curves and corresponding \(R^2\) values are shown for each timeline, indicating high correlation.]FIGURE 10 | The influence of N on the permeability of the MSWC under different curing ages.It can be seen that under the curing age of 1 day, the permeability increased by 19.07%、32.62% and 42.25%, respectively, with the increase of N cycles from 0 to 25, 50, and 100 times. Under the 3-day curing age, the permeability increased by 18.73%、32.21% and 41.57%, respectively. Under the 7-day curing age, the permeability increased by 22.92%、35.59% and 41.70%, respectively. At the 28-day curing age, the permeability increased by 22.03%、48.12% and 59.13%, respectively. Under different curing ages, the variation law of the permeability of MSWC specimens is similar. With the increase of N cycles, the damage inside MSWC specimen gradually accumulates, the porosity of the specimen increases, and the permeability shows an exponential increase trend. With the increase of N cycles, the internal damage gradually tends to be stable, and finally, the permeability gradually tends to be gentle. When the permeability of rock materials is less than 1 × 10−15 cm2, they are considered low-permeability materials. In this study, the damaged MSWC all meet the permeability requirements for reconstructed water-resisting layers.
The primary influence of the number of uniaxial cyclic loading-unloading cycles on the permeability of MSWC can be summarized as follows: In the initial undamaged state, the material contains minimal inherent pores and microcracks formed during its structural formation. As the number of cyclic loading-unloading cycles increases, new pores and microcracks develop under cyclic stress. These internal fractures gradually interconnect, resulting in severe structural damage and a rapid increase in porosity, which consequently leads to a significant enhancement in material permeability. When the number of loading-unloading cycles exceeds 50, the cumulative damage caused by cyclic loading gradually approaches saturation. Concurrently, the porosity of the mudstone-slag-based water-resistant material stabilizes, and its permeability progressively converges toward a threshold value.
3.2.2 Analysis of pore structure of the MSWC under initial damage effect of cyclic loading
SEM tests with magnifications of 500 × and 3,000 × were carried out on the MSWC with N cycles of N = 0, 25, 50, and 100 to study the effects of different N cycles on the meso-structure of the MSWC, as shown in Figures 11–14. At 0th cycle, there are a small amount of pores and microcracks. Because there is no uniaxial cyclic damage, the MSWC specimen is the initial shape, the section is smooth, and the whole is smooth and relatively intact. At this time, the permeability of the MSWC is low. At 25th cycle, new pores and microcracks appear. Due to the application of cyclic load damage, the primary pores and cracks further develop under the influence of external load, and the section is relatively rough. At this time, the permeability of the MSWC is enhanced. At 50th cycle, the further application of uniaxial cyclic damage leads to the generation and penetration of new pores and microcracks, and the cross-section is rough. The permeability of the MSWC is enhanced, and the water-proof performance is decreased. At 100th cycle, under the continuous influence of external load, the internal damage of the MSWC specimen is serious due to the penetration of pores and cracks. The permeability of MSWC specimen is enhanced, and the water-resisting property is reduced.
