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Abstract

:

The soil water retention curve (SWRC) or soil–water characteristic curve (SWCC) is a fundamental feature of unsaturated soil that simply shows the relationship between soil suction and water content (in terms of the degree of saturation and volumetric or gravimetric water content). In this study, the applications of the SWRC or SWCC have been extensively reviewed, taking about 403 previously published research studies into consideration. This was achieved on the basis of classification-based problems and application-based problems, which solve the widest array of geotechnical engineering problems relevant to and correlating with SWRC geo-structural behavior. At the end of the exercises, the SWRC geo-structural problem-solving scope, as covered in the theoretical framework, showed that soil type, soil parameter, measuring test, predictive technique, slope stability, bearing capacity, settlement, and seepage-based problems have been efficiently solved by proffering constitutive and artificial intelligence solutions to earthwork infrastructure; and identified matric suction as the most influential parameter. Finally, a summary of these research findings and key challenges and opportunities for future tentative research topics is proposed.
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1. Introduction


The correlation of matric suction ( ψ ) with moisture content ( w ) is referred to as SWRC. It is also a graphical framework that evaluates the hydro-mechanical characteristics of unsaturated soils. Hence, it is utilized to predict the water retention capacity of soil. According to a previous research study [1], the SWRC is the soil’s capacity to retain water over a wide range of suction powers. Graphically, the SWRC is represented as a function of  ψ  and volumetric water content ( θ ). Similarly, SWRC describes the correlation between the quantity of retained water in the soil pores, which is generally designated in terms of volumetric water content or degree of saturation (   S r   ), and soil suction. SWRC is one of the critical factors, in conjunction with the hydraulic conductivity, that can be used for a reliable subsurface multi-phase flow analysis for scenarios such as transient drying or wetting. Consequently, this hydro-mechanical element’s rigorous characterization and modeling are inevitable for investigating slope stability, multi-immiscible phase flow, and volumetric or shear strength behavior [2,3,4,5].



Over the last decade, tremendous advancements have been made towards extending the principles of unsaturated soil mechanics in various geotechnical design projects. Since the drier soil is located on the Vadose zone, the soil above the groundwater table is considered unsaturated, with variations in degree of saturation. The geotechnical response of the expansive soil residual could be effectively characterized by using the principle of unsaturated soil mechanics (USM) for any given period, while considering the influence of suction as an independent stress state variable [6,7,8]. The SWRC provides a graphical way of evaluating unsaturated soil parameters with their corresponding hydraulic characteristics. The evaluation of soil’s water storage capacity can be estimated through the use of SWRC [9]. Similarly, in geotechnical engineering, the SWRC is also used to evaluate and estimate the bearing capacity of foundations and slope stability according to the volumetric moisture influx into the soil [10].



It is established that USM are suitable for the vadose zone of the soil profile. This vadose zone serves as the foundation for most geotechnical structures, ranging from pavement, earth dams, rail tracks, landfills, and to buildings [11,12,13]. The hydro-mechanical soil characteristics are illustrated using the principle of USM through the application of SWRC. The implementation of SWRC constitutes the moisture-holding mechanism of soil and is used for various geotechnical applications. Moreover, the SWRC depends on suction range. The application of the axis translation technique to evaluate the SWRC of soil has been successfully studied by Ng and Pang [14,15]. In addition, a filter paper test has also been applied to establish the SWRC using Whatman no.42 filter paper. Upon the completion of the test, the matric suction and the corresponding volumetric moisture content were obtained, followed by curve fitting using the models proposed by Fredlund and Xing [1], Van Genuchten [16], or Seki [17], for example. Aneke et al. [18] used these three mentioned models to establish the SWRC for a CH soil (based on the USCS classification system) from the Free State province in South Africa, as demonstrated in Figure 1.



It has been established that the correlation of matric suction and soil moisture is equivalent to SWRC. As such, the soil moisture can represent gravimetric water content, (GMC), volumetric water content ( θ ) or degree of saturation (   S r   ). The SWRC classifies soil behavior into three distinct categories, as illustrated in Figure 2. These categories are as follows: the category of desaturation is known as the “boundary effect class”, which occurs at low soil suction; and the “transition class” is equivalent to intermediate soil suction. Lastly, there is a “residual class”, which manifests at a great soil suction and could be stretched up to 1,000,000 kPa of suction [19].



The non-uniformity of pore-size distribution within the soil voids is mobilized by the SWRC hysteresis due to the trapped water content within the soil void space [20]. Figure 2 describes that the retention of the water residual zone of unsaturation differs from the boundary effect zone due to air hedged within the soil [1]. The point of air-entry value (AEV) over a range of suction constitutes the soil storage potential [21]. The adsorption potential of the soil represents the steep difference between the slope of matric suction and the moisture content. It is expected that soil gets fully saturated during wetting; the soil may fail to reach its complete saturation as a result of a few entrapped air bubbles [22]. Based on the entrapped air, the hysteresis effect influences the SWRC response of the soil due to capillary sphere and changes in the morphological structure of the soil’s pore-size distribution [23].



The use of mechanics and hydraulic principles on various particulate materials has witnessed great strides over the past 50 years. The theoretical framework and formulations of unsaturated soil mechanics (USM) are consistent with saturated soil mechanics (SSM) previously established by a research study [24]. In this instance, the development of USM by a previous research study [25] emerged 40 years after the principles of SSM were established. The distinctive difference between the theoretical framework of SSM and USM is on the basis of the shearing response of saturated soil. It is already an established fact that shear stress of SSM is correlated to one stress-state variable (i.e., the effective stress (  σ ′  ) expressed as (  σ −  u w   )). The parameter    σ   is the total stress, while    u w    is equivalent to pore-water pressure (PWP). However, under the SSM pore-water pressures are typically positive or zero, whereas for USM, the PWP is negative. As such, the change in pore-air pressure (   u a   ) with equivalent change ing pore-water pressure (   u w   ) is simply described as the matric suction (   u a    −    u w   ). Additionally, the hydro-mechanical response of unsaturated soils depends net normal stress (  σ −  u a   ) and matric suction (   u a    −    u w   ), which are referred to as the variable stress tensors [20].



The concept of effective stress was firstly proposed by Terzaghi [24] as a single state variable that shows the portion of the total stress, which produces measurable impacts such as increasing compaction or shearing strength. The importance of this concept makes it the axiom of SSM and causes considerable achievement in solid mechanics, constitutive relationships, and numerical modeling [26,27,28,29,30,31]. Terzaghi’s classic, effective stress paves the way for scholars to extend this concept to USM. Bishop [32] proposed one of the well-known relationships that imposed a new term, ψ (   u a    −    u w   ). ψ is the effective stress parameters modified progressively in literature as a degree of saturation and effective degree of saturation [33,34,35]. It is worth noting that the term ψ(   u a    −    u w   ), known as the suction stress and can be depicted in suction stress characteristics curves (SSCC) that has shown the increase in soil strength due to increasing the matric suction [35,36,37,38,39,40]. Despite the robust formulation of effective stress in SSM, scholars have debated whether to accept the single or two independent stress state variables [20,41,42,43] for USM. Both the concepts have their pros and cons. However, undoubtedly, they are based on soil suction or knowing the SWRCs.



In the 1950s, the need to further the understanding of USM with its application in geotechnical engineering increased despite many prevailing misconceptions. As such, one of the misconception theories was that water-flow occurs within the capillary zone and in the range of positive pore-water pressure. Lambe [44] attempted to find a single soil property flow within the negative pore-water pressure zone through the “capillary head” to explain wetting and drying conditions. In this context, the present interpretation of the SWRC has been performed possible by other researchers due to their illustration of water distribution and flow in soil voids through elementary capillary theory [45]. Subsequently, Fredlund and Morgenstern [42] articulated the stress state theoretical framework in an attempt to solve geotechnical engineering problems under unsaturated soils mechanics. Based on this concept, the principles of macroscopic multiphase continuum mechanics were achieved for interpreting stress state variables.



In the 1980s and 1990s, all major geotechnical engineering problems relied on the SWRC as an interpretative tool to predict non-linear unsaturated soil parameter functions as various prediction models for the calculations of the permeability function in unsaturated soils were proposed. Thus, three groups of models, namely macroscopic, empirical, and statistical were recommended. However, the statistical model was confirmed to be the most reliable due to its precision on the prediction of SWRC, irrespective of its rigorous procedure [21]. Nonetheless, Romero [46] argued that the statistical model had a drawback due to its limited capacity to predict only the permeability function of soils whose inter-particle porosity is controlled by suction. Assouline and Or [4] categorized the previous SWRC analytical models into four classes: (1) empirical or fitting-based models [16,47,48,49]; (2) soil’s particle size distribution-based models [50,51,52]; (3) fractal and pore size distribution based models [53,54,55]; and (4) pedo-transfer functions [56,57,58,59,60,61]. Alternatively, in recent times, methods incorporating advanced technologies with their corresponding software capacities to predict permeability function have been developed [7,62,63,64]. Besides permeability prediction, SWRC has virtually been applied to solve all complex geotechnical engineering problems that involve coupled and uncoupled estimation of shear strength, swelling pressure, hydro-mechanical soil-seepage analysis in earth dams, and in the estimation of resilient modulus for empirical-mechanistic pavement design.



This study aims to present a comprehensive review of the background and previous literature in the field of SWRC. To this end, we first try to classify the most important previous research about SWRC into four parts: soil type, soil parameters, measuring tests, and predicting techniques. In the following, we try to investigate some of the most critical applications of SWRC in slope stability, bearing capacity, settlement, and seepage. The theoretical frameworks of this research have been shown in Figure 3. In the last part of this study, a summary of this research findings will be proposed, and we close with a look at key challenges and opportunities for future tentative research topics.




