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Investigating the intrusion behavior of buffer/backfill materials is a critical aspect in the design of high-level radioactive waste (HLW) disposal repositories. This study proposes an intrusion model that accounts for the influence of the accessory-mineral ring and refines it by incorporating the specimen saturation process. The results show that the model demonstrated good agreement with the measured values after 30 days, but less accurate prior to this time. After incorporating a correction for the specimen’s saturation process, the model could well predict the measured values throughout the whole intrusion process. Additionally, the study suggests that predictions under parallel montmorillonite plates may be lower compared to non-parallel plates. The accessory-mineral ring significantly inhibits bentonite intrusion, and its restraining effect increases with the ring’s width. Compared to the smooth acrylic fissures, the irregular fractures in actual disposal repositories further limit bentonite intrusion. Fracture water seepage restricts bentonite intrusion in the upper part of the specimen while promoting it in the lower part, and also enhances the inhibiting effect of the accessory-mineral ring. The extent of this effect depends on the water flow velocity. Furthermore, increasing temperature promotes bentonite intrusion.
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1 INTRODUCTION
Currently, the safe disposal of high-level radioactive waste (HLW) remains a significant global challenge (Baik et al., 2007; Liu et al., 2009; Wen, 2006). One widely accepted and practical approach is deep geological disposal, where the waste is placed in deep underground repositories and surrounded by buffer/backfill materials to ensure long-term or permanent isolation from the surrounding environment and human populations (Figure 1). After comprehensive comparisons of various materials, highly compacted bentonites-based materials are widely selected as the candidate buffer/backfill materials to be placed between the surrounding rock and canisters, due to their low permeability, good swelling properties, suitable thermal conductivity, and strong adsorption capacity (Yang et al., 2024; Hasan et al., 2024). Research has shown that the fractures of varying sizes, whether naturally occurring or induced by construction activities, are commonly present in the surrounding rock (Nguyen et al., 2009). These fractures can serve as pathways for groundwater flow. During the long-term operation of a repository, the compacted bentonite absorbs water, causing it to swell and extrude into these fractures. More importantly, the bentonite that extrudes into the fractures will continue to swell, and under the influence of groundwater in fracture, it can form colloids (or adsorb radionuclides) and migrate outward with the percolating flow (Wu et al., 2024a), resulting in an erosion effect (Borrelli et al., 2013) (Figure 1). Consequently, this intrusion/erosion process may lead to the migration and leakage of radionuclides with the bentonite colloids, reducing the buffering performance of the engineered barrier layer and compromising the safety and reliability of the disposal repository. Therefore, studying the intrusion process and mechanisms of bentonite in fractures within the surrounding rock is crucial for the design and safe operation of engineered barrier systems in radioactive waste disposal. This research holds significant practical engineering value.
[image: Figure 1]FIGURE 1 | Schematic diagram of bentonite intrusion and erosion.
Research shows that the intrusion process of bentonite into the surrounding rock fractures exhibits typical rheological characteristics, with distinct zones along the intrusion path, including solid bentonite, gel, and sol regions (Xu, 2017). To study the intrusion behavior of bentonite, Pusch (1983) designed an experimental setup consisting of two concentric granite rings to simulate the fractures in the surrounding rock, and conducted intrusion tests with MX80 bentonite. The results showed that the intrusion distance was proportional to the logarithm of time. Kanno and Wakamatsu (1991), using the gap between two acrylic plates to simulate surrounding rock fractures, found that the intrusion distance of Kunigel V1 bentonite was proportional to the square root of time. Subsequently, using the same experimental apparatus, they observed that as the bentonite proportion and fracture width increased, the intrusion rate also increased (Kanno et al., 1999). Huang and Chen (2019) conducted experimental studies on the intrusion process of GMZ bentonite and found that the intrusion distance increased with the dry density of the bentonite and the fracture width. Reid et al. (2015) found that at the intrusion edge, montmorillonite particles, driven by their diffusion dynamics, continuously diffused into the fracture water. Due to the extremely low volume fraction of montmorillonite at the boundary, the diffusion force of montmorillonite was insufficient to transport the accessory minerals present in the bentonite, such as quartz and feldspar (Bai et al., 2021; Wu et al., 2024b). Consequently, these accessory minerals were left behind at the intrusion edge. As montmorillonite particles were progressively depleted from the edge, the accumulation of accessory minerals increased, forming a distinct layer of dark-colored, ring-shaped material—referred to as the accessory-mineral ring.
