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This study investigates the engineering properties of sulfate-containing soils from Astana, Kazakhstan, with a focus on their physical, chemical, and water retention characteristics. Understanding the challenges posed by sulfate-rich soils is critical for developing effective stabilization methods, especially in regions with extreme climates. Initial soil characterization revealed that the soil is well-graded sand with silt (SW-SM), with significant sulfate content (8518.8 ppm) and salinity (18.45%). Advanced techniques, including ion chromatography (IC), X-ray fluorescence (XRF), X-ray diffraction (XRD), and scanning electron microscopy (SEM), identified the presence of sulfate minerals such as gypsum and anhydrite. The soil water characteristic curve (SWCC) demonstrated bimodal behavior, with distinct air entry values of 4.988 kPa for macropores and 1000 kPa for micropores, highlighting its complex water retention properties. Shrinkage tests, analyzed using a 3D scanner, revealed a hyperbolic drying curve, with a sharp void ratio reduction during the normal shrinkage phase and minimal changes during the residual phase. These results underscore the soil’s susceptibility to volumetric changes under varying moisture conditions. This comprehensive geotechnical characterization provides critical insights into the behavior of sulfate-rich soils and their implications for infrastructure stability. The findings emphasize the need for tailored engineering solutions to mitigate risks associated with sulfate-induced swelling and shrinkage, offering practical contributions to construction practices in sulfate-affected regions. Future research will explore stabilization strategies to enhance the mechanical performance and durability of these soils.
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1 INTRODUCTION
Over the past few decades, problematic soils have become a significant global issue, severely impacting road infrastructure and environmental management. Traditionally, chemical treatment with various additives, including both conventional (Pandey and Rabbani, 2017; Mahmood et al., 2019; Brandl, 2021; Regasa et al., 2023; Ahmadullah and Chrysochoou, 2024) and non-conventional stabilizers (Mekonnen et al., 2022; Ale, 2023; Gidebo et al., 2023; Zivari et al., 2023) has been the primary method to address these challenges. However, certain soil conditions, particularly those containing sulfates, have exacerbated issues like road surface deformation and wear, especially when treated with calcium-based additives (Rollings et al., 1999; Harris et al., 2005).
Initially, these problems were attributed to soil swelling due to moisture variations, where the soil expands with water and contracts upon drying (National Academies of Sciences and Medicine, 2009). However, subsequent research revealed that sulfate heave plays a significant role in soil swelling and pavement damage. This phenomenon results from the reaction between calcium in stabilizers and sulfates or sulfides in the soil, forming ettringite—a mineral capable of expanding more than twice its original volume. The expansion creates stresses that exceed overburden pressure, leading to severe soil swelling and infrastructure damage (Puppala et al., 2018). Additionally, under specific conditions, such as the presence of carbonates and temperatures below 15°C, ettringite may transform into thaumasite, another expansive mineral that exacerbates heaving of road surfaces (Köhler et al., 2006).
Salinity further complicates the deformation and strength properties of frozen soils, particularly in cold regions. Sulfate minerals are especially impactful under freezing conditions. As soil water freezes, sulfate ions concentrate in the remaining unfrozen water, promoting the crystallization of sulfate minerals. This process generates both ice and mineral crystals, which can induce frost heave even in soils typically considered non-expansive (Harris et al., 2005; Zhang et al., 2016). The degree of expansion in frozen sulfate soils depends on factors such as salt type and content, moisture levels, and temperature (Nguyen et al., 2010).
Several studies consistently show that low temperatures and high sulfate content exacerbate soil expansiveness. Freeze-thaw cycles in sulfate-rich soils often lead to significant reductions in strength and durability (Nguyen et al., 2010; Kutergin et al., 2012; Fang et al., 2018; Xiao et al., 2018). A recent study by Tang et al. (2020) introduced a predictive method for salt expansion, establishing a parabolic relationship between soil deformation and sulfate content. Furthermore, studies on the mechanical properties of frozen sulfate soils have consistently shown that their strength decreases as sulfate content increases (Nixon and Lem, 1984; Hivon and Sego, 1995; Hass et al., 2007; Kotov and Stanilovskaya, 2022). These findings highlight the significant risks sulfate-rich frozen soils pose to infrastructure, including roads and railways (Lai et al., 2016; Wan et al., 2017).