2. Classification of SWRC Previous Research


There are several parameters that can affect the soil-water retention curve, such as soil structure, soil type, initial water content, void ratio, mineralogy, the distribution of pore sizes and densities, the density of organic material, the clay content, and the contact angle (e.g., [65,66,67]). For a uniform soil with a narrow range of pore sizes, the SWRC curve consists of three different sections: a straight segment up to the air entry pressure, a near-horizontal behavior within the middle part, and a relatively vertical end section. The curve, on the other hand, is shown to be smoother for a well-graded soil. In this case, with a decrease in water saturation, the capillary pressure rises gradually, and the middle section is not horizontal. In the following subsections, an overview of the SWRC of different soil types and the effect of different parameters on the SWRC are outlined. In addition, the methods developed to identify the SWRC of soils are briefly discussed.



2.1. According to Soil Type


Soil compressibility and pore size distribution in response to suction influence the shape of SWRC. The mineralogy, soil structure, initial water content, and stress history have an impact on these two porous material features (e.g., [65,66,67]). Soil pore size distribution has an effect on the shape of SWRCs, which tend to form in a S shape. For rigid porous materials with one pore size, the SWRC must be identical to the curve (a) in Figure 4. However, even if the suction rises above the air entry value, a little water remains in the soil, and total removal of the leftover water demands a lot of energy. Therefore, for a material with a single pore size, curve (b) in Figure 4 could better describe the SWRC. Figure 4 curve (c) illustrates the capillary phenomenon in action by depicting a material with two pore diameters, each of which corresponds to a suction value [20]. SWRC/SWCC reflects a more progressive drop in water content as suction increases in a soil with a wide range of pore sizes (such as fine-grained soils) (Figure 4 curve (d)).



2.1.1. Silty/Clayey Sand


The water-holding capacity of soils with a high sand component is often lower. However, changes in sand soil structure (due to addition of fine materials, compaction etc.) affect soil pore size distributions, which in turn can alter water retention capacity. As the fines content increased, the soil’s water-holding capacity dropped, except when it was between 10% and 60% (according to Jiang et al. [69], who used a pressure membrane apparatus to examine the soil-water properties of ten distinct groups of unsaturated soil samples). Similarly, Shen et al. [70], discovered that the proportion of large pores in calcareous silty sand falls considerably with increasing fines content. Hence, the soil–water retention curves of the samples differ greatly. From 7.5 to about 8 kPa, air entry was recorded for samples with particle level less than 50 percent. Smaller holes became more numerous as calcareous silty sand’s fines content climbed, increasing the volumetric water content of samples in the early residual stage. Samples at the late residual stage show little variation in SWRC, which may be due to calcareous sand’s meso-structure. A study of the changes in suction and volumetric behavior for compacted bentonite-sand mixtures by Montanez [71] confirmed the increase in water holding capacity with the rise in clay content. Pei-yong and Qing [72], and Agus and Schanz [73] achieved similar findings when they studied the SWRC drying and wetting suction retention curves for different combinations of sand and bentonite, respectively.



Soil inter-pore properties (connectivity and volume distribution) can be affected by adding biochar particles [74]. Sand particles can be filled with fine mesquite biochar particles (<0.251 mm) that reduce inter-pore spacing and alter inter-pore morphology [74]. Soil microstructure and water retention in a biochar-adjusted silty sand were experimentally studied by Chen et al. [75], which revealed that adding smaller biochar particles improved the silty sand’s water retention capacity. In addition, increased porosity and water capillary retention of biochar–sand mixes are known to be the reason for the observed improvement in the specimen’s water retention [76]. Likewise, the addition of small biochar particles according to Liao and Thomas [77] was found to increase water retention capacity in soil.



It has been found that compaction and dry density affect the water retention qualities of sand specimens. Sand with various dry densities and particle sizes was used by Gallage and Uchimura [78] to measure this property. They found that hysteresis was absent in samples with a more uniform range of grain sizes. Song [39] also discovered that the air entry value (AEV) of silica sand with varied relative densities decreased as the relative density rose. A silty-sand subgrade’s SWRCs were examined by Barus et al. [79], who looked at the effects of the moisture content and density of the compacted material on the SWRCs over the entire range of suction (0 to 1,000,000 kilopascal). For compacted samples at the same water content, the relationship between weighted water content (GWC) and suction seems to be independent of density levels between 10 and 20,000 kPa for the suction range between 10 and 20,000 kPa. Samples compacted at varying water contents had a similar association.




2.1.2. Fine Grained Soil


Typically, the grain and pore size distributions in clay soils are not consistent [80]. Therefore, for clays the water content normally changes in a very nonlinear fashion as the suction increases. Air-entry values in clayey soils are higher than in silty or sandy soils, and residual points are more difficult to detect. Nearly the whole range of soil suction is affected by adsorption forces, and vapor flow plays a significant role in moisture transfer past the residual limit [81,82]. Increasing the fineness of soil particles increases the soil’s air-entry value. Fine soil particles flatten the curve slope in the desaturation [83].



Furthermore, clay fabric and clay particle retentions can vary greatly between soils, which can significantly affect the fine-grained retention capacity [84,85,86,87]. Soil water retention qualities were studied by Majou and colleagues [84], who found that the amount of water retained by clayey soils was highly linked to its specific pore volume. A soil’s clay mineralogy and hydraulic history play a major role in how much water can be held in the soil’s pores; the latter determines how much water can be held in specific pores. Clayey soils’ water retention abilities were shown to be strongly related to their bulk density at field capacity.



Due to shrinkage, mechanical processes, or any other alteration in the pore size distribution of fine-grained soil, the water retention capacity of fine-grained soils has been demonstrated to be affected. Shrinkage is common in fine-grained soils that have a liquid limit larger compared to 25% when dried. During shrinking, pores become smaller, allowing water to remain in the gaps and increasing the amount of air that can enter. Mechanical over-consolidation can also lead to decline in clay pore size. In other word, a higher air entrance value and flat SWRC shape are typical for this sort of material as compared to the regularly consolidated soil.



Due to capillary forces, the aggregate size and soil pore structure is influenced by water used in compaction and the amount of effort used in compaction. Studies regarding the effect of compaction on fine-grained soils’ water retention curves may be found in the literature. These studies illustrate how compaction factors affect the retention curve of soil–water considering free swelling or shrinkage regardless of quantifying volume change, as described by Croney and Coleman [88], Tinjum et al. [89], Miller et al. [90], and Thakur et al. [91]. Compaction conditions significantly affected the retention curve of soil–water, which was studied by numerous researchers and showed a significant effect by compaction conditions in studies by Romero and Vaunat [92] and Romero et al. [93]. The volcanic soil–water properties were studied in previous research works [94,95]. Compaction conditions (dry densities and water contents) had a significant impact on the SWRC under varying vertical loads. There is a substantial correlation between SWRC and initial water content and drying and wetting histories in compacted fine-grained soils according to these findings. A substantial relationship between soil–water retention and the applied vertical tension and the precise determination of volume change was also demonstrated. A study by [96] presented data from an experimental investigation into how initial water content and dry density affect SWRC of a compacted Lias-clay. According to their findings, the SWRC derived using gravimetric water content is unaffected by the initial dry density of the sample. Compaction water content has a significant impact on water content over 11–12.5 percent. The SWRC is unaffected by compaction water content at lower water concentrations.



Chinese red clay soils formed in humid subtropical locations are highly sensitive to drought according to D’Angelo and colleagues [97]. They found a link between the low porosity and the ability of the clay to store water for plants due to a dense fabric formed by a high degree of consolidation. The inter- and intra-microgranular porosity of other clayey soils in tropical and subtropical regions is directly related to their water retention capabilities and exhibits a significant micro-granular structure [98,99,100]. The hydraulic conductivity of soil can be dramatically increased and the water infiltration facilitated by the presence and development of fissures [101,102,103,104]. The soil’s ability to retain water might be affected by this.



In cracked soils, the water content of a broken soil can change rapidly at very low suctions, making it difficult to reliably measure SWRC. According to Wang and colleagues [105], a crack had a definite and low AEV of 0.23 kPa Approximately 74 percent of the water in the crack was removed when the suction pressure was increased from 0.23 to 0.35 kilopascal. The normalized water content of broken clay dropped from 1 to 0.6 as suction increased. In addition, SWRC of a cracked clay showed that the normalized water content reduced from 1 to 0.06 [106]. SWRC measurements for expansive (or broken) soils often begin around 1 kPa due to the limits of previous testing methods [107,108].



According to Li et al. [109], the SWRC of fractured soil was determined during the wetting and drying processes. The SWRCs of silty clay having desiccation cracks may be measured from very low to high suctions by the device. The cracked silty clay’s drying and wetting curves were both measured. Soil saturated in water began to dry out with modest suction values of 0.08 kg/cm2 during the drying process. The water content stayed constant at 43.7% with a gradual rise in matric suction pressure. Once the matric suction reached 2.5 kPa, the water content declined even further. After reaching 300 kPa of suction, the water content in the matric fell to 24.6 percent. The suction rise to 300 kPa showed a significant drained water volume from the soil matrix and crack network.



When the matric suction decreased from 300 kPa to 4 kPa during the wetting process, the water content increased from 24.6 to 36.7 percent. The amount of water in the matrices rises when the suction pressure was reduced by 4 kPa. The silty clay’s microscopic pores, however, kept the surface fractures open and unsaturated, allowing water to seep into the soil matrix. When the pore water pressure value is more than zero, water can only enter the soil through the pores [110].



