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During slurry shield tunneling in submarine geological conditions, it is of significance to prepare an appropriate slurry to maintain excellent rheological properties and penetration characteristics. To investigate the effects of seawater intrusion and high-temperature-induced deterioration on the physical properties of different bentonite slurries, four typical commercial sodium bentonites of different origins were selected as raw materials in this study, and mineral composition characterization tests were carried out on the four sodium bentonites, respectively. Additionally, a comprehensive analysis was performed to evaluate the physical properties of the four bentonite slurries, including rheological tests, penetration tests, and microstructure observations. The results indicated that both increased seawater content and elevated temperature had remarkable effects on the rheological properties of the slurries, while the rheological and permeability properties of all four slurries deteriorated to varying degrees. The microstructure and morphology of the slurries mainly appeared as thin sheets with voids between them, and discrete particle accumulation was observed locally. The conclusions presented in this paper could offer guidance for future preparation of slurries used in slurry shield tunneling.
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1 INTRODUCTION
Recently, a large number of underground projects have been in full swing around the world (Huang et al., 2022; Guo et al., 2025a; Wei et al., 2025; Guo et al., 2023a; Jin et al., 2023). Slurry shield tunneling is a large-scale tunnel boring machine (Guo et al., 2023b; Guo et al., 2023c), which is widely used in tunnel construction (Jin et al., 2022; Jin et al., 2018; Guo et al., 2025b; Geng et al., 2023) due to its high efficiency and safety, especially in the construction of undersea tunnels (Huang et al., 2021; Min et al., 2015; Naghadehi et al., 2019; Guo et al., 2023d). During slurry shield advancement in submarine geological conditions, slurry inevitably encounters seawater due to the presence of seawater in the groundwater of seabed strata (Mao et al., 2020; Min et al., 2019), leading to significant deterioration in the physical properties of the slurry under seawater intrusion (Caenn and Chillingar, 1996; Wan et al., 2011; Collette et al., 1994). Additionally, the friction between the excavation face of the rotating cutterhead and the soils generates significant heat during shield advancement (Haiqing and Bolong, 2019; Wang et al., 2019; Yang et al., 2021), causing changes in the properties of slurries within the excavation chamber under high-temperature conditions. Hence, it is crucial for submarine slurry shield advancement to prepare a suitable bentonite slurry that maintains favorable rheological properties and penetration characteristics (Shao et al., 2023).
The seawater slurry used in slurry shield tunneling mainly consists of two components: raw materials such as bentonite and seawater. Undoubtedly, the raw material significantly affects the physical properties of the seawater slurry. However, bentonite from different production areas or manufacturers varies widely due to differences in geological origins, calcining processes, and additives, resulting in diverse rheological properties of the bentonite slurry. Essentially, the main reason for this phenomenon is the variation in the mineral composition of bentonite. Research on the effect of variations in mineral composition on the physical properties of slurry under seawater intrusion and high temperature has rarely been conducted.
To date, many researchers have conducted rheological tests (Fu et al., 2020; Wu et al., 2015; Yang et al., 2020), penetration tests (Cui et al., 2019; Min et al., 2013; Xu and Bezuijen, 2019), and SEM tests (Wang Q. et al., 2022; Wang et al., 2022b) to evaluate the physical properties of slurry. Wang et al. (2022c) indicated that the addition of polyanionic celluloses (PAC) can remarkably enhance the viscosity of seawater slurry. Wang M. et al. (2021) analyzed the effects of temperature and hydration time on the rheological properties of cement slurry; their results indicated that increasing hydration time increased the shear stress of the slurry, and they established a constitutive equation considering the influences of temperature and hydration time. Min et al. (2018) performed slurry fluid property tests and found that the test slurry exhibited characteristics of the Bingham model at medium to high shear rates, while conforming to the Herschel-Bulkley (H-B) model at low shear rates. Qin et al. (2023) conducted a series of penetration column experiments on two saturated sands of different grain sizes and found that low-permeability filter cake could form on fine sand regardless of the salt content of the seawater slurry. Cui et al. (2020) proposed a novel salt-resistant slurry using xanthan gum as an additive to bentonite slurry for undersea shield tunneling.