Addressing these challenges is especially critical in Kazakhstan, where cold climatic conditions and infrastructure stability are of paramount importance. Saline soils, particularly those rich in sulfates and chlorides, are widespread across Kazakhstan’s Central, Southern, and Western regions, encompassing desert steppes and deserts (Issanova et al., 2017). These areas experience significant salt accumulation due to the arid climate, with sulfates being more prevalent than chlorides in the semi-desert and dry steppe regions (Pashkov and Baybusinova, 2017). As a result, characterizing the engineering properties of sulfate-rich soils in Kazakhstan’s cold regions is crucial for ensuring the long-term stability of infrastructure.
This study investigates the engineering properties of sulfate-containing soils in Kazakhstan. The research begins by determining the physical properties of these soils through laboratory experiments. It then evaluates the soil water characteristic curve (SWCC) to assess water retention capacity, followed by shrinkage tests to describe the volume change characteristics of the soil. By providing a comprehensive analysis of these properties, the study contributes to the development of effective strategies for mitigating the risks posed by sulfate-rich soils in cold climates.
2 GEOLOGY OF THE REGION AND GEOLOGIC EVOLUTION OF SOIL
Within this territory, three large geological-tectonic structures are identified, clearly isolated in space, and designated as engineering-geological regions of the first order: The orogenic belt of Kazakhstan, the Kazakh Shield, and the Turanian plate (Baitova, 2021). The Kazakh Shield stretches from the Alpine mountains of the Orogenic Belt of Kazakhstan in the south and southeast to the West Siberian Lowland in the north. Various Paleozoic structures are found in this area, including the Caledonian folds, which are particularly widespread. These Caledonian structures, part of the Ural-Siberian fold belt, occupy a significant part of the region under consideration and constitute the northern parts of folds extending from Central Asia to Kazakhstan and plunging under the loose cover of the West Siberian Lowland in the north. In addition, this territory contains large structures like the Kokchetav-North Tienshan system in the west and the Chingiz-Tarbagatai system in the east, which are anticlinal structures. The Hercynian Dzhungar-Balkhash mega synclinorium is located between them (Baitova, 2021).
About 60% of the territory of Kazakhstan is occupied by plains, and half of the country is covered by semi-deserts and deserts, particularly in the Turan lowland region (Danayev, 2008).
Kazakhstan experiences a distinctly continental climate with unevenly distributed precipitation. Evaporation rates are significantly higher than precipitation throughout most of Kazakhstan’s territory, except in mountainous regions (Issanova et al., 2017). The high aridity of the climate leads to increased groundwater evaporation, resulting in the accumulation of salt and soil salinization (Borovski, 1982). The climate has a great influence on the process of salt migration into soils.
Saline soils are widely distributed across Kazakhstan, with salinization primarily of a sulfate and chloride-sulfate nature (Faizov, 1980). The country’s arid climate plays a pivotal role in this process, promoting salt accumulation through mechanisms such as surface and underground runoff and wind transport (Borovski, 1982). Arid regions constitute a significant portion of Kazakhstan’s landscape, covering approximately 29%–30% of leached soils and 37% of chernozems. These soils are characteristic of areas with limited precipitation and high evaporation rates, where salt buildup is intensified over time. The widespread presence of saline soils, particularly in the form of sulfate and chloride-sulfate complexes, highlights the importance of understanding their geological evolution to address the challenges they pose to infrastructure and agricultural practices.