Regarding modeling approaches, a solid particle diffusion model was established to simulate the distribution of the dry density of bentonite within fractures (Kanno et al., 2011). This model typically assumes no-slip boundary conditions for the fracture sidewalls, which may lead to an overestimation of the theoretical intrusion rate. Xu et al. (2022) proposed a model to describe the one-dimensional intrusion behavior of bentonite throughout the entire intrusion process. However, this model did not consider the influence of the accessory-mineral ring. A later intrusion model that incorporated the accessory-mineral ring showed that it inhibited bentonite intrusion (Ye et al., 2022). Despite this improvement, the model still could not capture the evolution of the intrusion distance over time. In summary, a comprehensive model that accurately describes the full process of intrusion, including the effects of the accessory-mineral ring, is still lacking.
In this study, a bentonite intrusion model was developed, accounting for accessory-mineral ring. It was subsequently validated based on intrusion tests by Xu et al. (2022) and corrected considering specimen saturation process. Finally, the influences of unparallel montmorillonite plates, accessory-mineral ring, irregular fractures, seepage water and temperature on bentonite intrusion were discussed.
2 INTRUSION MODEL
2.1 Model development
2.1.1 For pure montmorillonite
Generally, montmorillonite particles have irregular shapes and varying sizes. During their hydration and expansion process, they rotate and move in an irregular manner. To simplify the problem, this study assumes a highly idealized scenario to highlight the key features of the intrusion issue (Xu et al., 2022). As shown in Figure 2, it is assumed that montmorillonite consists of plate-like particles made up of one or more layers, all with identical size and properties. When these particles move through a two-dimensional fracture, they align strictly in a face-to-face arrangement, forming a columnar phase. This means that only the face-to-face distance h between the montmorillonite particles changes over time and space, while the edge-to-edge distance remains constant during the intrusion process. By performing a force analysis on the montmorillonite particle n along the z-axis, the motion equation can be derived using Newton’s second law,
[image: image]
where, a is the acceleration, m is the mass of the particle, Fn is the net force acting on the particle, Fn1 is the internal net force, which includes the viscous drag force Fη, the combination of the gravitational force and buoyant force Fs, the diffusional driving force Fμ, the van der Waals’ force FA, as well as the diffuse double layer force FR. Fn2 is the external net force, including the sidewall friction force Ff. Thus, the internal Fn1 and external net Fn2 force acting on one single particle located at the intrusion radius r can be written as,
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where, the summation over i includes all the nearest neighbors, b is the fracture width, Sp is the bottom surface area of montmorillonite layers.
[image: Figure 2]FIGURE 2 | Dynamic force balance diagram of montmorillonite particles.
Combinations of Equations 1–3 yield,
[image: image]
Under steady-state conditions, where acceleration is negligible (a ≈0) and the net force Fn equals zero, Equation 4 simplifies to:
[image: image]
For this two-dimensional model, it is assumed that only the nearest neighbors interact with each other, as illustrated in Figure 2, which shows the forces acting on the nth particle. Therefore, Equation 5 can be rewritten as,
[image: image]
where the superscript “n” denotes the interaction forces between the nth and the n+1 particles, and similar meaning remains for the superscript “n-1”.