SWRC tests were carried out on Guilin lateritic clay (compacted and undisturbed specimens) by Sun et al. [111] showed a significant suction range difference, according to their findings. An undisturbed specimen’s transition zone has two distinct lines, each with a slightly varying gradient. Three sloping lines can be found in the compacted specimen’s transition zone. A compacted specimen’s SWRC is heavily reliant on the PSD’s bimodality. Compacted samples’ SWRC is to the right of an undisturbed sample’s when the suction is less than 10 MPa. There are horizontal and vertical cracks in the undisturbed specimen. An undisturbed specimen’s SWRC will be nearly identical to that of its compacted counterpart if the suction pressure is greater than 10 MPa. Due to the microstructure of the soil (or PSD), cracks in undisturbed specimens stabilized. The retention curve of soil-water regarding Yunnan red clay was obtained in a study by Ma et al. [112]. An air entry pressure as low as 7 kPa was found due to big pores in the non-uniform distribution of pore sizes, whereas the residual pressure exceeded 10 mp.



The hysteresis of fine-grained soils is poorly understood due to a lack of research in this regard. Saturating fine-grained soils, which is tedious and time consuming, may be the main reason for this difficulty in getting SWRC for fine-grained soils. According to Iyer and colleagues, a study in [113] sought to fill in this gap by looking at the drying and wetting trajectories of soil–water retention curves for eight different fine-grained soil samples. Researchers were able to quantify suction hysteresis by comparing the suction differences between wetting and drying path SWRCs at specific water contents. Increasing the water content of the soil improves the soil’s mineralogy and particle size distribution properties such as its cation exchange capacity, clay content, and surface area. (3) Soil mineralogy and particle-size distribution have a large impact on drying- and wetting-path SWRC hysteresis. During wetting and drying cycles, soils with active mineralogy experience varied shrinkage and swelling, which dramatically affects suction hysteresis and is also influenced by the structure of the soil.



Silty soils are also used in several experiments. Soil-water retention studies have traditionally focused on the drying path in pre-saturated and desaturated soil measurement or the drying-wetting path to study hysteresis [114]. Engineers in the loess area, which has an arid and semi-arid environment, are more interested in the wetting SWRC than the drying one since water penetration is the primary cause of most disasters [115,116,117,118,119]. An undamaged loess sample collected from northern France was evaluated for SWRC wetting and drying using the filter paper method by Munoz-Castelblanco et al. [120], who discovered no natural water content hysteresis. No comparison is performed between the wetness SWRC of compacted specimens and the whole specimen.



The volumetric behavior of compacted and intact loess SWRC were studied by Ng et al. [121]. Clay concentration in Xi’an loess was 28%, which was used in the study. The natural water content of the remolded sample was used to compress the sample. Neither the soil structure nor the SWRC were examined for the impact of molding water content.



The study by Hou et al. [122] evaluated the SWRCs compacted silt-loess silt specimens created at various water contents and dry densities. The results demonstrate that the intact loess has a stronger air occlusion value and a more comparable slope of soil–water retention curve in the transition zone when compared to specimens that had been remolded to compact at their original water content. This was determined by comparing the two types of loess to each other. The entire specimen’s SWRC (saturation versus suction/air occlusion value ratio) is similar to that of remolded specimens squeezed at natural water content. Different states of the clay particles cause the microstructure to alter between undamaged and compacted specimens, which in turn affect the soil–water retention curve.



Several researches have looked into the relationship between temperature variations and the SWRC of silty soils. Uchaipichat and Khalili [123] used a triaxial cell to conduct non-isothermal testing on a silt sample. Saturation decreases with increasing temperature, according to the soil-water curves obtained at various temperatures since as the temperature rises, the surface tension of water decreases, lowering the air entrance value. When the soil is unsaturated, the effective stress decreases with increasing temperature due to the effective stress parameter’s dependence on air entry value. The retention curve of soil-water was not dependent on stress level. Thus, the soil-water retention curves were not significantly affected by changes in the net stress of the samples in these tests, since their specific volumes were very similar at different stress levels (the elastic unloading path). The drying-wetting tests performed by Ghembaza et al. [124] on laboratory-prepared sandy clay, however, show how drying-wetting paths outputs are affected by thermal factor in its descending changes. They discovered that increasing the temperature decreased the voids ratio, which, in turn, reduced the water content. At 20 °C and 50 °C, Belal et al. [125] studied the effects of cement on a compacted silty soil from the Sidi Bel Abbes, Algeria. Air entry value (AEV) that rises with dosage of cement, falls with increasing suction, according to their findings. This was found to be the case for both 20 and 50 °C. The researchers also discovered that water content decreased with increasing suction and temperature rose. Finally, they discovered that as temperature rose, inlet air suction decreased.




2.1.3. Bentonite


For a deep underground deposit of high-level radioactive waste, bentonite pellet/powder mixes are being explored due to their low conductivity, swelling self-sealing capabilities, and longevity. Many researchers have studied the compacted bentonite in addition to water retention properties when it comes into contact with water. Bentonite’s water retention can be greatly affected by its initial physical qualities [126,127]. In addition to the wide applications of bentonite in geotechnical structures or works, it contains a high capacity of water retention and considerable volume change behavior under hydraulic loading. Therefore, using bentonite could effectively help to investigate the hydro mechanical behavior of the unsaturated zone and develop knowledge of unsaturated soil mechanics. Based on these reasons, much previous literature focuses on this remarkable material and conducts a laboratory test or develops a constitutive model in the context of USM.



Several scholars have drawn attention to the fact that compacted bentonite-based materials have two distinct water retention zones [128,129,130]. When suction values are very high, the water stored in the soil does not change regardless of the soil’s dry density. The clay minerals’ physicochemical properties, in particular the specific surface area, determine how much water is retained when it is adsorbed on their surfaces [131]. The microstructural water retention domain refers to this area of intra-aggregate controlling suction. Water content sensitivity to changes in dry density at lower suction values is significant. Capillarity is thought to store water in macropores, the volume of which is altered by variations in dry density. Dry density has effect on water content in macrostructural water retention domains such as the suction range. Bentonites are unique in that the material density changes along mechanical channels and, and perhaps most importantly, in response to wetting and drying, due to strong multi-physical and multiscale coupled processes.



Water retention tests were conducted on a single 32-mm-sized MX80 bentonite pellet in the study by Zhang et al. [132], in order to better understand its behavior. Given that adsorption of water is predominating and is predominantly contained inside the micropores of pellets, it appears that the water retention behavior of pellets throughout the tested suction range is independent of their size. While water content increases are negligible at high suction (59 MPa), they are large at low suction (59 MPa).



A water retention test was carried out in the laboratory by Liu et al. [133] on pellet mixtures of GaoMiaoZi (GMZ) bentonite pellets. Since clay minerals or inside the pellets adsorb water, the water retention curve of a pellet mixture under constant-volume conditions was comparable to that of a single pellet under free swelling conditions in the high suction range. Bentonite specimens from Zhu et al. [134] were subjected to a series of drying and wetting cycles to examine their water retention properties. Water retention is independent of the specimens’ dry density under the free-swelling condition. However, the degree of saturation drops dramatically with increased suction regardless of the suction channel. However, specimens with higher dry densities retain more water due to their greater swelling capacity even at lower suctions (14.2 MPa), while the saturation level changes very little during the wetting and drying procedures.



According to Liu’s research in [133], Pellet mixtures, single pellets, and compacted blocks of GMZ bentonite were tested for water retention. In the end, we came to the following conclusions. Under the free-swelling situation, water retention is irrespective of the specimens’ dry density; nevertheless, the degree of saturation drops drastically with increased suction, regardless of the suction channel.



The hysteretic soil–water retention curve data of bentonites with varying degrees of plasticity were determined using specimens of bentonite that were subjected to a broad range of suction (Gapak and Tadikonda, [135]). It was found that surface cations and clay concentration had very little of an impact on the drying of SWRCs at higher suction ranges. This was due to the fact that hydration had very little of an effect on the various surface cations. Plasticity has no effect on the bentonite specimens such as wetting SWRCs with restricted volume state since the water-retention behavior is controlled by the adsorptive storage mechanism. Under volume restraint, drying SWRCs determine the degree of hysteresis, which is a qualitative representation of the difference between the drying and wetting soil–water retention curves. There is a direct correlation between hysteresis and the plasticity of bentonites.



The water retention of compacted bentonite is also influenced by temperature and chemical content of the saturated fluid [136,137,138]. Expanding clays in deep repositories can be affected by temperature fluctuations caused by radioactive decay. The water retention capacity of Czech B75 bentonite was studied by Sun et al. [139]. A considerable decrease in water retention capacity was seen in their tests on the Czech bentonite B75, especially at high relative humidity. Using salt solutions to study the compacted bentonite, especially water retention properties, is critical geologically storing radioactive waste. There have been numerous investigations on the compacted bentonite WRCs that have shown a larger measured total suction in saturated specimens than those saturated with distilled water, while specimens saturated with salt water have a smaller measured matric suction [140,141,142,143].



According to He et al. [144], the SWRCs of bentonite confined compacted using various salt solutions were obtained through some suction-controlled tests. For the purpose of this study, the water retention features of GMZ bentonite were evaluated. The water retention capabilities of compacted GMZ bentonite are affected by the suction of the pore fluid chemistry. Specimen water content rises linearly with increasing pore fluid concentration at a given suction. Additionally, suction affects the influencing rate.