Figure 1 shows the soil map of the Akmola region, Kazakhstan. The region is predominantly covered by (1) dark brown loamy soils, which have a balanced mix of sand, silt, and clay; (2) salty clays with high salt content and fine particles; (3) stratified soils with various textures, having different layers with varying compositions; and (4) argillaceous and heavy loamy soils with high sodium content, which are clay-rich and heavy, affecting their structure.
[image: Figure 1]FIGURE 1 | Soil map of Astana, Kazakhstan (modified from Uspanov et al., 1976).
3 METHODOLOGY
The soil samples were excavated from a construction site in Astana, Kazakhstan, at a 1.5–2.0 m depth. Figure 2 shows the soil from the site, where powdery, white efflorescence is visible on the soil’s surface.
[image: Figure 2]FIGURE 2 | Sulfate containing soil in Astana, Kazakhstan.
3.1 Basic physical properties
A series of tests were conducted to determine its basic physical properties and comprehensively characterize the investigated soil for subsequent experimental analysis. Initially, sieve analysis and Atterberg limit tests were performed to classify the soil based on its grain size distribution and plasticity characteristics. Following this, the Standard Proctor test was employed to establish the soil’s maximum dry density and optimal moisture content. Additionally, specific gravity and shrinkage limit values were measured in accordance with ASTM standard test methods. These fundamental properties provide essential insights into the soil’s behavior and are crucial for guiding further experimental investigations.
3.2 Ion chromatography test
Ion chromatography (IC) is a reliable and effective technique for quantifying sulfate content in soils. In this study, IC was employed to measure the sulfate concentration in the soil samples. The process begins with the dissolution of sulfate compounds in a suitable solvent. A small aliquot of the dissolved sample is then introduced into the ion chromatography system. As the sample passes through ion exchange columns packed with inert materials like polyetheretherketone, various ions within the sample interact with the column resins. These interactions cause the ions to elute at different times, and conductivity detectors detect their presence. The concentration of sulfate ions is determined by comparing the conductivity of the sample solution to that of standard reference solutions used as the solvent for the sample and the baseline for calibration. A Dionex Ion Chromatography System (ICS) 6000 was utilized for this analysis, ensuring precise and accurate measurement of sulfate content in the soil samples.
3.3 X-ray fluorescence (XRF)
X-ray fluorescence (XRF) was employed to determine the elemental composition of the soil samples. In this technique, the soil sample is exposed to X-rays, which cause the atoms within the material to emit fluorescent X-rays at characteristic wavelengths. The specific oxides present in the soil can be identified by analyzing the energy and intensity of these emitted X-rays. For this study, the elemental analysis was performed using the Rigaku NEX CG, ensuring accurate detection of the various oxides within the soil matrix.
3.4 X-ray diffraction (XRD)
X-ray diffraction (XRD) was utilized to investigate the molecular structure and mineralogical composition of the soil. When a sample is subjected to X-rays, the scattered X-ray angles and intensities provide critical information regarding the arrangement of atoms in the soil. This data helps identify the minerals in the sample, complementing the elemental analysis obtained through XRF. The XRD analysis was carried out using the Rigaku SmartLab, allowing for precise characterization of the soil’s crystalline structure.
3.5 Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) was conducted gain a detailed understanding of the soil sample’s microstructure. The test was performed using the JEOL JSM IT200 (LA). Prior to imaging, the dried and powdered soil sample was coated with a thin layer of gold to enhance conductivity and improve image resolution. SEM provided high-resolution images that revealed the intricate microstructure of the soil, offering valuable insights when compared with the results obtained from XRD and XRF analyses.
3.6 Soil water characteristic curve (SWCC)
The Soil-Water Characteristic Curve (SWCC) was measured using two different methods: the Tempe cell and the WP4C, as shown in Figure 3. The Tempe cell, equipped with a 1 bar ceramic disc, was employed for precise measurements of soil-water behavior at relatively low pressures. Suction measurements were taken at 0.1, 5, 10, 20, 50, 75, and 100 kPa. The soil samples were prepared at the optimum water content and then compacted. Each test was continued until the sample’s weight stabilized, ensuring suction equalization within the soil. Prior to testing, the ceramic disc was submerged in the de-aired water to eliminate air bubbles, and the soil sample was fully saturated within the Tempe cell mold. The sample’s weight was closely monitored for each suction level, and once stabilized, the water content corresponding to that specific suction was calculated.