In addition, with advances in computational technology, several numerical approaches have been extensively applied to investigate the physical properties of slurry (Yin et al., 2021; Ihmoudah et al., 2023; Zhang and Yin, 2018). Wang et al. (2023) developed an optimized simulation approach for bentonite suspensions by combining the Herschel-Bulkley-Papanastasiou (H-B-P) constitutive model with the finite volume method; the proposed approach could accurately describe the shear-thinning behavior of slurry with no divergence during simulations. Lin et al. (2022) employed a numerical model of penetration column experiments, and their simulations revealed the evolution process of clogging. Zhang et al. (2019) investigated slurry infiltration and filter cake formation through computational fluid dynamics-discrete element method (CFD-DEM) modeling and proposed a model for pressure variation within the filter cake.
As mentioned above, existing research has not focused on the effects of seawater and high temperature on the physical properties of different bentonite slurries. In this study, the deterioration of rheology, permeability, and microstructure of different bentonite slurries induced by seawater intrusion and high temperature was investigated. Four typical commercial sodium bentonites of different origins were selected as raw materials, and mineral composition characterization tests were performed on the four sodium bentonites, respectively. Furthermore, a comprehensive analysis was conducted to evaluate the physical properties of the four bentonite slurries, including rheological tests, penetration tests, and microstructure observations. The conclusions presented in this paper could offer guidance for the preparation of slurry used in submarine slurry shield tunneling.
2 CHARACTERIZATION OF THE BENTONITE MATERIALS
2.1 Raw materials
In this paper, four typical commercial sodium bentonites of different origins, identified as B1, B2, B3 and B4 were selected as the raw materials. As depicted in Figure 1a, the four bentonites are in powder form, but there are big differences in color, B1 is light white, B2 is light gray, B3 is brown, and B4 is light brown. The size distributions of four bentonite are described in Figure 1b.
[image: Figure 1]FIGURE 1 | (a) four commercial sodium bentonites of different origins; (b) grain size distributions of four bentonite.
2.2 Characterization tests
A series of mineral composition characterization tests were carried out on four typical sodium bentonites. Figure 2 shows the results of XRD tests, and the detailed test results are presented in Table 1.
[image: Figure 2]FIGURE 2 | Results of XRD tests.
TABLE 1 | Composition of the bentonite used in this paper.
[image: Table 1]3 EXPERIMENTAL APPARATUS AND TESTING METHOD
3.1 Rheological test
To investigate the rheological properties of slurry under different seawater intrusion rates and high temperatures, a series of rheological tests were conducted in this study. The slurries used in these tests were prepared using Na-bentonite (described in Section 2.1), water (freshwater and seawater), and additives (Carboxymethyl Cellulose, CMC). Deionized water was used as freshwater, and seawater was prepared in the laboratory according to the ASTM D1141 standard (ASTM D1141, 2003). The content of each compound can be found in the study by Guo et al. (2024).
In this paper, the mass ratio of CMC, bentonite, and water was 1:60:400 (Wang T. et al., 2021). Three seawater-to-water ratios (0%, 25%, and 50%) were designated to simulate different seawater intrusion severities, and three constant test temperatures (25°C, 50°C, and 75°C) were selected. The detailed cases of the rheological tests are listed in Table 2.
TABLE 2 | Cases of representative slurry samples for rheological tests.
[image: Table 2]As shown in Figure 3, an RST-CC Rotational Rheometer was used to measure the rheology of the slurry. During the experiments, the rheometer’s control system regulated the rotor rotation rate. A CCT-40 coaxial cylinder measuring system (height H = 60 mm, outer diameter R = 23 mm, inner diameter r = 20 mm) was employed for rheological measurements. The data acquisition system recorded shear stress changes in real time. Additionally, the temperature control system maintained a stable environment (−20°C–200°C) during each test. Figure 4 illustrates the rheological test schematic, and further details can be found in Guo et al. (Guo et al., 2024). To prevent particle settling, the slurry was homogenized using a mixer at 200 rpm for 1 min prior to testing.
[image: Figure 3]FIGURE 3 | Rheological test apparatus: (a) RST-CC Rotational Rheometer; (b) CCT-40 coaxial cylinder.
[image: Figure 4]FIGURE 4 | Flow chart of the rheological test.
3.2 Penetration test
To investigate the effect of bentonite mineral composition on the penetration behavior of slurry under seawater intrusion, a series of penetration tests were conducted in this study. The slurries used in the penetration tests were prepared following the same method described for the rheological tests. ISO standard sand from China was selected as the stratum material for each penetration test. The grain size distribution is shown in Figure 5, and the detailed cases of the penetration tests are listed in Table 3.
[image: Figure 5]FIGURE 5 | Grain size distributions of the ISO standard sand (Jin et al., 2023).
TABLE 3 | Cases of slurry samples for penetration tests.