In Equation 6, both the van der Waals force FA and the double-layer repulsive force FR are expressed in discrete form and need to be converted into the continuous form,
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where, δp is the thickness of a single unit montmorillonite particle (Figure 2), Φ is the volume fraction of montmorillonite particles and can be written as (Liu, 2013; Sun et al., 2015),
[image: image]
where, ns is the number of unit layers of montmorillonite particle, ds is the thickness of a single unit montmorillonite layer.
Additionally, the specific forms of the various forces in Equation 6 can be converted through the following steps.
Firstly, According to Hamaker-De Boer theory, Van der Waals force FA could be written as (Komine and Ogata, 2003),
[image: image]
where, AH is the Hamaker constant.
Then, according to the DLVO theory, the double layer force FR could be expressed as (Sridharan and Jayadeva, 1982),
[image: image]
where, R is the gas constant, c is the cation concentration, ζm is the dimensionless potential at the midpoint of two plates.
For the viscous drag force Fη, it is primarily caused by the relative motion between the montmorillonite particles and the fluid. Its expression is given by (Petsev et al., 1993; Hubbard and Douglas, 1993),
[image: image]
where, f is a proportional coefficient of the fluid and particles.
The diffusion driving force Fμ can be derived from the chemical potential gradient, which causes particles to diffuse from regions of higher particle concentration to regions of lower concentration. On average, for a single particle, the diffusion driving force can be expressed as (Hiemenz, 1986),
[image: image]
where, kB is the Boltzmann constant, T is the absolute temperature.
The sidewall friction force Ff could be written as,
[image: image]
where, μ is the friction coefficient between the sidewall and soil particles and is determined as 0.034 and 0.1 for the non-accessory-mineral and accessory-mineral ring, respectively (Ye et al., 2022), σr is the swelling pressure acting on the sidewall of the intrusion region.
In addition, the particle flux J (J = Φvz) should satisfy the following continuity equation,
[image: image]
Substituting Equations 7–15 into Equation 6 yields the intrusion model (Equation 16),
[image: image]
where, μf is the friction factor by sidewall, and written as (Equation 17)
[image: image]
and D is the diffusion coefficient, and expressed as (Equation 18),
[image: image]
It should be noted that under real conditions, particles may exhibit irregularities in size, properties, and arrangements, particularly during the hydration and swelling process. However, the assumption of a columnar phase remains plausible when the volume fraction of particles is sufficiently large, such that, if rigid, the particles cannot rotate freely without colliding with their neighbors. Although particles may jitter due to diffusion-driven motion, they will predominantly align in parallel when their distance is smaller than the diameter of the montmorillonite particles (Liu et al., 2009). For example, with 200 nm-sized particles and a thickness of 1 nm, free rotation could occur when the average distance is around 200 nm, corresponding to a volume fraction of approximately 0.005. At this point, the model’s validity begins to diminish. However, at such large distances, the van der Waals and double-layer forces acting on the particles are negligible compared to the dominant diffusion-driven forces, allowing the latter to govern the behavior. Therefore, the model can still be useful for describing montmorillonite expansion at low volume fractions.
In addition, it should be emphasized that Equation 6 is specifically focused solely on montmorillonite and does not take into account the influence of accessory minerals present in bentonite. The following discussion will address the impact of the accessory mineral and its ring on bentonite intrusion.
2.1.2 Considering accessory mineral and its ring effects
2.1.2.1 Accessory mineral
According to the literature (Liu et al., 2011) and the present study, the accessory mineral primarily affects the lateral wall friction and viscous forces. The sidewall friction has been analyzed above and will not be discussed further here. The following section will focus on the impact of accessory minerals on the viscous force.
The research suggests that the proportion α of accessory minerals significantly influences the viscous force, primarily by altering the friction coefficient f between montmorillonite particles and the fluid (Liu, 2013) (Equation 19),
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where, k is the intrinsic permeability, η is viscosity of water, β is the montmorillonite proportion in bentonite.