[image: Figure 3]FIGURE 3 | Experimental tests: (A) Dionex ICS; (B) Rigaku NEX CG-XRF; (C) Rigaku Smartlab-XRD; (D) SEM JEOL JSM IT200; (E) pressure controller system with automated air pump; (F) Tempe cell; (G) WP4C up to 300 MPa; (H) Einscan SP V2 3D scanner.
The WP4C was used to extend the measurement range up to 300 MPa, allowing the exploration of the soil’s water retention properties under higher pressures. To ensure accurate suction measurements, the WP4C sampling cup was filled halfway. The sample was oven-dried after each measurement, and a new suction value was recorded.
By utilizing both the Tempe cell and WP4C, a comprehensive understanding of the soil’s water retention behavior across a wide range of suction levels was achieved. These insights are crucial for geotechnical assessments and engineering applications.
3.7 Shrinkage test
The shrinkage test was conducted using the Einscan SP V2 3D scanner, known for its precise calibration, rapid scanning speeds, multiple alignment modes, and an accuracy of up to 0.05 mm. Before testing, the soil samples were fully saturated, then carefully extruded from their molds, and scanned to measure their initial volume post-extrusion. The samples were left to dry at room temperature, with their volume measured daily until completely dried. This process provided detailed insights into the volume change characteristics of the soil during drying, which are critical for understanding soil shrinkage behavior.
4 RESULTS AND DISCUSSIONS
4.1 Soil classification and physical properties
The primary physical soil properties of the soil were thoroughly investigated to ensure accurate classification. The grain size distribution (GSD) curve, obtained from the sieve analysis test, is presented in Figure 4, while Table 1 summarizes the detailed physical properties of the soil. The particle sizes corresponding to 10%, 30%, and 60% finer materials on the cumulative GSD curve were used to determine the coefficient of uniformity (cu) and coefficient of curvature (cc), which were found to be 6.7 and 1.5, respectively.
[image: Figure 4]FIGURE 4 | Grain size distribution curve by sieve analysis.
TABLE 1 | Physical properties of soil.
[image: Table 1]The Atterberg limits were determined, with a plastic limit (PL) of 22%, a liquid limit (LL) of 32%, and a plasticity index (PI) of 10%. Based on the Unified Soil Classification System (USCS) and the results from Atterberg limit and sieve analysis tests, the soil was classified as well-graded sand with silt (SW-SM).
The shrinkage limit test, conducted in accordance with ASTM/427, (2008) revealed a shrinkage limit of 20.02%, indicating a low degree of expansion. Additionally, the Standard Proctor test results showed a maximum dry density of 1.875 kN/m³, an optimum water content of 14%, and a void ratio of 0.559.
The soil exhibited a powdery, white efflorescence on its surface, suggesting the presence of significant sulfate content, which was measured at 8518.8 ppm. According to Berger et al. (2001), soils with sulfate concentrations below 3000 ppm pose minimal risk, those between 3000 and 5,000 ppm represent a moderate risk, and concentrations between 5,000 and 8000 ppm are considered high risk. The high sulfate levels observed in this study place the soil in the high-risk category.
The pore water salinity, determined to be 18.45%, further indicates the presence of substantial dissolved salts (Table 2). Ion Chromatography (IC) analysis confirmed elevated concentrations of sulfate (8518.83 ppm), chloride (2,556.82 ppm), sodium (5,401.38 ppm), and calcium (1368.43 ppm). These high salinity levels suggest that the soil’s mechanical properties may be compromised by reduced cohesion and increased shrinkage and swelling. The combination of high sulfate content and elevated salinity underscores the necessity of selecting appropriate stabilization methods to mitigate potential adverse effects.