In the research carried out by He an et al. [145], suction-controlled experiments were carried out in order to investigate the water retention features of compacted GMZ01 bentonite specimens that had been soaked with a variety of solutions. Bentonite GMZ01 has been investigated to determine how the presence of salt solution influences the mineral’s volume change and its capacity to retain water. The following inferences could be drawn given the available evidence. The swelling strain of a compacted GMZ01 bentonite specimen reduces as the concentration of the NaCl solution that was infiltrated increases. A specimen of GMZ01 bentonite shrank in three distinct phases when it was subjected to regulated suctions. These stages were normal shrinkage, residual shrinkage, and no shrinkage at all. In general, with the same amount of suction pressure, a specimen that has been saturated with a salt solution contracts more than a specimen that has been saturated with dissolved water. In addition, the measured void ratio is somewhat higher when a specimen is saturated with salt solutions instead of pure water. This is in contrast to the situation in which the specimen is saturated with pure water. In addition to this, the slope of a typical shrink-age component goes up whenever there is an increase in the salt solution concentration.



The He et al. [145] investigation found a strong correlation between pore water chemistry and WRCs. As suction increased, the water content of all specimens decreased. Increasing the solution concentration resulted in a raise in water content. With a reduced suction, the effects of pore water chemistry on WRC are more pronounced.




2.1.4. Clay with Geo-Synthetics


The usage of geosynthetic clay liners (GCLs) is common as part of composite landfill base liners. The hydrated GCL may dry out as a result of the waste’s heat. Many applications necessitate an evaluation of water retention retentions under drying conditions to better realize GCL function in these circumstances [146,147,148].



The hysteretic behavior under high suction is not taken into account in most studies on the SWRC of GCLs. When subjected to a 20 kPa vertical stress and a vapor pressure ranging from about 3 to 198 MPa, granular bentonite GCL (GCL2), and powdered bentonite GCL (GCL1) were studied by Bouazza and Rouf [149]. Bentonite shape and mineralogy were shown to impact GCL absorption/desorption SWRCs at high suction. Granular bentonite-based GCL was able to absorb more water than powdered bentonite-based GCL due to the greater concentration of montmorillonite and larger pores in the former. During the desorption process, the granular bentonite GCL was able to keep more water due to its shape and its increased montmorillonite concentration. In addition, the water retention capacity of the granular bentonite-based GCL had a greater value than that of the powder bentonite GCL due to the granular bentonite GCL’s capacity to absorb more water while simultaneously releasing less of it. At high suction, the WRC of both GCLs, on the other hand, showed very little hysteretic behavior. The WRCs of both GCLs were only slightly pushed downward by repeated wetting-drying cycles, with no discernible effect on the degree of hysteresis.



There have been few studies that take into account the confining stress effect on the GCL’s water-retention capabilities, such as those conducted by and Hanson et al. [150] and Beddoe et al. [151]. To investigate the water retention properties of GCL, a drying route was equipped with a variety of confining pressures, ranging from 3 to 100 kPa. Their findings demonstrated that the water content of GCL was lower than that of bentonite at low capillary pressures. This was due to the influence that needle-punched fibers have on providing reinforcement. At capillary pressures greater than about 100 kPa, the capillary barrier effect of the carrier geotextile caused the GCL water content to be greater than the observed bentonite water content. This occurred when the capillary pressure was more than approximately 100 kPa.



Both Abuel-Naga and Bouazza [152] and Beddoe et al. [151] conducted research on the confining stress along a wetting path using a single stress of fifty kilopascals. Quantitative research was conducted by Siemens et al. to investigate the effect that two different confining strains, 2 and 100 kilopascals have on the amount of water retained in GCLs [153]. In these investigations, there was no investigation of the water retention along a wetting path for the broader range of confining pressures associated with deeper trash deposits. In order to gain a deeper comprehension of the hydromechanical reaction, Bannour et al. [154] investigated the effect that confining stress had when it was used with the wetting path of the WRC of GCLs. As a result of this research, it is possible to underline the need of covering GCLs as soon as possible once they are placed in a waste disposal facility, based on these findings. In Bannour et al. [154], there was no alteration in air-expulsion suction or the SWRC slope as a result of load.



Temperature and overburden stress were used to test the influence of SWRC of geosynthetic clay liners (GCLs) on temperature and overburden stress. The researchers found that the correlation among suction and moisture content changes depending on the void ratio and the ambient temperature. Air-entry values increase when the net vertical tension increases in studies at the same temperature, according to the findings. The GCL’s retention capacity decreases as the temperature rises. Risken [155] has undertaken a comprehensive examination of the impact of temperature on the SWRCs of GCLs. In the wetting path, it was found that the GCL’s air-expulsion suction decreased with rising temperature, while water retention decreased. The drying path, on the other hand, was unaffected. Due to a drop in water surface tension with increasing temperature, Risken [155] found that GCL’s retention capacity decreased.



In most investigations on GCL hydration and dehydration, non-uniform temperature-stress routes throughout hydration and dehydration processes are not taken into account. The suction measurement device developed by Tincopa and Bouazza [156] measures suctions across the whole suction range of GCLs. GCL water content and suction are examined under representative field settings, and the effect of non-uniform temperature and stress routes is examined in this study. The wetting and drying paths of a GCL were defined for the analysis of moisture dynamics (operation). Capillarity forms more quickly under high vertical stresses than under low, restricted strains, allowing for a faster intake of water. Due to the low water viscosity generated by high temperatures, drying curves often increase water desorption over the suction range studied. GCL volumetric water contents decreased after being wetted at 20 °C and dried at 70 °C under either low (2 kPa) or high (130 kPa) confining stress. Another factor that could lead to desiccation during drying is the combined effect of high temperature and high confining stress.



There have been reports from several researchers that high salt concentrations in the subsoil’s pore water may damage GCLs’ ability to retain water [157,158,159]. Intriguingly, a number of investigations on the impact of salinity in pore water on GCL hydraulic conductivity have been carried out to date [160,161]. However, according to the research in the literature, the salinity of the pore water appears to have a very minor impact on the ability of GCLs to retain water. It was discovered that the water retention capacities of a GCL were affected by the presence of salty pore water, and that this had an effect on the curvature of the water retention curve. This was one of the reasons why the water retention curve was curved (WRC). They discovered that the proportion of total suction that is attributed to matric suction might shift depending on the salinity of the water used for soaking the samples. At the same level of moisture content, GCL samples that have been hydrated with saline water have a greater matric suction than GCL samples that have been hydrated with distilled water. It’s possible that the effect that the salinity of the wetting water had on the microstructure of the GCL bentonite clay layer is to blame for its microstructure.



Other parameters that can affect the SWRCs of GCLs have also been investigated in the literature [150,151], for example, looked at the effect of geotextile configuration on SWRCs in addition to wet and dry paths for various GCL types. The SWRC of GCLs and the amount of hysteresis between the dry and wet curves were found to be strongly affected by the production method and configuration of geotextiles [151]. One other research looked at the unsaturated behavior of needle-punched GCLs based on bentonite powder and granular powder on the wetting and drying paths of the water retention curve [162]. GCL structure and bentonite forms influenced measurement duration and time, and time-dependent suction fluctuations in the bentonite component, at a constant gravimetric water concentration. Their findings show that the bentonite component is substantially responsible for the unsaturated behavior of GCLs.




2.1.5. Organic Soil


Increases in soil organic carbon (SOC) can influence the soil particle surface properties, the structure of pores, and thus the hydraulic properties of soil, and water retention [163]. The effects of SOC on water retention and hydraulic conductivity have been studied, however, the results have been contradictory. SOC concentration increases capillary water retention, according to the majority of researches carried out [164,165,166].



However, the effect of manure on the top layer of soil water content was significantly improved only at very low tensions, as compared to untreated soils [167,168,169,170]. On a Dark Brown Chernozemic soil, Sommerfeldt and Chang [171] discovered significantly higher water retentions for treatments that included manure at both 20 and 1500 kPa. It was demonstrated by Obi and Ebo [172] in a severely degraded Ultisol in southern Nigeria that manuring increased water retention at pressures ranging from 0 to 33 kilopascal but decreased water retention at tensions ranging from 33 to 1500 kilopascal. This was found to be the case.



According to a number of studies, field capacity (FC; soil water content 33 kilopascal) and water potential are unaffected by soil organic carbon [173]. Rawls and colleagues [173] discovered that the water retention capacity of the soil can be affected by both the soil’s texture and its soil organic carbon concentration. According to Hudson’s findings, the WP of a silt loam soil was not connected with the soil organic carbon concentration of the soil, but the FC was [166]. As FC and WP may react differently to shifts in soil organic carbon content, establishing a relationship between soil organic carbon content and plant available water content (PAWC, the difference between FC and WP) can be challenging. It was demonstrated by Hudson [166] and Ankenbauer and Loheide [164] that SOC led to a bigger increase in FC than WP, which resulted in an increase in PAWC. This was the cause of the increase. Based on soil texture, an increase in 1 percent in soil organic carbon can result in a 2 percent to more than 5 percent rise in PAWC. PAWC was unaffected by changes in soil organic carbon content, since other researchers discovered that FC and WP altered at a similar pace [174]. They determined that the effects of SOM on PAWC were insignificant, raising doubts about the technique of carbon sequestration as a means of increasing water storage [175].



Soil water molecule adsorption capacity in the SWRC’s dry range (matric potential 1500 kPa) has been understudied. The SWRC’s dry range must be understood in order to model the water behavior in soil [176,177]. Arid regions Many important soil features, such as clay content, cation exchange capacity, and specific surface area (cation exchange area), can be predicted with the use of SWRC [178,179,180]. As a consequence of this, the SWRC’s dry range may be impacted by actions related to soil management that have an effect on the SOC. According to Arthur et al., adding biochar (at levels ranging from 0 to 100 Mg ha−1) and manure (at levels ranging from 21 to 42 Mg ha−1) to sandy loam soil enhanced the dry range of soil water retention [178].