[image: Two scanning electron microscope images labeled (a) and (b) show surface structures. Both display pores marked with yellow circles and arrows, and microcracks highlighted with red arrows. Image (b) features more prominent pores and microcracks compared to image (a).]FIGURE 11 | Fine structure of MSWC specimen at 0th cycle. (a) 500×. (b) 3,000×.[image: Scanning electron microscope images show two distinct features in concrete samples. Image (a) highlights areas of cementation product spalling with yellow dashed lines, indicating deterioration. Image (b) shows a pore marked by a yellow circle and red arrows pointing to microcracks, highlighting structural weaknesses.]FIGURE 12 | Fine structure of MSWC specimen at 25th cycle. (a) 500×. (b) 3,000×.[image: Scanning electron microscope images display microstructural details of a material. Image (a) shows microcracks and cementation products spalling with regions outlined in red and yellow. Image (b) highlights a microcrack and cementation product spalling, similarly marked.]FIGURE 13 | Fine structure of MSWC specimen at 50th cycle. (a) 500×. (b) 3,000×.[image: Side-by-side scanning electron microscope images. Image (a) shows cementation product spalling and pores indicated with yellow dashed lines. Image (b) displays a microcrack outlined in red and cementation product spalling marked with a yellow dashed circle.]FIGURE 14 | Fine structure of MSWC specimen at 100th cycle. (a) 500×. (b) 3,000×.3.2.3 Porosity analysis of the MSWC under initial damage effect of cyclic loading
CT scanning tests were carried out on MSWC specimens with N = 0, 25, 50, and 100 times. The variation law of internal pores and internal damage are observed intuitively by three-dimensional reconstruction technology, and the reconstructed specimen is shown in Figure 15. Through three-dimensional reconstruction technology, the internal pore structure and porosity of the MSWC under different N cycles can be obtained. When the number of N cycles increases from 0 to 25, 50, and 100 times, the porosity increases from 1.62% to 2.31%, 2.56%, and 2.67%, respectively. It can be seen that as N cycles increase, the porosity increases exponentially. The pores and crushed zones in MSWC specimens are predominantly located near the two ends of the specimen, indicating the presence of stress concentration phenomenon.
[image: Four cylindrical diagrams labeled (a) to (d) display particle distributions inside translucent cylinders. Each subsequent cylinder shows an increasing density of dispersed green particles from left to right. Diagram (d) has the highest concentration, especially near the base.]FIGURE 15 | Three-dimensional reconstruction of the MSWC with d N cycles. (a) N = 0. (b) N = 25. (c) N = 50. (d) N = 100.The permeability of MSWC specimens can be directly reflected by their porosity. As the number of cyclic loading-unloading increases, the internal porosity of MSWC specimens rises, leading to a corresponding gradual enhancement in permeability. With the generation of internal gelation products and the progressive development of pores within the specimens, as the gelation reactions gradually complete and the pores approach saturation during testing, the porosity of the specimens progressively stabilizes in an equilibrium state. Consequently, the permeability ultimately reaches a balanced threshold state.
3.3 Damage constitutive model of the MSWC
3.3.1 Damage changes in MSWC after uniaxial cyclic load-unload
The cyclic load-unload curve of the specimen with a curing age of 7 days is selected for analysis. As shown in Figure 16, with the increase of N cycles, the total strain of the specimen gradually increases, and the resulting stress-strain hysteresis loop moves in the positive direction of strain. The hysteresis loop is relatively loose around the first 25 times, and then gradually becomes dense with the increase of N cycles. This is because the axial deformation of the specimen at the initial stage of the cycle is large, the specimen is gradually compacted, and the original void is sealed. As N cycles increases, the hysteresis loop becomes narrower To distinguish between the early hysteresis loop and the late hysteresis loop, two examples were selected for comparison, as shown in Figure 17.
[image: Graph showing stress-strain curves with stress (σ) in MPa on the vertical axis and strain (ε) in percentage on the horizontal axis. Multiple overlapping curves depict an increase in stress as strain rises, peaking between 0.8% and 1.5% strain, with stress values between 0.5 MPa and 2.0 MPa.]FIGURE 16 | The cyclic loading and unloading curve.[image: A graph showing stress-strain curves with two sets of hysteresis loops. The horizontal axis represents strain in percentage, and the vertical axis represents stress in megapascals. Black loops indicate late test hysteresis, and red loops indicate pre-test hysteresis. The loops demonstrate increasing stress with strain, highlighting material behavior under cyclic loading.]FIGURE 17 | Hysteresis loop diagram.The plastic strain and elastic strain of the specimen under different N cycles are analyzed. As shown in the Figure 18 diagram, the plastic strain and axial strain change with N cycles are basically the same. Under the first cycle, due to the existence of the compaction stage, a large residual strain and axial strain will be generated, which will increase with the increase of N cycles, and finally become more and more gentle. The cumulative residual plastic strain of the 1st, 25th, 50th and 100th cycle are 0.0041, 0.0075, 0.0090 and 0.0109, respectively, accounting for 37.61%, 68.81% and 82.57% of the total residual plastic strain.