Based on Kozeny–Carman equation, the permeability k could be written as (Kozeny, 1927)
[image: image]
where, ap is the specific surface area per unit volume, φ is the volume fraction of bentonite, k0τ2 is the pore shape factor.
Assuming that the accessory mineral in the bentonite is spherical in shape, ap can be expressed as (Karnland et al., 2006),
[image: image]
To determine the pore shape factor k0τ2 in Equation 20, the relationship between permeability k of GMZ bentonite–sand material specimens and the proportion of accessory minerals α was borrowed from Jiang (Jiang, 2015). The following values for the pore shape factor were selected for different proportions of accessory minerals: 4.66 for α = 0.246, 3.70 for α = 0.321, 2.36 for α = 0.472, 1.99 for α = 0.547, and 1.83 for α = 0.623. Using this data, Equation 20 can effectively predict the permeability of the bentonite, as shown in Figure 3. By fitting the pore shape factors k0τ2 and the proportion of accessory minerals α, the quantitative relationship between k0τ2 and α can be derived,
[image: image]
[image: Figure 3]FIGURE 3 | Evolutions of permeability with volume fraction of bentonite.
2.1.2.2 Accessory-mineral ring
The proportion of accessory minerals in the accessory-mineral ring and montmorillonite volume fraction at the boundary between the non-accessory and accessory-mineral rings are the two key factors, which influence the intrusion of bentonite (Ye et al., 2022). It is found that in the initial intrusion stage, the proportion of accessory minerals in the accessory mineral ring is the same as that in the non-accessory mineral ring, and at this point, the friction coefficients in both the accessory mineral ring and the non-accessory mineral ring are identical, with a value of 0.39. As the bentonite intrudes into the fractures, montmorillonite at the intrusion edge gradually diffuses into the fracture water, causing the accumulation of accessory minerals at the intrusion edge. This accumulation leads to an increase in both the width of the accessory-mineral ring and the proportion of accessory minerals. However, once the intrusion reaches a certain level, the pore structure formed by the accessory minerals in the ring begins to inhibit further diffusion of the montmorillonite, resulting in a decrease or even cessation of montmorillonite diffusion. This is reflected in the stabilization of the accessory mineral ring width, which also means that the proportion of accessory minerals within the ring no longer changes. According to the research by Xu et al. (2022), the friction coefficient of the accessory-mineral ring is directly related to the proportion of accessory minerals, and increases approximately linearly with the increasing proportion to the accessory minerals. Therefore, once the width of the accessory mineral ring stabilizes, the friction coefficient of the ring will also stabilize. For the stage prior to the stabilization of width of accessory-mineral ring, according to relevant literature (Kanno et al., 1999; Ye et al., 2022), the relationship between the width l2 of the accessory mineral ring and time is described by k1 [image: image], where d represents time and k1​ is a constant. The area of the accessory mineral ring is approximately 2πrk1 [image: image], where r is the intrusion radius. Additionally, studies have shown that the diffusion rate of montmorillonite is positively correlated with the soil-water contact area at the intrusion edge (Borrelli et al., 2013). Assuming the diffusion rate of montmorillonite remains constant during this stage, the area of accessory minerals in the accessory mineral ring will follow a linear relationship with time, described by 2πrk2d, where k2​ is a constant. Thus, the proportion of accessory minerals in the ring could be described by k2 [image: image]. It can be inferred that the trend of changes in the proportion of accessory minerals, as well as the friction coefficient in the ring over time are consistent with the trend in the width of the accessory mineral ring, with a rapid increase initially, followed by stabilization.
Regarding the volume fraction Φ of montmorillonite at the interface of the two regions, according to the intrusion model (Equations 23, 24) in the steady state (Ye et al., 2022), Φ can be approximated as shown in Equation 25. Additionally, the friction coefficient of accessory-mineral ring and the montmorillonite volume fraction at the boundary between the two regions in the steady state are determined as 0.1 and 0.15, respectively.