Zhou et al. [181] wanted to test the hypothesis that increasing the SOC content of a Vertisol, which is an important agricultural soil type but is prone to drought since it has a low available water capacity [182,183], would increase soil water retention over the long term. This was performed in order to see if increasing the SOC content of a Vertisol would increase soil water retention. The findings demonstrated that organic amendments primarily influenced the retention of capillary water but did not have any effect on the retention of hygroscopic water. These findings offered novel insights into the dynamics of soil water in the Vertisol.



SOC and soil hydraulic retentions, such as SWRC, and unsaturated and saturated hydraulic conductivity, were studied by Shi et al. [184] using 28-year in situ studies. SOC in the 0–10 cm depth increased (p = 0.05) with long-term manure treatment, but there was no significant chemical fertilizer effect alone on SOC. SOC concentration was somewhat higher in soils that were treated with MNP than in soils that were treated only with manure (M). Porosity and bulk density in the surface layer were considerably (p = 0.05) increased by M and MNP manuring treatments (M and MNP). However, the subsurface layer (10–20 cm) showed no significant effects. Only in the 0–5 cm depth did organic manure applications boost soil water retention, while the positive effect of chemical fertilizers on water retention was only detected in the 0–5 cm. Saturated hydraulic conductivity was unaffected by either organic or inorganic treatments. Unsaturated hydraulic conductivity, on the other hand, appeared to differ across treatments at the surface layer (0–5 cm). As a result, organic manure application reduced the flow of unsaturated water in the soil.



As organic content increases, the AEV of the finer soil (clayey sand) falls, but the AEV of the coarser soil (silt) does not change significantly, according to a study by Nong and colleagues [185] (clean sand). However, the suction of clean sand increases with organic stuff, which results in a decrease in the AEV of the sand. A higher range of suction values can be observed in clean sands (coarse sands) with a wider residual zone as a function of the residual water content of the sand. On the other hand, clayey sand has an AEV that decreases with the amount of organic matter while the transition zone, which is the SWRC zone between the AEV and suction and corresponds to the residual water content, is unaltered. A larger organic content was shown to be connected with a greater shrinkage rate and a stronger suction that was proportional to the samples’ total amount of remaining water. A larger organic content is typically found in finer soils, which also tend to have lower air-entry values.



Adding biochar to soil can alter the pore size distribution and overall porosity in soil-biochar composites [74,186]. The pyrolysis of biomass in an enclosed chamber with very little or no oxygen results in the production of biochar, which is rich in carbon [187]. The soil’s capillary action is affected by changes in pore size or porosity, which alters the SWRC [20]. To understand SWRC’s influence on the wettability of biochar, we must look at the biochar’s surface functional groups (carboxyl, hydroxyl, and phenolic) [188]. Some researchers found that soil amended with biochar had a different SWRC than soil that had not been amended, while others found no difference in the SWRC as a result of adding biochar [189,190,191,192,193]. Geotechnical and geo-environmental engineering constructions rarely study the effect of biochar on the soil’s SWRC [194,195].



A recent study by Hussain et al. [196] investigated the impact of biochar on soil water retention curve and factors affecting the SWRC. With the addition of biochar, they found that the water content at a dry condition water retention capacity and AEV improved dramatically. Changes in SWRC owing to the addition of biochar can be related to changes in soil type or texture, soil compaction condition, biochar type and pyrolysis condition, biochar particle size, amendment rate, and changes in the pore system and wettability features of the biochar.



Hydraulic retentions of polluted soil may be affected by the organic matter degradation trapped in the soil pores [197,198,199]. Consequently, understanding how organic matter degradation affects soil water retention is essential. Soil suction in non-engineered landfills can be affected by the breakdown of simple organic waste, such as in the case of Dubey and Borthakur’s research [200]. According to the study, organic matter admixed with 10 percent of soil resulted in a minor modification in water retention behavior over 28 days. Organic content declined from 10% to 3.23% throughout the course of 14 days of degradation before returning to pre-degradation levels. There was no change in organic content between the 14-day and 28-day degradation periods. Hence, the degradation process was halted.




2.1.6. Lime and Gypseous Soil


As gypseous soils have a poor water holding capacity, their ability to maintain crops and other plants is considerably more dependent on proper management than soils with higher clay concentration. There is a paucity of data on the impact of gypsum content on soil water retention. Gypseous soil, however, has been proven to be altered by its mineral composition, texture, structure and field circumstances in terms of its ability to hold water (compaction, relative humidity, etc.).



Compaction attempts, both standard and modified, have been studied by Aldaood et al. [201]. According to their results, compaction effort and gypsum content boosted soil samples’ water-holding capacity. Gypsum and compaction were found to increase the number of capillary holes in laboratory testing. At air-entry values, the volumetric water content of the examined soil samples was altered by these variations in the pore size distribution. Soil powder SWRC (S-shape) resulted in a similar form to that produced by compacted effort, according to their findings. The water retention of soil samples rises with gypsum concentration for the same amount of compaction effort. Water retention increases with soil compaction for a given gypsum concentration. Compaction has no effect on any of the high suctions, but it has a notable influence on the SWRC in other areas (relative humidity higher than 98%). Compaction and gypsum content alter the pore size distribution of soil samples, which accounts for the altered water retention. In samples containing 15% and 25% gypsum, the combined impact of compaction and the addition of gypsum eliminate all pore spaces larger than 10 nm. Compression and addition of gypsum work together to removes pore spaces more than or equal to 10 microns in modified compaction samples. Compaction and gypsum addition increase the number of capillary pores as shown by mercury porosimetry and scanning electron microscopy (SEM). One of the most essential and variable components in the soil water retention curve is the volumetric water content at the air entrance value. This is due to the fact that the volumetric water content is directly impacted by the soil texture, and more specifically by the capillary pores. As water retention will be lower for a fixed suction, the compaction effort in the field for gypseous soil should be reduced if the gypsum content increases. This is due to the fact that the risk of gypsum dissolution could be minimized if the standard compaction effort is used rather than a modified effort.



Water retention curves were analyzed for the impacts of soil gypsum content by Moret-Fernández and Herrero [202]. The WRC of soil was shown to be significantly influenced by the amount of gypsum present in the sample. Water retention capacity (WRC) was higher near saturation in soils with high gypsum content, as were the WRC slopes. Gypsum’s influence on WRC peaked at about 40% equivalent gypsum (EG).



The swelling potential diminishes with increasing soil gypsum content, according to laboratory studies by Alzaidy et al. [203], and the SWRC curve initially displays a noticeable reduction in variation before gradually decreasing with a moderate slope. As the gypsum content grew, so did the water storage capacity. SWRC variables denoting air entrance and residual moisture content are increased to achieve this effect. The amount of gypsum in the soil has a substantial impact on SWRC, and soils with a high gypsum content produced SWRCs with greater air entry values and residual states.



There are several physical–chemical reactions that occur during lime treatment, including lime hydration, cation exchange, and other reactions, all of which help to improve soil engineering behavior in response to environmental conditions. These reactions include those described by [204,205,206,207,208,209]. SWRC behavior of cement, lime, and fly ash, which are routinely employed for improving the ground in various engineering projects, has been studied only sporadically.



Chemically treated soils may behave in a different way from their untreated counterparts, for a variety of reasons. When conducting SWRC tests for a long period of time, it is expected that the structure (fabric and bonding) and mineralogy of chemically treated soils will undergo constant changes due to chemical reactions. Both of these factors impacted the soil SWRC [210].



When moisture content varies, lime-treated soils are less ductile than their untreated counterparts due to cementation bonding (either weak or robust) and/or probable mineralogy alterations [211]. Cycles of drying and wetting can also cause bond ageing or disintegration, which can gradually alter the soil structure [212]. Due to this, it is thought that alterations in the soil’s pore structure will further increase water retention properties; the remaining lime will also be depleted, making it less available for future reactions. It is anticipated that these interactions will have the effect of exacerbating soil hysteresis. It is also anticipated that these interactions will lead to changes in water flow among pores, which will finally modify soil water retention. It is essential, in the context of engineering applications of chemical ground improvement, to investigate whether the water retention and volume change behavior of chemically treated soil during wetting and drying displays any variations from the behavior of untreated soils. This is due to the behavior of chemically treated soil during drying and wetting can have a significant impact on engineering applications.



There has been a dearth of investigation into how lime-treated materials retain water in the soil. Studies such as those carried out by Tedesco and Russo [213] and Russo [207] examined the SWRC of an Italian alluvial silty soil that had been dynamically compacted and treated with quicklime. Curing time had a significant impact on the SWRC, which was linked to mercury intrusion porosity (MIP) measurements in the subsequent study. The soil water retention curve of three lime-stabilized expansive soil samples from Mosul City, Iraq, were studied using the osmotic method of Khattab and Al-Taie [214] under single drying paths in the suction range of zero to 1000 kPa.



Each of these investigations found that soil compacted dry had a lower water retention capacity than soil compacted wet, and their findings were in line with one another. It has been found that with increasing, the water retention of lime-treated soils has increased. According to previous research, the formation of massive macropores after lime treatment resulted in increased permeability [215,216].



In spite of the presence of large pores, Tedesco and Russo discovered in their investigation of soil that had been compacted to the ideal moisture level that the frequency of micropores (ranging from 0.01 to 0.2 nm) continuously increased with the addition of lime (modification stage). This long-term effect was linked to the development of cementation bonds, and it was observed for suction values that were greater than 100 kilopascals. The observed increase in water retention in the treated soil was attributed to the establishment of cementation bonds between aggregates, and it was observed that these cementation bonds increased water retention.