[image: Graph showing strain versus cycles. Three curves represent axial strain (black), plastic strain (red), and elastic strain (blue). Axial strain increases steadily, plastic strain rises moderately, and elastic strain decreases slightly over 100 cycles.]FIGURE 18 | The change curve of strain with N cycles.3.3.2 Establishment of the constitutive model of the MSWC
A large number of cracks and pores are generated inside the specimen under cyclic loading. Therefore, the damage variable (D)is defined as Equation 1:
D=S′S(1)
Since the damaged area is difficult to measure, in order to be able to calculate its area indirectly, according to Lemaitre’s strain equivalence theory as Equation 2:
ε=σE*=σ*E=σ1−DE(2)
According to the Weibull distribution of the micro-unit strength, D can be expressed as (Zhi-Liang et al., 2007) (Equation 3):
D=∫0εPεdx=1−exp−εε0m(3)
The constitutive equation can be obtained as Equation 4:
σ=EfNεexp−εε0m(4)
In the formula, S′ is the area of the damaged part of the MSWC specimen, m2; S is the total cross-sectional area of the MSWC specimen, m2; ε is the strain tensor, is the effective stress tensor, MPa; E* is the effective elastic modulus, MPa; E is the elastic modulus of mudstone-slag-based water-resisting material, MPa; * is the nominal stress tensor, MPa; P(ε) is the micro-element strength distribution function; ε is a certain strain level; and ε0 are Weibull distribution parameters respectively.
The sensitivity of the parameters ε0 and m of the cyclic load-unload damage constitutive model is analyzed. According to established damage constitutive model, when ε0 is unchanged, take m = 0, −0.5, −1, −1.5, −2, −3, the curve is shown in Figure 19. It can be found that the curves intersect at one point, and the stress value of the intersection is 0.35 MPa. When the stress is less than 0.35 MPa, the greater the absolute value of m, the slower the stress growth rate. When the stress is greater than 0.35 MPa, the greater the absolute value of m, the faster the stress growth rate. It shows that m is related to the concentration degree of the micro-unit strength distribution. The greater the absolute value of m, the higher the concentration degree, the more initial defects in the early stage, and the longer the compaction stage. When m is constant, take ε0 = 0.3, 0.5, 1.0, 1.5, 2.0, 3.0%, as shown in Figure 20 as ε0 increases, the smaller the stress growth rate, the lower the strength, the greater the ductility, the smaller the brittleness, the greater the degree of damage, indicating that the parameter ε0 is related to the macroscopic average strength of the material, the larger the parameter ε0, the lower the macroscopic average strength. Specific data are shown in table 1.
[image: Graph of stress (\(\sigma\)) in MPa versus strain (\(\varepsilon\)) in percentage, displaying six differently colored curves corresponding to values of \(m\) from 0 to 3.0. Each curve shows increasing stress with strain.]FIGURE 19 | Sensitivity of parameter m.[image: Graph showing stress (σ in MPa) versus strain (ε in %) with six curves for different εσ values: 0.3 (black), 0.5 (red), 1.0 (blue), 1.5 (green), 2.0 (purple), and 3.0 (yellow). The curves display an upward trend as strain increases.]FIGURE 20 | Sensitivity of parameter ε0.TABLE 1 | Damage constitutive model parameters of the MSWC.	Cycle index	Damage model parameters	Adjusted R-squared
	ε0 (%)	m
	The 1st cyclic loading	0.2310	−0.7120	0.9945
	The 1st cycle unloading	0.8918	−2.1082	0.9918
	The 2nd cyclic loading	0.8335	−1.6127	0.9995
	The 2nd cycle unloading	0.9966	−2.0866	0.9941
	The 3rd cyclic loading	0.8829	−1.7991	0.9995
	The 3rd cycle unloading	1.1485	−1.0970	0.9962
	The 25th cyclic loading	1.2427	−2.4807	0.9982
	The 25th cycle offloading	1.3807	−2.5864	0.9997
	The 50th cyclic loading	1.3683	−3.0276	0.9938
	The 50th cycle offloading	1.4998	−3.0329	0.9993
	The 100th cyclic loading	1.5530	−3.6239	0.9854
	The 100th cycle offloading	1.6400	−3.6646	0.9955


In order to verify the accuracy of the damage constitutive equation, the stress-strain curve of the UCLU test is used as the control group for parameter fitting and verification, and the curve of the specimen is obtained. The experimental value and the theoretical model calculation results are compared.