TABLE 2 | Pore water salinity of soil.
[image: Table 2]The geotechnical implications of high sulfate concentrations are significant. Soils rich in sulfates can undergo adverse chemical reactions when stabilized with calcium-based materials. These reactions often lead to the formation of expansive minerals, such as ettringite and thaumasite, which induce soil heave, pavement failures, and structural damage to foundations and critical infrastructure. The novelty of this study lies in its comprehensive characterization of high-risk sulfate soils, offering valuable insights into mitigation strategies to address these geotechnical challenges effectively.
4.2 Chemical and mineralogical composition
Following the determination of the basic physical properties, the chemical composition of the soil was analyzed using X-ray fluorescence (XRF). The primary oxides identified in the soil are presented in Table 3. This data provides insights into the chemical makeup of the soil, which significantly influences its geotechnical behavior.
TABLE 3 | Chemical composition of soil.
[image: Table 3]Building on the XRF analysis, an X-ray diffraction (XRD) graph was generated to identify the primary minerals present in the soil. As shown in Figure 5, the analysis revealed the presence of quartz, feldspar, mica, illite, gypsum, and anhydrite as the dominant minerals. These findings were further corroborated by scanning electron microscopy (SEM) images, displayed in Figure 6. In these images, quartz is visible as angular, prismatic crystals, feldspar appears in blocky and prismatic forms, illite is identified as fine-grained, flocculent particles, and gypsum is seen as elongated, tabular crystals with smooth cleavage planes. Anhydrite is recognized by its thick, blocky, prismatic structure. The presence of gypsum and anhydrite is particularly noteworthy, as these minerals are direct indicators of sulfate ions within the soil. Their presence aligns with findings by Puppala et al. (2003), who highlighted that these minerals are significant markers of elevated sulfate levels in soils. High sulfate concentrations often correlate with high salinity and present challenging geotechnical properties, such as expansive behavior and reduced stability.
[image: Figure 5]FIGURE 5 | XRD results.
[image: Figure 6]FIGURE 6 | SEM pictures of soil.
This detailed chemical and mineralogical analysis provides a foundational understanding of the soil’s composition, enabling the identification of potential risks associated with its geotechnical applications. The observed mineralogy underscores the need for careful soil treatment strategies, especially when working in sulfate-rich environments prone to chemical reactivity and instability.
4.3 Soil water characteristic curve (SWCC)
The soil water characteristic curve (SWCC) visually represents the relationship between soil moisture and suction, which is vital for understanding the soil’s hydraulic properties that directly affect its stability and behavior. Key parameters of the SWCC include saturated water content, air entry value (AEV), inflection point, residual suction, and residual water content (Ito and Azam, 2013). These parameters are crucial for predicting how soil retains and releases water under various conditions. The AEV indicates the suction level at which air begins to enter soil pores, leading to desaturation.
Typically, the SWCC can be divided into three distinct zones: boundary effect, transition, and residual. The boundary effect zone occurs at low suction, where the soil remains nearly fully saturated, and the water content is relatively stable until the AEV is reached. The transition zone follows, marked by a rapid decline in water content as suction increases, signifying the progressive desaturation of soil pores. The residual zone is characterized by a much slower decrease in water content despite rising suction as the soil approaches its residual water content, which is largely retained by finer particles even under high suction conditions (Ito and Azam, 2013).
Figure 7 shows the relationship between gravimetric water content and soil suction, demonstrating a bimodal characteristic in the SWCC. The data from Tempe Cell and WP4C suggest that this curve is best modeled using a bimodal mathematical approach proposed by Satyanaga et al. (2022). This modeling approach accurately represents relevant physical parameters, including saturated water content, AEV, inflection points, and residual water content across varying moisture levels. These parameters are critical for understanding the moisture dynamics of sulfate-rich soils, as water availability governs the crystallization and hydration of sulfate minerals such as ettringite and gypsum.
[image: Figure 7]FIGURE 7 | SWCC in the form of gravimetric water content versus soil suction.