[image: Table 3]As shown in Figure 6, the penetration test apparatus primarily comprises a slurry penetration column, data acquisition system, filtrate collection device, and pressure supply system. The apparatus enables real-time monitoring of slurry filtration loss. At the end of the test, the slurry penetration distance and filter cake formation can also be observed. The slurry penetration column consists of an acrylic plexiglass cylinder with an inner diameter of 20 cm and a height of 42 cm. To ensure proper sealing, a combination of rubber gaskets and water stoppers was installed between the metal cover plate and the column, secured by eight screws. A barometer (range: 0.6 MPa, accuracy: 1 kPa) mounted on the column monitored internal gas pressure stability. The pressure supply system provided a maximum stable gas pressure of 0.8 MPa. The filtrate collection device included a water collection bucket and an electronic scale (accuracy: 0.1 g) to record filtrate mass in real time. The data acquisition system regulated penetration pressure and logged filtrate mass changes. The specific operating steps of penetration tests are as below:
(a) To ensure complete hydration of the slurry, the slurry must be prepared 24 h prior to the penetration tests, and the detailed preparation process is described in Section 3.1.
(b) Before the penetration test, the test apparatus was connected and assembled, and the air-tightness of the penetration column and the accuracy of the data acquisition system were checked, respectively.
(c) The bottom of the penetration column was filled with a 5 cm high gravel to avoid soil particle loss during the test.
(d) The stratum material was filled in portions (3 cm per filling, until 25 cm filled), and vibrated to be densely packed. When each stratum material was filled, the inlet pipe was connected with the water source to saturate it slowly. Lastly, the stratum was allowed to stand for 24 h to be fully saturated.
(e) When the stratum was fully saturated, the slurry was gently introduced. Next, the air compressor was opened to inject the air to the experiments until the required pressure reached (the slurry penetration pressure was 100 kPa). Noted that the pressure of slurry chamber (the environment for slurry penetratio) is about 50 kPa–300 kPa. Accordingly, the slurry penetration pressure was set to 100 kPa according to the actual slurry pressure.
(f) The drainage valve at the lower part of the penetration column was opened, the penetration time was set to 10 min, which was is based on the experience in the study of Jin et al. (Jin et al., 2024) because the slurry can fully infiltrate to a steady state at this duration, and the change of filtrate quality was recorded every 0.5 s via the data acquisition system during the process of the slurry penetration.
[image: Figure 6]FIGURE 6 | Penetration test apparatus.
3.3 Microstructure observation tests
The microstructure of four seawater slurries (50% seawater content) was analyzed using SEM (Figure 7). Prior to testing, samples were dried at 100°C for 24 h and cut into 5 mm × 5 mm × 3 mm pieces.
[image: Figure 7]FIGURE 7 | ZEISS EVO 18 SEM.
4 RESULTS AND ANALYSIS
4.1 Rheological results and analysis
Figure 8 shows the rheological results of four freshwater slurries at a seawater content of 0% and a temperature of 25°C. As described in Figures 8a,b, for freshwater slurries (seawater content of 0%), the B1 slurry exhibits the highest shear stress and apparent viscosity at any given shear rate, and its non-Newtonian behavior is the most pronounced compared to the other slurry types. Additionally, at low shear rates (shear rates below 500 s−1), the shear stress and apparent viscosity of the B4 slurry are slightly higher than those of the B2 and B3 slurries. At high shear rates (shear rates above 500 s−1), the shear stress and apparent viscosity of the B2 slurry are approximately the same as those of the B3 slurry, and both are higher than those of the B4 slurry. All four freshwater slurries exhibit pseudoplastic flow characteristics and shear-thinning behavior; i.e., the viscosity decreases with increasing shear rate. Additionally, it is noted that the yield stress of the B3 slurry is the lowest compared to the other slurries. However, the yield stress of a slurry can represent its viscous strength and is an important parameter to describeits characteristics. Normally, it is appropriate for bentonite slurry used in slurry shield machines to have a certain yield stress. To further investigate the rheological properties of four freshwater slurries, the rheological test results were fitted using different rheological models. Table 4 presents the rheological equations of the four freshwater slurries. As indicated in Table 4, the rheological behaviors of the B1, B2, and B4 slurries are well characterized by the Herschel-Bulkley model, with regression coefficients all being high (0.997). The yield stresses of the B1, B2, and B4 slurries are 52.31 Pa, 41.91 Pa, and 39.21 Pa, respectively, and the B1 slurry exhibits optimal rheological properties. In addition, the B3 slurry is well characterized by the Power-law model due to its negligible yield stress (approximately 0 Pa).