Water retention qualities and microstructure were examined in a compacted lime-treated silty soil by Wang and colleagues [217]. Due to cementitious compounds in the pozzolanic process, lime treatment steadily decreased the size of both macro and micropores. Increased water retention was achieved by filling the pores with cementitious materials. By producing more cementitious compounds, the soil with a smaller Dmax has greater AEV and water retention capacity, resulting in narrower pores with less pore interconnectivity.



Mavroulidou et al. [211] were the ones who concentrated on the water retention behavior of hydrated lime-treated London clay, which was only marginally greater than the lime consumption it had at the beginning (ICL). For the purpose of determining the drying soil water retention curve of the statically compacted treated and untreated soils, the compaction void ratio and water content were utilized as evaluation criteria. The soil water retention curve of the treated soil was examined in relation to free-swelling vs. constrained saturation conditions. Untreated soils’ SWRC was found to be affected under these conditions, which are relevant for shallow and deep in situ lime mixing [218,219]. The lime-treated soil had a distinct double-porosity structure at the previous saturation conditions, which, according to SWRC data, indicates that it could be partially saturated in situ, depending on the surrounding environment.



Aldaood et al. [220] studied the soil water retention curve of lime-treated gypseous soil with varied gypsum content at a variety of temperatures and curing times. They came to the conclusion that the effect of gypsum content on soil water retention curve was stronger than that of curing conditions. The higher gypsum content was accompanied by an increase in the water-holding capacity of the lime-treated gypsum soil. This behavior may be observed in the SWRC, and it states that the volumetric water content will grow during air entrance, whereas the residual water content will decrease as the gypsum content increases. The curing time had no effect on the volumetric water content or the suction at AEV of the SWRC of the lime-treated soil. However, as the pozzolanic reactions develop, the micro pore structure changes, resulting in an increase in residual retentions (suction and water content). There were significant increases in water holding capacity in all soil samples regardless of whether or not they contained gypsum, regardless of whether or not they contained pozzolanic redox reactions (i.e., pozzolanic redox processes).



Sedimentary limestones, such as tuffeau and Sébastopol stone, were studied for their water retention qualities by Beck et al. [221]. The pore size distribution of these two stones is vastly different despite their similar total porosities. Compared to water, this results in different behaviors. Sébastopol stone’s grains tend to be huge, but tuffeau’s grains are smaller and more variable in terms of size and shape. In Sébastopol stone, the grains are mainly arranged in macropores, but in tuffeau, the pore diameters range from small to large. The water retention curve and imbibition properties show this variation. Sébastopol stone is non-hygroscopic, in contrast to tuffeau, which readily absorbs moisture from the air. Sébastopol stone, on the other hand, has imbibition kinetics that are nearly two times higher.



Water retention properties of lime-treated specimens were researched by Ying et al. [222], who took curing time and salinity into account when conducting their research. Lime-treated specimens were tested for changes in PSD along the SWRC. The following conclusions can be taken from the data. The introduction of cementitious compounds that have a greater specific surface area has led to a remarkable increase in the matric suction of soils during the curing process. This has led to an increase in the water-absorption capacity of the soil. Indicating that salts had a significant role in the production of cementitious compounds, larger matric suctions were seen in the lime-treated specimens that had a higher salinity. There was not much of an influence that curing time had on total suction due to the delicate balance that existed between the enhanced matric and decreased osmotic suctions that were brought about by salt precipitation, cation exchanges, and pozzolanic reaction. The drying-induced microstructure changes were found to be unaffected by curing time, but the lime treatment had a substantial impact. When lime was applied, cation exchanges occurred quickly, leading to bigger aggregates of soil particles that prevented clay shrinkage and reduced pore size. Cementitious compounds formed by low-reactivity silty soil wilt lime had a little influence the drying-induced microstructure due to their poor ability to block clay shrinkage. Due to the silt’s low clay content, the salinity influence on drying-induced microstructure was evident.



However, all of these research works focus only on the drying SWRC and do not study the possibility of SWRC hysteresis, which would have been of great importance to in situ settings. In contrast, Cuisinier et al. [223] evaluated the soil water retention curve of a quicklime-treated statically contrasted expansive clayey soil from the east of France throughout the course of a soaking and drying cycle in a work that was presented at a recent conference.



A London clay, which is high plasticity compacted clay, treated with lime was wetted and dried in order to explore the effect of various parameters that could influence SWRC behavior [224]. According to them, lime-treated soil SWRC behavior was consistent with studies addressing the influence of initial dry density and water content on compacted untreated soils. However, in soil suctions where adsorptive pressures predominate in terms of compaction water content, the SWRC was shown to be unique. Wetting and drying SWRC caused a clear hysteresis just as in untreated soils. Even with chemically treated soil that is more rigid, increased confinement pressures have had an impact on the overall shape of the SWRC. When comparing water absorption and desorption rates, the differences between the treated and untreated clay specimens were startling, largely due to the decreased AEV, which suggests lesser water retention at low suctions. Due to the flocculation and chemical bonding effects, the lime treatment lowered the water retention ability of the soil. The influence of curing time and procedure appears to be minimal. There was some degree of hysteresis in all cases.




2.1.7. Frozen


Soil structure and SWRC are both affected by freeze-thaw (FT) cycles in seasonally frozen locations [225,226]. There have been only a few experimental studies on how the SWRC changes during freeze-thaw cycles for various soils. In the study by Ding et al. [227], the hydro-mechanical behavior of compacted subgrade soils, namely, a lean clay with a higher plasticity and low plastic lean clay, was investigated. According to their results, FT cycles significantly reduced the water retention of both soils in their laboratory testing, presumably as a result of the creation of fractures or big pores in both soils during the FT cycles. In addition, the hydro-mechanical properties of clayey subgrade soils subjected to FT cycles were more susceptible to the FT for soils with greater plasticity.



Ma et al. [228] carried out experiments on soil under various degradation conditions to examine the effects of FT cycles on soil physical properties and consequently the water retention capacity of seasonally frozen soils. In the original and deposited profiles, the water-holding capacity increased; on the compacted surface, it dropped; and in the deteriorated and parent profiles, there was no discernible variation in this capacity. All circumstances saw a boost in the amount of accessible moisture thanks to FT cycles.



Soil structures and water retention in seasonally frozen soil locations were studied by Fu et al. [229] using biochar applied at various times. It was found that biochar’s ability to retain moisture was highly dependent on the timing and amount of biochar applied. Water retention investigation showed that biochar prevented soil shrinkage during dehydration, showing that biochar can increase soil’s resilience to compacting. Biochar’s internal pores improve soil water retention by increasing water storage capacity in soil pores, while the improved soil structure also enhances water storage capacity in the soil pores.



The combined effects of the freezing-thawing cycle and the starting physical conditions were studied by Yao et al. [230] to determine the alteration regulation of water-holding function of low liquid silt soil (compaction and moisture content). They found that soil compacting degree and freezing-thawing cycle effect soil SWRC in a seasonal frozen location. Matric suction diminishes with the increase in freeze-thaw cycles with identical volume water content and compactness. The greater the compactness, the larger the matric suction for the identical freeze-thaw cycles.




2.1.8. Claystone


Long-lived and high-level radioactive waste could be buried in France using the Callovo-Oxfordian (COx) claystone as a host rock. At this point of time in operational mode, ventilation is causing desaturation of the galleries’ walls, which will be replaced with resaturation as soon as the galleries are closed. Understanding the COx claystone’s water retention retentions is critical to understanding this phenomenon. Various claystones, such as Callovo-Oxfordian (COx) and Opalinus clay samples, have been studied to date for their water retention properties [231,232,233,234,235,236,237,238,239].



Water retention qualities of the claystone/bentonite combination were explored by Middelhoff1 et al. [234] and it was found that the WRC of the mixture changed significantly as a result of changes in their initial dry density. It was shown by Gimmi and his colleagues [232] that pore network heterogeneity and topology affect the water retention function. The drying and wetting pathways of COx claystone samples were studied by Menaceur et al. [233] which demonstrated that a hysteresis effect is frequently observed in WRC behavior. Other experimental studies on Cox claystone samples have shown a similar hysteresis effect [240]. However, the water retention curve reported by Zhang et al. [241] revealed no hysteresis. The COx claystone water retention properties were investigated in depth by Wan et al. [239] in order to research hysteresis effects further by precisely determining the key drying and wetting curves. Claystone has hysteresis in its water retention capabilities, as seen by the considerable difference between the major wetting path and the main drying path in their study. In addition, M’jahad et al. [242] investigated the water retention properties of broken Callovo-Oxfordian claystone and discovered that the initial water saturation of the sample determines the water retention capacity of the sample, and the lower the initial water saturation, the lower the water retention capacity. In addition, the results of their testing showed that the water retention capacity had significantly decreased as a direct consequence of the damage.



Opalinus Clay shale’s water retention behavior has also been investigated. Muñoz [243] reported statistics on the change in water content and the saturation level with respect to total suction. For the wetting phase, it was discovered by Zhang et al. [241] that allowing the Opalinus Clay shale to swell led to a considerable raise in water that could be kept in the material. With respect to Opalinus Clay shale’s matric and total suction retention curves, Villar and Romero [244] measured air entrance pressures between 9 MPa and 21 MPa for free volume conditions and between 15 MPa and 35 MPa when the volume was constrained. Opalinus Clay shale has air entry values of between 13 and 18 MPa, according to Romero et al. [245].



Various shale samples were cored at different depths, and Ferrari et al. [231] conducted experimental investigations to characterize all aspects of retention behavior. Gravimetric water content changes are essential for the deeper shales for full wetting and drying cycles, according to their findings. For Beringen shale to dry materials to 90% saturation, a suction two orders of magnitude larger than that required for Lixhe chalk was reported by Da Silva et al. [246], who examined the water retention curve along drying paths.