Table 4 summarizes the key physical attributes of the SWCC, including saturated and residual water content, residual suction, and the two air entry values (AEV1 and AEV2) identified through the optimal statistical method suggested by Satyanaga et al. (2013). The results indicate that the soil has a saturated gravimetric water content (θs1) of 0.178 with the first air entry (AEV1) at 4.988 kPa within macropores. The second air entry value (AEV2) occurs at 1000 kPa, associated with micropores, where the saturated gravimetric water content (θs2) decreases to 0.127. Initially, air enters the macropores at low suction levels, while higher suction is required for air entry into the micropores. This behavior aligns with findings by Ito and Azam (2013), who observed similar dual AEV patterns in vertisolic soils. These AEVs are of great importance in sulfate-rich soils. In sulfate-rich soils, these AEV thresholds are significant as they dictate water availability for sulfate hydration and the risk of sulfate precipitation, which can lead to heaving and cracking.
TABLE 4 | Variables for the SWCC curve.
[image: Table 4]Figure 8 presents the SWCC, depicting the relationship between volumetric water content (VWC) and suction. Similar to the gravimetric water content (GWC) curve, the VWC curve exhibits bimodal characteristics and closely aligns with the equation proposed by Satyanaga et al. (2013). The relevant parameters for the SWCC are detailed in Table 4. The soil shows a saturated volumetric water content (θs1) of 0.322, with the first air entry (AEV1) at 40 kPa for macropores. The second air entry value (AEV2) is 900 kPa, with the micropore’s saturated volumetric water content (θs2) at 0.240. These AEV thresholds represent the transition from saturation to partial drainage in macro- and micropores, which governs moisture redistribution critical for sulfate hydration and associated swelling pressures.
[image: Figure 8]FIGURE 8 | SWCC in the form of volumetric water content versus soil suction.
Figure 9 displays the SWCC in terms of the degree of saturation (DoS) and soil suction. Consistent with Figures 7, 8, the data reveal bimodal characteristics with a lower AEV of 9.998 kPa and a higher AEV of 200 kPa. The macropores are sufficiently drained when the DoS reaches 70%, while a higher suction of 1000 kPa is necessary to drain the micropores and facilitate air entry. This bimodal behavior highlights the dual pore structure of the soil, influencing water availability for sulfate reactions. For instance, macropores facilitate rapid water movement during wetting, while micropores serve as long-term water reservoirs that sustain sulfate hydration and associated swelling pressures under prolonged unsaturated conditions.
[image: Figure 9]FIGURE 9 | SWCC in the form of degree of saturation versus soil suction.
Understanding the SWCC is crucial for comprehending the behavior of sulfate-containing soils regarding water content and saturation levels. Gravimetric water content provides insights into water retention and drainage independent of volume changes. In contrast, volumetric water content is essential for predicting soil behavior under varying environmental conditions, including swelling and shrinkage tendencies. The degree of saturation offers a better understanding of how sulfate-containing soils’ volumes change with suction, highlighting the impact of moisture interaction. This comprehensive view allows for more accurate predictions and management of challenges associated with sulfate-rich soils in structural applications.
4.4 Shrinkage test
Figure 10 provides visual evidence of soil samples captured by the 3D scanner, illustrating the shrinkage test process. The shrinkage behavior follows a two-phase progression: an initial normal shrinkage phase characterized by rapid water loss and volume reduction, followed by a residual shrinkage phase where the drying rate slows significantly (Haines, 1923). During this phase, air infiltrates the micropores until the water content reaches zero and the void ratio stabilizes at a minimum value.
[image: Figure 10]FIGURE 10 | 3D scan of soil samples for the shrinkage test.