[image: image]
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where, l1 is the width of non-accessory-mineral ring, l2 is the width of accessory-mineral ring, μ1 is the friction coefficient in the non-accessory-mineral ring, μ2 is the friction coefficient in the accessory-mineral ring, ρ1 is the dry density of montmorillonite at the intrusion port, ρ2 is dry density of montmorillonite at the boundary between the non-accessory and accessory-mineral rings, ρ2 is dry density of montmorillonite at the intrusion edge, k3, k4, k5 are constants. Thus, the trend of change in Φ over time is also consistent with the trend in the width of the accessory mineral ring, with an initial rapid increase followed by stabilization.
In conclusion, according to the relationship between the width of accessory-mineral ring and the friction coefficient of the accessory mineral ring, as well as the montmorillonite volume fraction at the interface, time-dependent curves for the friction coefficient of the accessory mineral ring and the montmorillonite volume fraction at the interface are obtained under different fracture widths, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Evolutions of friction coefficient of accessory-mineral ring (A) and volume fraction of montmorillonite at the two-region boundary (B) with time.
2.2 Model verification and correction
2.2.1 Model verification
In order to reduce the computational workload, this study focuses on modeling and calculations within a quarter of the region. As shown in Figure 5, a fracture intersects the specimen hole with 0.15 m × 0.1 m geometry was modeled and implemented using the COMSOL Multiphysics. The boundary condition was set as zero flux. The mesh consists of 18,195 domain elements, 10,726 boundary elements, and 458 edge elements. The volume fraction at the specimen hole and fracture were set to 0.48 and 0, respectively. The constitutive model developed in this study was implemented into the coefficient form of the partial differential equation module, with the parameters as shown in Table 1. Then, the intrusion distance vs time curves for under different fracture widths are obtained, as shown in Figure 6. It can be observed in Figure 6 that the model accurately predicts the intrusion distance after 30 days. However, there is a noticeable discrepancy in the predictions for the period prior to 30 days. This discrepancy can be attributed to the fact that the model assumes the specimen to be fully saturated, whereas in the two-dimensional intrusion experiment conducted in this study, the bentonite material undergoes slow hydration. During the early stages of the test, the material remains unsaturated, resulting in a lower swelling force compared to its saturated state. Consequently, the model overestimates the intrusion distance in the initial phase when compared to the experimental data.
[image: Figure 5]FIGURE 5 | Modelling for the bentonite intrusion.
TABLE 1 | Parameters used in the model (Sun et al., 2015).
[image: Table 1][image: Figure 6]FIGURE 6 | Evolutions of intrusion distance of bentonite with time.
2.2.2 Model correction considering the saturation process of the specimen
To address the discrepancy between the predicted and measured values for the period prior to 30 days, the intrusion model is enhanced by incorporating the effects of unsaturated conditions. According to previous studies (Vanapalli et al., 2001; Schanz and Al-Badran, 2014), as the degree of saturation increases, the swelling pressure of bentonite follows an S-shaped growth trend. In this study, it is assumed that during the early stages of the two-dimensional intrusion tests, the soil undergoes uniform hydration. Based on this assumption, the swelling pressure of the bentonite increases in an S-shaped manner over time. in this manner, Equations 13, 14 are updated accordingly as (Equations 26, 27),
[image: image]
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where, s represents the ratio of non-saturated to saturated swelling pressure, which exhibits an S-shaped growth trend as time increases. Through comparison, the logistic model is selected, and its expression is written as (Equation 28),
[image: image]
where, t represents time, p and q are constants related to the fracture width a and proportion of accessory minerals α and their expressions are expressed as (Equations 29, 30),
[image: image]
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According to Equation 23, s increases with the increase in fracture width, and decreases with the increase in proportion of accessory minerals. Explanation to this observation is given as follows:
The contact area between soil and water at the intrusion boundary is a direct factor influencing s, but its essence depends on the volume fraction of montmorillonite in the intrusion zone. According to Figure 3, a higher volume fraction results in lower permeability of montmorillonite, which in turn makes it less prone to hydration, leading to a decrease in s. Based on the model developed in this study, the volume distribution of montmorillonite in the intrusion zone is obtained, as shown in Figure 7. It can be observed in Figure 7 that the volume fraction of montmorillonite in the intrusion zone with a fracture width of 1 mm is generally lower than that with a fracture width of 0.5 mm, which helps explain the increase in s with the widening of the fracture. Additionally, Figure 7 also shows that for the case with α = 0.472, the volume fraction of montmorillonite at the extrusion mouth is 0.38, which is lower than that with α = 0.246, where the montmorillonite volume fraction is 0.26. According to the above conclusions, s should be expected to increase as α increases. However, further analysis shows that for the case with α = 0.472, the area where the montmorillonite volume fraction exceeds 0.26 accounts for only 12.9% of the total intrusion area, which can be neglected. In contrast, the area with a montmorillonite volume fraction below 0.26 is 2.6 times larger than that with α = 0.246. This indicates that a larger area of low montmorillonite volume fraction accelerates the hydration process. Therefore, s should decrease with the increase in the proportion of accessory minerals.
[image: Figure 7]FIGURE 7 | Details for bentonite intrusion based on calculated results.
Finally, by substituting Equations 21–25 into Equation 12, the predicted intrusion distance, the width of the accessory mineral ring and the dry density of specimen, considering the unsaturated effects, can be obtained, as shown in Figure 8. It can be observed in Figure 8 that intrusion distance initially increases significantly and then gradually slows down. This observation is inconsistent with that by Liu et al. (2009), who found that the bentonite would expand indefinitely, with the intrusion distance increasing without limit. The difference in this study may be attributed to the inclusion of sidewall friction effects in the model. As the bentonite intrudes into the fracture, the intrusion area will increase, which increases the sidewall force, thereby limiting further intrusion. Additionally, Figure 8 demonstrates the corrected intrusion model provides a good prediction of the intrusion distance and the width of the accessory mineral ring. This comparison further highlights the importance of considering the influence of sidewall friction in modeling the intrusion process.
[image: Figure 8]FIGURE 8 | Comparison of the predicted intrusion distance (A) and width of accessory-mineral ring (B) with measured values.
3 DISCUSSION
3.1 Comparison of the scenario of parallel and non-parallel montmorillonite plates
It is important to acknowledge that under real conditions, particles may not always align perfectly in a parallel arrangement. To explore how irregular arrangements could influence the combined van der Waals and double-layer forces, one potential scenario was considered, as shown in Figure 9. For comparison, it was assumed that h1 = 0.5 × (h2 + h3). According to Equations 10, 11, the combined forces Fc of van der Waals and the double-layer decreases significantly with increasing the distance h between two montmorillonite plate, with the decrease rate slowing at larger distances. Thus, it can be deduced that Fc1 < 0.5 × (Fc2 + Fc3). This implies that the values predicted in this study, based on idealized assumptions, would be lower than those observed under real conditions.
[image: Figure 9]FIGURE 9 | Comparison of the combined forces of van der Waals as well as the double-layer based on idealized assumptions and real conditions.
3.2 The influence of accessory-mineral ring on the intrusion of bentonite
According to the proposed intrusion model, the predicted intrusion distances with and without accessory-mineral ring under the fracture width of 1 mm are presented in Figure 10. It can be observed in Figure 10 that the intrusion distance without accessory-mineral ring is clearly higher than that with accessory-mineral ring. The difference between the two increases significantly and then gradually with time. This trend corresponds well with the observed increase in the width of the accessory-mineral ring (Figure 6). Furthermore, it can be concluded that the accessory-mineral ring plays a significant role in effectively restraining the intrusion of bentonite. The degree of its influence becomes more pronounced as the width of the accessory-mineral ring increases, suggesting that a wider ring provides greater resistance to intrusion.