2.2. According to Relationship with Soil Parameters


It can be inferred from the term “retention” that SWRC for soils is unique [247]. Studies have shown, however, that various factors can influence the retentions of the SWRC, and hence, impact its uniqueness. Therefore, these parametric influences need to be fully considered in the models where the SWRCs are involved [81,248]. In the following subsections, influence of the critical parameters on the SWRC is reviewed.



2.2.1. Particle Size


The grain size distribution (GSD) defines the texture of the soil. Indrawan et al. [249] investigated the soil water retentions of residual specimens with various proportions of medium and gravelly sand and discovered the fact that as the coarse-grained soil fraction increased, the water holding capacity dropped. Gallage et al. [78] investigated the retentions of the SWRCs for sandy soils with varied grain size distributions and found that a homogeneous coarse-grained soil displayed a lesser hysteresis behavior compared to a less uniform graded fine-grained soil. Rahardjo et al. [250] observed that the fitting parameters of SWRCs (e.g., the air-entry value (AEV)) were impacted by the coefficient of uniformity of the GSD and dry density in a mixture of 50% residual soil and 50% gravel with varied grain sizes. Soil water retentions experimental results on compacted soils showed that as the clay size fraction rose, the water holding capacity of soil sample increased [251]. In a study by Chen et al. [252], impacts of the GSD on the water retention capacity of wide-grading gravelly sample were examined. According to their results the water retention curve moves upwards from a higher grading coefficient (which describes the curve’s shape) to a lower coefficient. With increasing fine content, the residual water content and AEV increase linearly. The maximum slope of SWRC, on the other hand, grows linearly as effective grain size increases.




2.2.2. Consistency Limits


Soil suction rises in proportion to the soil’s plasticity [253]. There is an increasing correlation between suction capacity for normally and compacted consolidated soils, which represents the inclination of the retention curve, and liquid limit [254]. In addition, for suction values ranging from 100 to 1000 kPa, a straight-line SWRC can be used to represent soils with a LL greater than 25%, on a semi-log plot. This suggests that for a specific range of suction values a linearized SWRC could be used, thereby simplifying modeling of the unsaturated soils [255].




2.2.3. Temperature


Past studies have revealed that SWRC depends on the temperature [256,257,258,259] in addition to inherent properties of the soil, such as structure and texture [260]. Variations in soil temperature and water content can cause various geotechnical problems (e.g., frost heave, bank collapse, etc. [261,262,263,264,265]), and therefore, numerous studies have been performed thus far to identify the influence of temperature on the soils’ water holding capacity. In addition, Experimental observations performed by Uchaipichat and Khalili [123] on the retentions of the SWRC of a compacted silt specimen showed a reduction in the degree of saturation with increasing soil temperature. This was owing to the fact that as the temperature raises, the surface tension of water decreases, lowering the air entrance value.



Results of the drying-wetting experiments carried out by Ghembaza et al. [124] on an undisturbed natural argillite and a sandy clay specimen at high temperatures, proved the effect of temperature on the SWRC, showing a downward shift of water retention curve as a result of temperature rise. They discovered that as the temperature rises, the voids ratio reduces and, as a result, the water content decreases. Furthermore, Belal et al. [125] evaluated the impact of temperature on the SWRC of a cement-treated compacted silty sample at two temperatures of 20 °C and 50 °C. Their findings revealed that as the temperature rises, the water content reduces, and the inlet air suction diminishes. The effects of temperature on the water holding capacity are also investigated in the literature. For example, experiments conducted by Sun et al. [139] on the bentonite samples revealed a considerable reduction in water retention capacity at high temperatures, particularly when relative humidity was high.



Experimental investigation concerning the water holding capacity of geosynthetic clay liners (GCLs) confirmed that their SWRC is controlled by temperature [155,156,266]. In this regard, a systematic investigation conducted by Risken [155] on the retentions of water retention curve of GCLs showed that along the wetting path, temperature had a minor impact on the GCL’s air-expulsion suction, and water retention capacity of the GCL was decreased with temperature elevation. However, on the drying path no effect was noticed. It was concluded that the reduction in GCL’s water retention capacity was attributable to a decrease in water surface tension with rising temperature. Tincopa and Bouazza [156] investigated the GCL water content-suction relationship at non-uniform stress-temperature paths and their results indicated that due to the low viscosity of water in high temperatures, the drying curves elevate water desorption for the measured range of suction. The drying of the geosynthetic clay liners at 70 °C and wetting at 20 °C subjected to either high confining stress of 130 kPa or low stress of 2 kPa revealed a decline in the moisture contents.




2.2.4. Influence of Additives on the SWRC


Based on the available literature, little is known about the SWRC of improved soils (e.g., with fly ash, cement, and lime), which are routinely employed in a variety of engineering projects for ground improvement applications. Treated soils undergo continual changes due tp chemical reactions over the course of the SWRC experiments, which can influence the structure and mineralogy of treated soil, thereby affecting the soil’s SWRC [92].



Past studies have shown that water holding capacity can significantly increase upon addition of fly ash for coarse-grained sandy soils [267,268,269,270]. Fly ash addition into soil specimen resulted in an increased water retention capacity [271]. Sharma et al. [272] found a correlation between increased coal concentration and increased gravimetric water content at specific matric suctions. The enhancing effect of compost addition on water retention capacity was shown to be higher in loamy soils compared to clays [273], indicating that the magnitude of increased retention capacity can depend on the soil type. In addition, for soils with greater organic material content water retention capacity is observed to be higher [255]. The use of Aquasorb soil conditioner resulted in a decrease in the slope of the SWRC and an increased water retention [274].



An experimental study of Belal et al. [125] on a cement-treated compacted silty soil under two temperature conditions of 20 °C and 50 °C, showed that for both temperatures the air entry value rises upon an increase in the percentage of cement to a ~ 4% threshold. In addition, the water content, which rises in proportion to the cement percentage, reduces as the suction rises. A similar increase in the air entry value was observed by Hoyos et al. [275] for an expansive soil treated with cement.



Lime treatment is extensively used in geotechnical engineering practice for soil improvement projects [204,205,206,207,208,209]. Examples of studies on the soil water retention curve of lime-treated soils consist of Tedesco and Russo [213] and Russo [207] which examined the water holding capacity of a compacted lime-treated silty soil. Furthermore, Khattab and Al-Taie [214] studied the soil water retention curve of lime-treated expansive specimens, over the suction values ranging from 0 to1000 kPa under single drying paths. The greater voids generated in lime-treated soil compacted at dry of optimum resulted in a lower water retention in all three studies. However, it was shown that as the lime content increased, the water holding capacity increased for lime-stabilized soil as well. This is in contrast with the results that suggest that lime treatment increases permeability by increasing the number of large macropores formed (e.g., [215,216]). WANG et al. [276] investigated the water retention retentions of compacted lime-stabilized silty soils with varied aggregate size distributions. They observed that due to the cementitious compounds generated during the pozzolanic process, lime treatment steadily reduced both macro- and micropore sizes. These cementitious compounds significantly increased the soil’s water holding capacity by filling the pores. In addition, AEV and water holding capacity were higher for the improved soil with smaller Dmax, due to the reduction in both the pore interconnectivity and pore size induced by greater creation of cementitious compounds. The SWRC of lime-stabilized gypseous soil with varying quantities of gypsum was examined by Aldaood et al. [220] under different conditions of temperature and curing periods. Results indicated that the water holding capacity of the improved soil elevated as the gypsum content increased, which was characterized by growths in the volumetric water content at AEV and the residual water content. The investigations of Ying et al. [222] on the water holding retention of lime-stabilized specimens revealed that due to the increased formation of cementitious compounds with higher specific surface area, the soil matric suction elevated considerably, resulting in an increase in the water adsorption capacity of soil. Additionally, the soil treatment showed a declined AEV for lime-treated high plasticity clay upon wetting and drying [224]. Enhancement in the water retention retentions of treated soils was also noticed upon addition of vermiculite mineral [277] and waste application [278,279,280,281,282,283,284,285,286,287].




2.2.5. Aging Effects on SWRC


Agus et al. [288] investigated how ageing affected SWRCs of bentonite-sand mixtures and pure bentonite samples. Suction measured with filter paper (aged sample) was found to be greater than that recorded with a chilled-mirror hygrometer (nonaged). According to their results, different suction values were due to the impact of hydration that was caused by the aging. In fact, the pore-water redistribution within the soil medium is time dependent, and it ensues as a result of difference in the amount of total suction between the inter-aggregate, intra-laminar and intra-aggregate pores. Their results also showed that for samples of identical ages (i.e., five weeks) the SWRC determined by both methods is similar. It is worth mentioning that due to differences in time-dependent water redistribution, the impact of ageing would clearly vary depending on the soil type.




2.2.6. Compaction Level


Soil compaction leads to structural changes in the porous medium which in turn can affect the physical and hydraulic behavior of the soil [289,290]. Compaction has observed to influence water holding, thereby altering the water distribution in a soil medium [291,292,293]. Decline in the distribution of smaller pores, the fraction of large pores, and the overall decline in pore connectivity and pore space are the key causes of compaction’s effect on the soil’s water holding retention [294]. The impact of compaction on the SWRC has been extensively researched in the literature. For example, experimental observations indicated that compaction flattens the S-shaped water retention curve [295], which accords with results found in [296] research for soil specimens under 50-year conventional tillage. Past research has shown that as comp active effort rises, soil suction rises as well [248,297,298,299].