From Figure 21, it can be seen that the stress-strain curve obtained by the axial stress damage constitutive model of the specimen is similar to the experimental value, and the fitting degree of each cyclic loading and unloading curve is above 0.98. Therefore, the damage constitutive model of the MSWC proposed in this paper can effectively describe the whole process of damage of the MSWC under different N cycles, and accurately reflect the damage constitutive relationship of different N cycles.
[image: Three graphs labeled (a), (b), and (c) display stress-strain curves. Each graph shows a black test curve and a red fitting curve. Stress (σ in MPa) is on the y-axis and strain (ε in percentage) on the x-axis, ranging from 0 to 1.0. Graph (a) starts at 0.0% strain, while (b) and (c) start at 0.4% strain. All graphs indicate the fitting curve closely follows the test curve, particularly at higher strain values. Three line graphs labeled (d), (e), and (f), each showing test curves and fitting curves. The x-axis represents strain in percentage, and the y-axis represents stress in megapascals. All graphs display a similar upward trend, with the fitting curves aligned closely to the test curves.]FIGURE 21 | Hysteresis loop curves and theoretical model calculation curves under different cycle numbers. (a) The first cycle. (b) The second cycle. (c) The third cycle. (d) The 25th cycle. (e) The 50th cycle. (f) The 100th cycle.4 CONCLUSION
A kind of low permeability high-strength geopolymer material, mudstone-slag-based waterproof material, was prepared, and the mechanical properties and permeability characteristics were tested by cyclic loading and unloading damage on MSWC specimens, and uniaxial compression test and permeability test were carried out on the damaged specimens to construct the mechanical model of damage loading and unloading damage.
	1. At the beginning of the uniaxial cyclic loading and unloading test, the test is subjected to cyclic damage, and pores are generated inside, resulting in a decrease in its anti-deformation ability. With the increase of the number of uniaxial cyclic loading and unloading, the energy storage limit and bearing capacity of the MSWC gradually decrease, the porosity increases, the degree of cumulative damage increases, and the rate of decrease in elastic modulus gradually slows down, and gradually tends to a certain threshold.
	2. It can be seen from the SEM test that the slag cementitious product has obvious brittleness and high strength, and the mudstone cementitious product has obvious plastic characteristics and low strength. With the increase of t N cycles, the micro-cracks and pores inside the specimen gradually increase, and the strength of the MSWC decreases, and the permeability increases.
	3. The three-dimensional reconstruction of the CT test scan shows that under the condition of UCLU test damage, due to the obvious brittleness characteristics of the slag cementitious product, the plastic characteristics of the mudstone cementitious product are obvious. The permeability of the specimen progressively increases with the accumulation of cyclic loading-unloading cycles, ultimately converging toward a threshold value as internal damage intensifies.
	4. According to the Weibull distribution and Lemaitre strain equivalence theory, the damage constitutive model of the MSWC is established. The fitting degree of each cyclic load-unload curve is above 98%, which can effectively describe the whole process of damage of the MSWC under different N cycles, and accurately reflect the damage constitutive relationship of different N cycles. The physical meaning of the damage model parameters is determined.
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