[image: Figure 10]FIGURE 10 | Predicted intrusion distances with and without accessory-mineral ring under the fracture width of 1 mm.
3.3 The influence of irregular fractures on the intrusion of bentonite
The tests conducted by Ye et al. (2022) used smooth acrylic plates to simulate the regular fractures, whereas actual disposal repositories typically contain numerous irregular fractures (Nguyen et al., 2009). Since irregular fractures can be considered as a combination of several regular smooth fractures, the test results obtained from smooth surface fractures can still reflect the intrusion behavior in irregular fractures. However, there are still certain differences between the two, mainly related to the effect of irregular fractures on the expansion driving force of bentonite. As shown in Figure 11, irregular fractures can be simplified as a structure composed of three connected smooth fractures. At the junctions of the fractures, ideally, the montmorillonite layers would change accordingly with the direction of the fracture, so the expansion driving force Fs of bentonite would remain unaffected (Figure 11A), and the model proposed in this study would still be applicable. However, in practical scenarios, the montmorillonite layers may only deviate by a certain angle, or even not deviate at all (Figure 11B). Since bentonite needs to migrate along the fracture, the expansion driving force of montmorillonite will be partially reduced. The maximum reduction factor is given by cos(α), where α is the angle between the two fracture segments. Meanwhile, according to research by Reid et al. (2015), the irregular fractures favor the accumulation of accessory minerals, promoting the development of mineral rings, which in turn inhibit the intrusion of bentonite. Above all, it is clear that, compared to regular fractures, the intrusion of bentonite in irregular fractures is subject to varying degrees of suppression. Further tests may be conducted in the future to verify this effect.
[image: Figure 11]FIGURE 11 | Diagram of bentonite intrusion into irregular fracture. (A) Condition 1. (B) Condition 2.
3.4 The influence of seepage water on the intrusion of bentonite
This study focuses on the intrusion behavior of bentonite under static water conditions. However, in actual disposal repository, bentonite intrusion is also influenced by the flow of fracture water. On one hand, fracture water flow exerts a seepage force in the direction of water flow, while the swelling pressure of bentonite acts in opposite and same directions in the upper and bottom parts of the intrusion region, respectively (Figure 12). As a result, compared to static water conditions, the intrusion in the upper part is reduced and in the bottom part is increased. To quantitatively analyze the influence of seepage water on the intrusion, a new intrusion model was established considering the influence of seepage force (Fw).
[image: Figure 12]FIGURE 12 | Comparison of the predicted intrusion distance with and without seepage water.
Specifically, for the upper part, the forces balance model can be written as (Equation 31),
[image: image]
For the bottom part, the forces balance model can be written as (Equation 32),
[image: image]
By following the model derivation steps outlined in Section 2.1, the new intrusion models for the upper and bottom part can be expressed as (Equations 33, 34),
[image: image]
[image: image]
According to the research by Börgesson and Sandén (2006), the hydraulic conductivity of the bentonite is so low that water flow into the clay is sufficiently stopped and keep a high hydraulic gradient in the clay. Consequently, the seepage force may be 100 times greater than that of gravitational force (Xu et al., 2022). In this study, by setting Fw = 100Fs, the predicted intrusion distance in the upper and bottom parts is 34.5 and 39.9 mm, respectively. These values represent a decrease of 2.5 mm in the upper region and an increase of 2.9 mm in the bottom region, compared to the predictions under static water conditions.
It should be noted that the seepage water will also lead to the loss of montmorillonite, which may decrease the intrusion distance. When the accessory-mineral ring is not considered, the influence extent is primarily governed by the fracture water flow velocity. Specifically, when the flow velocity increases from 1 m/year to 100 m/year, the predicted intrusion distance of bentonite decreases from 10 m to 1 m (Moreno et al., 2011). However, the more montmorillonite loss will cause more accessory minerals left at the intrusion edge (Reid et al., 2015). This may increase the width of the accessory mineral ring and the proportion of accessory minerals, which is higher than under static water conditions, thus further inhibiting bentonite intrusion. Overall, a more detailed quantitative analysis of the influence of mass loss and the accessory-mineral ring on the bentonite intrusion is necessary and will be the focus of future investigations.