[image: Figure 8]FIGURE 8 | Rheological curves of different slurries (seawater content of 0%): (a) shear stress, (b) apparent viscosity.
TABLE 4 | Rheological equations of four slurries.
[image: Table 4]Figure 9 illustrates the rheological results of four seawater slurries at a seawater content of 25% and a temperature of 25°C. As plotted in Figures 9a,b, the shear stress and apparent viscosity of each seawater slurry (25% seawater content) are lower compared to those of the corresponding freshwater slurries at the same shear rate. All four slurries exhibit significant deterioration in rheological properties due to seawater intrusion; however, the B1, B2, and B4 slurries still maintain relatively excellent viscoplastic behavior and conform to the flow pattern of the H-B model, as described in Table 5. Additionally, the B4 slurry shows the least deterioration in rheological properties compared to the other three slurries. In contrast, the rheological properties of the B3 slurry deteriorate the most.
[image: Figure 9]FIGURE 9 | Rheological curves of different slurries (seawater content of 25%): (a) shear stress, (b) apparent viscosity.
TABLE 5 | Rheological equations of four slurries.
[image: Table 5]Figure 10 demonstrates the rheological results of four seawater slurries at a seawater content of 50% and a temperature of 25°C. Table 6 presents the rheological equations of the four slurries at a seawater content of 50% and a temperature of 25°C. As shown in Figures 10a,b and Table 6, the B4 slurry maintains relatively excellent viscoplastic behavior and conforms to the flow pattern of the H-B model under a high seawater intrusion rate (50% seawater content), with its rheological properties deteriorating the least compared to the other three slurries. Additionally, the B1 slurry loses its pseudoplastic flow characteristics and transforms into a Bingham fluid with a lower yield stress under a high seawater intrusion rate. In contrast, the rheological properties of the B2 and B3 slurries are severely deteriorated under a high seawater intrusion rate, losing non-Newtonian behavior and approaching the flow characteristics of Newtonian fluids. Accordingly, the B4 bentonite exhibits superior resistance to deterioration and salt corrosion under seawater intrusion, followed by the B1 bentonite. The B2 and B3 bentonites, however, show poor resistance to seawater intrusion, nearly behaving as Newtonian fluids at high seawater intrusion rates.
[image: Figure 10]FIGURE 10 | Rheological curves of different slurries (seawater content of 50%): (a) shear stress, (b) apparent viscosity.
TABLE 6 | Rheological equations of four slurries.
[image: Table 6]Figure 11 illustrates the rheological results of four freshwater slurries at a high temperature of 50°C. As shown in Figures 11a,b, the shear stress and apparent viscosity of each freshwater slurry are lower compared to those of the corresponding freshwater slurries at room temperature (25°C) under the same shear rate, and all four slurries exhibit deterioration in their rheological properties under high temperature. This demonstrates the high-temperature thinning effect of bentonite slurry. However, the B1, B2, and B4 slurries still maintain relatively excellent viscoplastic behavior and conform to the flow pattern of the H-B model, as described in Table 7. Additionally, the B1 slurry exhibits the highest shear stress at any given shear rate, and its non-Newtonian behavior is the most pronounced compared to the other slurry types. Furthermore, at low shear rates (below 700 s−1), the shear stress of the B4 slurry is slightly higher than those of the B2 and B3 slurries. At high shear rates (above 700 s−1), the shear stress of the B2 slurry is slightly higher than those of the B3 and B4 slurries. Notably, similar to the B3 freshwater slurry at room temperature, the B3 slurry under high temperature (50°C) still conforms to the flow characteristics of the Power-law model.
[image: Figure 11]FIGURE 11 | Rheological curves of different freshwater slurries at a high temperature of 50°C: (a) shear stress, (b) apparent viscosity.
TABLE 7 | Rheological equations of freshwater slurries.
[image: Table 7]Figure 12 illustrates the rheological results of four freshwater slurries at a high temperature of 75°C. As shown in Figures 12a,b, all four slurries exhibit further deterioration in rheological properties at 75°C compared to those at 50°C. Similar to the 50°C condition, the B1, B2, and B4 slurries conform to the flow pattern of the H-B model, while the B3 slurry follows the Power-law model, as described in Table 8. Furthermore, all four freshwater slurries retain pseudoplastic flow characteristics even at 75°C.