Figure 11 presents the shrinkage curve derived from 3-D scanning data. Soil samples were initially fully saturated and then allowed to dry at room temperature, with periodic volume measurements taken using the 3D scanner. The shrinkage curve exhibits a hyperbolic shape, reflecting the change in void ratio from 0.54 to 0.47. During the normal shrinkage phase, the void ratio decreases sharply as the soil loses water, with air entering larger voids. This phase aligns closely with the S = 100% curve, representing a fully saturated state where drainage primarily occurs through the soil matrix. The observed J-shaped shrinkage curve is consistent with the description provided by Ito and Azam (2013), where the swell-shrink path is described as having two distinct segments. Initially, the inclined segment follows the S = 100% curve, indicating the fully saturated state of the soil. The curve then transitions into a horizontal line at the void ratio corresponding to the soil’s shrinkage limit. This progression underscores the theoretical relationship between soil saturation and volume reduction during the shrinkage process.
[image: Figure 11]FIGURE 11 | Shrinkage curve.
The reliability of the 3D scanner in conducting shrinkage tests is confirmed by the alignment between volume measurements and established shrinkage curve models. Previous studies, such as Wong et al. (2018), demonstrated the scanner’s effectiveness in capturing precise volume changes during the shrinkage process. The shrinkage curve data were fitted using the equation proposed by Fredlund et al. (2002), which provides an optimal representation of shrinkage behavior (Figure 11). This equation highlights parameters such as ash, bsh, and csh, which represent the minimum void ratio, a variable related to the slope of the drying curve and curvature of the shrinkage curve, respectively.
The results highlight the ability of the shrinkage curve to provide a comprehensive understanding of soil behavior under varying moisture conditions. The alignment of experimental data with theoretical models not only validates the methodology but also emphasizes the implications of shrinkage behavior for soil stability and infrastructure resilience. These findings demonstrate the utility of advanced tools such as 3D scanners in accurately characterizing soil shrinkage, offering valuable insights for geotechnical applications involving moisture-sensitive soils.
5 CONCLUSION
This study comprehensively investigated the engineering properties of sulfate-containing soil from Astana, Kazakhstan, focusing on its physical, chemical, and water retention characteristics. The findings provide critical insights into the challenges posed by such soils in construction applications. The key findings of this research are summarized below.
- The soil was classified as well-graded sand with silt (SW-SM). The Atterberg limits revealed a liquid limit (LL) of 32%, a plastic limit (PL) of 22%, and a plasticity index (PI) of 10%. The shrinkage limit was 20.02%, while the maximum dry density and optimum moisture content were 1.875 kN/m³ and 14%, respectively.
- Chemical analysis of the soil revealed a high sulfate content of 8518.8 ppm, categorizing the soil as high-risk for sulfate heave. Mineralogical analysis using XRF, XRD, and SEM confirmed the presence of gypsum and anhydrite minerals, indicating elevated sulfate ion concentrations. These findings underscore the potential challenges posed by sulfate-induced expansion and instability in geotechnical applications.
- The SWCC demonstrated bimodal characteristics with two distinct air entry values (AEV): 4.988 kPa for macropores and 1000 kPa for micropores based on gravimetric water content. This bimodal behavior highlights the soil’s complex water retention properties, with significant implications for its stability and behavior under varying moisture conditions.
- The shrinkage behavior revealed a hyperbolic curve, characterized by a sharp reduction in the void ratio during the normal shrinkage phase, followed by a slower rate of volume change in the residual shrinkage phase. These findings highlight the dual-phase behavior of the soil during drying and its susceptibility to volumetric changes.
In conclusion, the high sulfate content and complex water retention properties of this soil present significant challenges for construction applications, particularly in terms of stability and durability. Understanding its physical, chemical, and hydraulic behavior is essential for developing effective stabilization and mitigation strategies. This study contributes valuable insights into the behavior of sulfate-rich soils and emphasizes the necessity of carefully considering their engineering applications. Building on these findings, future research will focus on evaluating the mechanical properties of sulfate-rich soils under the influence of various stabilizers. This will provide a deeper understanding of their effects on soil strength, shrinkage behavior, and long-term durability, ultimately informing more effective and sustainable construction practices in sulfate-affected regions.
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