3.5 Influence of temperature on bentonite intrusion
In the deep geological disposal repository, due to the impact of radionuclide decay heat, the temperature of bentonite continuously increases, potentially exceeding 100°C. Research indicates that the swelling pressure of bentonite increases as temperature rises, which may consequently alter its intrusion behavior. Therefore, it is crucial to analyze the impact of temperature on the intrusion characteristics of bentonite in detail. This section will focus on investigating how temperature influences bentonite intrusion behavior, which is essential for improving the design and safety assessment of high-level radioactive waste disposal sites.
Temperature influences various forces acting on bentonite, except for gravitational and buoyant forces. Specifically, the following forces are affected:
The viscosity of water η, which is used to calculate the viscous drag force Fη, is temperature-dependent and can be expressed as a function of temperature (T) (Bai et al., 2020; Zhou et al., 2024) (Equation 35),
[image: image]
For Equation 13 used to calculate the diffusional driving force Fμ, the temperature variable T is already included.
The van der Waals force FA, which is determined by the Hamaker constant AH, varies with temperature. The temperature dependence of AH can be expressed as (Liu et al., 2009) (Equation 36),
[image: image]
For Equation 10 used to calculate the diffuse double layer force FA, the dimensionless potential ζm at the midpoint of montmorillonite plates is temperature-dependent and can be expressed as (Equation 37),
[image: image]
where, ζ∞m and ζ∞h can be written as (Equations 38, 39),
[image: image]
and
[image: image]
where, ζ∞m and κ can be described by (Equations 40, 41),
[image: image]
and
[image: image]
where, F is the Faraday constant, λ is the average valence of cation, θ0 is the density of surface charge, ε0 is the vacuum permittivity, εr is the relative permittivity. εr is temperature-dependent and can be expressed as (García-García et al., 2006) (Equation 42),
[image: image]
Based on the above analysis of the temperature effects on the forces acting on the montmorillonite, the relationship between the intrusion distance and the temperature is derived and presented in Figure 13. It can be observed in Figure 13 that the intrusion distance increases by 11.3% at T = 80°C, compared to that at T = 20°C.
[image: Figure 13]FIGURE 13 | Predicted intrusion distance with time under various temperatures for the fracture width of 1 mm.
4 CONCLUSION
In this paper, a bentonite intrusion model was developed, accounting for the influence of accessory-mineral ring, and subsequently validated and corrected considering specimen saturation process. Additionally, the influences of unparallel montmorillonite plates, accessory-mineral ring, irregular fractures, seepage water and temperature on bentonite intrusion were discussed. The following conclusions were drawn:
1) The proposed intrusion model’s predictions were in good agreement with the measured values after 30 days, but less accurate prior to this time. With saturation process of specimen being considered, the model could well predict the measured values in the full process of intrusion.
2) The value predicted in this study, based on idealized assumptions, may be lower than that observed under real conditions.
3) The accessory-mineral ring plays a significant role in restraining the intrusion of bentonite, and its influence degree becomes more pronounced as the width of the accessory-mineral ring increases.
4) In comparison to the smooth acrylic fissures, the irregular fractures in the actual disposal repository will decrease the expansion force of bentonite and promote the development of mineral rings, both of which restrict the intrusion of bentonite.
5) Fracture water seepage restricts bentonite intrusion in the upper part of the specimen, while promoting it at the bottom. Additionally, fracture water seepage increases the width and proportion of accessory minerals, further impeding bentonite intrusion. The influence extent depends on the water velocity.
6) The predicted intrusion distance increases with increasing temperature.
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