[image: Figure 12]FIGURE 12 | Rheological curves of different freshwater slurries at a high temperature of 75°C: (a) shear stress, (b) apparent viscosity.
TABLE 8 | Rheological equations of freshwater slurries.
[image: Table 8]Based on the above analysis of the rheological test results, both seawater content and high temperature significantly affect the rheological properties of the slurries. Figures 13a,b illustrate the relationships between yield stress and seawater content/temperature for slurries made from the four bentonite types, respectively. As shown in Figure 13a, the yield stresses of the B1, B2, and B4 slurries follow an inversely proportional relationship with seawater content, decreasing as seawater content increases. The yield stress of the B4 slurry remains the highest under high seawater intrusion, followed by that of the B1 slurry. As shown in Figure 13b, the yield stresses of the B1, B2, and B4 slurries exhibit a linear relationship with temperature, decreasing linearly as temperature increases. The yield stress of the B1 slurry remains the highest under high temperature, followed by those of the B2 and B4 slurries. Furthermore, since the B3 slurry conforms to the flow patterns of the Power-law model or Newtonian fluids under all conditions, its yield stress is approximately 0 Pa.
[image: Figure 13]FIGURE 13 | (a) Variation of yield stress of slurries with different seawater contents; (b) Variation of yield stress of slurries with different temperature.
4.2 Permeability results and analysis
To further investigate the water retention ability and physical stability of the four seawater slurries under their own weight, bleeding tests and Russian funnel viscosity tests were conducted on the slurries used in penetration tests. Figure 14a shows the percentages of bleeding and sediment for each seawater slurry after 24 h, while Figure 14b illustrates the colloidal rate and Russian funnel viscosity for each slurry after 1 day. As clearly seen in Figures 14a,b, the colloidal rate of the B4 slurry is 100% after 1 day, indicating no bleeding phenomenon and excellent water retention and stability. The colloidal rates of the B1 and B2 slurries are 35.2% and 34.4%, respectively, after 24 h. Furthermore, severe segregation occurs in the B3 slurry: its colloidal rate is 24.8% after 24 h, and its Russian funnel viscosity is nearly equivalent to that of water at room temperature.
[image: Figure 14]FIGURE 14 | (a) The bleeding test results after standing 1 d; (b) the colloidal rate and Russian funnel viscosity after standing 1 d.
Figure 15 presents the variations of filtrate mass with time for the four seawater slurries. As illustrated in Figure 15, during the penetration test of the B4 slurry, the filtrate mass increases abruptly within a short period of time (about 32 s); this is due to the free water discharge from the pores of the saturated sand layer under the penetration pressure. Subsequently, the filtrate mass remains stable, proving that a dense filter cake has formed with good sealing properties. During the penetration tests of the B1 and B2 slurries, the filtrate discharge process mainly includes three stages: (1) the free water discharge stage in the saturated sand layer, (2) the water discharge stage in the slurry, and (3) the filtrate mass stabilization stage. The B1 and B2 slurries formed filter cakes at 109 s and 136 s, respectively. However, their filtrate masses in the final stabilization stage (1,760 g and 2,260 g) were larger compared to that of the B4 slurry (which stabilized at a lower mass). This confirms that the filter cakes formed by B1 and B2 slurries have poor density and air-tightness properties and cannot effectively maintain the stability of the excavation face in actual engineering applications. During the penetration test of the B3 slurry, the filtrate mass rapidly increases to 2,000 g within 75 s, indicating that free water in the saturated sand layer and B3 slurry escapes under penetration pressure, preventing the formation of a dense filter cake. To further illustrate the morphology of the filter cakes, Figure 16 displays the top view of the filter cakes formed by the four seawater slurries. As visible in Figure 16, the filter cake surface of the B4 slurry is flat and dense, with no obvious holes, resulting in excellent air-tightness and pressure-maintaining performance. In contrast, the filter cakes of the B1 and B2 slurries have some holes, and parts of the sand layer are exposed. Conversely, the upper surface of the sand layer for B3 slurry is completely exposed with only minimal residual slurry and no filter cake formation.
[image: Figure 15]FIGURE 15 | Variations of filtrate mass with time for four seawater slurries.
[image: Figure 16]FIGURE 16 | Top view of filter cakes penetrated by four seawater slurries.
4.3 Microstructure evaluation
Figure 17 illustrates the microstructure and morphological characteristics of four seawater slurries (50% seawater content) with quantitative microstructural analysis (He et al., 2024; He R. and Lu N. L., 2024; He et al., 2023; He R. and Lu N., 2024). SEM observations at 2 μm scale reveal distinct variations in pore structure and aggregation patterns among the samples. The B4 slurry exhibits densely packed aggregates with an average agglomeration density of 82.3% ± 3.5% (calculated from image analysis), forming a continuous matrix with minimal porosity (<5% void fraction). In contrast, B1 and B2 slurries display lamellar structures consisting of thin sheets (thickness 50–80 nm) separated by interlayer voids measuring 150–300 nm in width. These configurations create localized particle accumulations with porosity values of 18.6% and 22.4% respectively. The B3 slurry presents an expanded porous network featuring sheet-like structures with significantly larger inter-sheet voids (400–650 nm width, porosity 31.8%), creating enhanced hydraulic pathways for free water movement. This microstructural quantification correlates with the observed fluid behavior - the increased pore dimensions and reduced agglomeration density (63.2% ± 4.1% for B3 vs. 78.9% ± 2.8% for B1/B2) directly contribute to the sharp viscosity reduction and decreased colloidal stability under seawater intrusion conditions.
[image: Figure 17]FIGURE 17 | Microsturcture and morphology of seawater slurries (seawater content of 50%): (a) B1 slurry; (b) B2 slurry; (c) B3 slurry; (d) B4 slurry. Scale bar = 2 μm.
5 DISCUSSION
Based on the comprehensive analysis above, the B4 bentonite exhibits superior rheological performance and permeability properties under seawater intrusion. Even at a high seawater intrusion rate (50%), the B4 slurry maintains excellent viscoplastic behavior and conforms to the Herschel-Bulkley (H-B) model. As shown in Table 1, B4 bentonite contains specific additives (0.24% caustic soda and 0.34% soda ash), which are absent in other bentonites. These alkalis chemically react with Ca2+ and Mg2+ in seawater to form inert calcium carbonate, thereby mitigating slurry property deterioration. Therefore, during bentonite processing for submarine slurry shield applications, adding approximately 0.25% soda ash and 0.35% caustic soda is recommended to enhance slurry salt resistance.
Conversely, the physical properties of B3 slurry degrade significantly under high seawater intrusion (50%), transitioning to Newtonian fluid behavior. At elevated temperatures (50°C and 75°C), B3 slurry exhibits the poorest rheology among all tested samples. This is attributed to its low montmorillonite and silica content. Since montmorillonite-rich bentonite (>60% content) improves swelling, dispersion, rheological properties, and water retention, increasing its proportion is advised to enhance slurry stability.
6 CONCLUSION
In this study, four typical commercial sodium bentonites of different origins were selected as raw materials, and a series of mineral composition characterization tests were conducted on the four sodium bentonites, respectively. Additionally, a comprehensive analysis was performed to evaluate the physical and mechanical properties of the four bentonite slurries, including rheological tests, penetration tests, and microstructure observations. The effects of bentonite mineral composition on the rheology, permeability, and microstructure of slurry under seawater intrusion and high temperature were investigated. The main conclusions are as follows:
(1) Under a seawater intrusion rate of 50%, bentonite slurry containing alkali substances still maintains relatively excellent viscoplastic behavior and conforms to the flow pattern of the H-B model, while the yield stress of the slurry decreases with increasing seawater content. Conversely, the rheological properties of slurries without alkali substances are severely deteriorated, transitioning from the flow patterns of the H-B model/Power-law model to Newtonian fluids.
(2) At a temperature of 75°C, all slurries exhibit deterioration in rheological properties, and the yield stress decreases linearly with temperature increase, revealing the phenomenon of high-temperature thinning in bentonite slurry. However, they retain pseudoplastic flow characteristics and conform to the flow patterns of the H-B model or Power-law model.
(3) The morphology of slurry containing alkali substances appears as dense, continuous agglomerations without obvious voids. In contrast, slurries without alkali substances primarily exhibit thin sheets with inter-sheet voids and localized discrete particle accumulation.
(4) Bentonite with high montmorillonite content (>60%) demonstrates enhanced swelling, dispersion, and water retention, resulting in slurries with improved rheological properties and reduced water loss.
(5) Alkalis in bentonite have a positive effect against the deterioration of the slurry’s physical properties under seawater intrusion, as they chemically react with Ca2+ and Mg2+ to form inert calcium carbonate. Therefore, adding appropriate amounts of soda ash (0.25%) and caustic soda (0.35%) during bentonite processing is recommended to enhance salt resistance for seabed slurry shield applications.
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