It has been widely established that increasing soil compaction will decrease water content while increasing unit weight. However, it is still unclear whether the observed increase in suction is linked to a water content loss, a soil unit weight rise, or a combination of the two. In this regard, few studies have shown that soil suction is unaffected by soil unit weight [96,300,301,302,303]. These investigations measured the change in suction values with respect to unit weight for specific gravimetric water content. The findings suggest that suction is highly dependent on the soil’s water content. The impact of initial compaction water content on SWRC can be linked to the variations in the soil’s macro and micro fabric [89,96]. In this regard, Blatz et al. [304] noticed that an increase in initial molding water content leads to a minor upward shift in the water retention curve.



The influence of compaction density for fine-grained soils on the SWRC is found to be greater than that of coarse-grained soils [305,306]. According to Gallage and Uchimura [78], less dense soils have lower AEV and residual suction than high density soils. Experimental results by Malaya and Sreedeep [307] on the sandy soil indicated that the initial dry density has no significant effect on the water retention retentions, while the initial water content influences the SWRC at small suction values. According to Liang-tong et al. [308] the AEV of a natural expansive soil compared to that of lab-compacted samples was relatively low and the hysteresis effect for the former was relatively less noticeable. For suction less than 200 kPa, the SWRCs differed significantly.



It is observed that a water retention curve with a varied initial water content at high suction values tends to converge [307,309]. According to these studies, the impact of the initial compaction condition is considerable for the near saturation part of the retention curve where there exist capillary pressures. The adsorptive forces become more important when desaturation develops, and thus the SWRC is largely determined by water content. As a result, in the high suction range, soil structure has slight effect on the SWRC. Baker and Frydman [310] confirmed this finding, stating that the water content influences the SWRC only when the macropores are unoccupied (i.e., adsorptive forces are prevalent).




2.2.7. Matric Suction


Suction value for specific volumetric water content is shown to increase for fine-grained soil. According to Aubertin et al. [311], this is mainly due to the fine soil particle’s high adsorptive and capillary forces, which are caused by its limited intra-particle pore space and large surface area. Gallage and Uchimura [78] discovered that when the effective size (D10) of the soil grows, the AEV, residual suction, and hysteresis decrease. According to Jotisankasa [248], the soil water retention curve is predominantly impacted by soil structure at low ranges of suction, and soil composition and soil specific surface area at higher suction ranges. According to this discovery, the water retention would be less dependent on soil structure and more distinct at greater suction ranges [312].




2.2.8. Swelling Pressure


To date, only limited research has been performed in the literature on the swelling behavior of expansive soils. Of the limited swelling experimental results, Liang et al. [313], measured the swelling pressure of compacted expansive soil over a broad range of suction with two various densities. For this, pore structure evolution and the retentions of water distribution in the soil wetting subjected to confined conditions were investigated. Their results indicated that under confined conditions, water content was unaffected by density of soil at high suction pressure and dry density had a substantial impact on water content at low suction. To identify the water states, characterized by adsorption and capillarity, a suction threshold of 22 MPa was determined. As the suction was reduced, the swelling pressure raised non-monotonously. The fluctuation in swelling pressure revealed two peaks with respect to suction: first within the low-suction range, linked to bi-modal pore structure collapse, and second in the high-suction range, linked to interlayer hydration absorption.




2.2.9. Stress History


Discrepancy in the SWRC of soil specimen, particularly at low suction conditions, is attributable to stress history [1,309]. The AEV was inferred to remain unchanged regardless of the pre-consolidation stress. It was also noticed that the rise in the over-consolidation ratio (OCR) leads to a decrease in the suction capacity. Experimental studies by Delage and Lefebvre [80] have shown that air entry value rises with respect to the pre-consolidation stress. Lee et al. [314] has noticed that with an increase in consolidation pressure of the soil specimen, AEV and the slope of the SWRC declines. Thu et al. [315] have observed that with rising net confining pressure, AEV and yield suction (i.e., the matric suction corresponding to the point on the retention curve where the saturation degree undergoes a rapid reduction [316] of the soil sample increases. In addition, it has been concluded that beyond yield stress, the inclination of the drying SWRC and that of the wetting curve is independent of the net confining pressure. According to Gens and Alonso [317], the impact of variations in confining pressure on the soil water retention curve is shown to be considerable in the lower matric suction values where the capillary and macropore forces are predominant in the soil.



Furthermore, some studies have been performed to investigate the retentions of soil water retention curve of stabilized soils under applied stresses. Elkady et al. [318] examined the influence of stress history on the water retention capacity of lime-stabilized soils (with lime dosages of 0, 2, 4, and 6%) under various net vertical stresses (7, 100, and 600 kilopascal). Their results showed that the net vertical stresses remarkably influenced the water holding capacity of the soils with 4% lime dosage, under the stresses of 100 and 600 kPa. In addition, upon increasing the suction, samples desaturated relatively more readily under lower stress (i.e., 7 kpa) condition than at the higher stress levels. In another study, Zhang et al. [319] analyzed the effect of stress state on the water retention retentions of two lime-stabilized samples under mean net stresses of 100 and 200 kPa. It was concluded that during the whole suction ranges, the SWRC almost remained level with the initial gravimetric content. Additionally, on the desorption curves under both stress conditions, no points of maximum curvature or air entry value were noticed. However, in another test, they observed a more noticeable point of air entry and a much greater imposed suction value (up to 200 kPa).




2.2.10. Void Ratio


The void ratio is one of the soil parameters that shows the ratio of the volume of the void to the volume of solids. Deformable soils show a different volume change behavior under hydromechanical loading. Specifically, expansive soils such as bentonite show an increase in the void ratio, but collapsible soils show a decrease in the void ratio under the wetting process [320,321,322,323,324,325]. It is worth mentioning that variation of void ratio changes the soil structure and both macro and micro pores that subsequently cause a considering change in SWRCs [121,210]. For instance, Ng et al. [121] showed that the void ratio obtained from the volume-mass relationship could be categorized into four classes for Chinese loess. To this end, they used the MIP test to detect micro and macro-structural void ratio changes under hydromechanical loading. The difference between the summation of these two void ratios (intrusion void ratio) shows the non-detected void ratio that is due to the MIP test weakness [326]. In the previous literature, there are two kinds of analytical modeling for the SWRC of deformable soils. The first type of modeling only considers the variation of total void ratio (that is obtained from volume mass relationship) in the SWRC model formulation [327,328,329,330,331,332]. However, the second types consider the macro and micro void ratio variation in their SWRC modeling approaches [219,333,334,335].




2.2.11. Micro-Structure


A combination of fabric, inter-particle forces, and composition which define the microstructure of the soil [336,337] are shown to have significant impacts on the hysteresis and the shape of the SWRC [20,23,113,121,338]. In fact, behavior and properties of soil can vary readily as a result of structural changes, which generally are associated with disturbances or the wetting–drying cycle. For example, studies have shown that variations in the structure of loess alter the SWRCs of compacted, remolded, and natural loess [120,121,339,340]. These experiments have also shown that minor structural changes can result in visible micropore alterations, resulting in differing SWRCs in loess samples.



Experimental results have shown that the compaction water contents have considerable impact on the microstructure and thus the water retention retentions. In this regard, in the study by Xie et al. [341], microstructure of loess compacted at three various water contents, and its impact on their SWRC was investigated. Results indicated that pores in loess compacted at optimum and dry of optimum, were remained relatively connected. At low suctions (   u a    −    u w    < 1000 kPa), the wetting and drying SWRC curves of the three samples differ significantly, but they tend to converge in the higher suction values. In the matric suctions ranging between 0~100 kPa, hysteresis in the SWRCs is more noticeable for loess compacted at optimum and dry of optimum. However, for loess compacted at wet, there is a marked hysteresis in the whole matric suction range. In addition, the loess microstructure can well determine the retention of the SWRCs. As such, for the specimen with higher pore size distribution density, the water retention capacity is greater and the SWRC is shown to be gentler. For loess compacted at wet of optimum hysteresis is rather visible over the entire measurement range, which is believed to be due to more non-intruded pores in this sample.



Microstructure of soils can also undergo considerable changes during treatment process. Various studies have indicated that addition of lime lead to cation exchanges and hydration, causing the particles of soil to flocculate and form coarser aggregates; due to the development of cementitious compounds on the aggregates’ surface, the modal pore sizes were further reduced by the pozzolanic process [209,213,342,343,344,345,346,347]. According to the findings by Cuisinier et al. [348] and Wang et al. [349], the main effect of lime addition on soil structure is the creation of nanopores.



In an investigation into the influence of grain size on microstructure and water holding capacity of lime-stabilized soils, Ying et al. [350], studied the behavior of two specimens with maximum aggregate sizes (D max) of 4 mm and 5 mm. Their experimental results showed that due to the flocculation of soil grains, the lime treatment induced a quick increase in macro-pores and a drop in micro-pores. During curing, the percentage of nano-pores increased slightly whereas that of micro-pores declined. The matric suction was shown to increase considerably at 90-day curing, due to the change in microstructure. However, the effect of curing time on overall suction was negligible. In addition, the rise in matric suction was offset by a reduction in osmotic suction, resulting in a modest rise in overall suction. The enhanced soil with smaller (D max) has greater water holding capacity and higher air entry value resulting from a higher development of cementitious compounds which in turn reduce both the interconnectivity and pore size. These treatment-induced changes in soil microstructure are expected to improve soil’s water retention capacity by allowing the inner pores to hold higher amount of water [213,214,276,351,352].




2.2.12. Electrical Resistivity


A soil’s electrical flow, comparable to flow of water, is related to the presence of free water and depends on the soil properties, such as porosity and tortuosity. As a result, electrical conductivity and soil hydraulic properties can be correlated [353,354,355,356]. To date, some attempts have been performed to investigate the change in electrical resistivity with the saturation degree. For example, studies have shown a decrease in the degree of saturation to cause a rise in electrical resistivity due to the reduction in the mobility of charges (ions and electrons) resulting from the drop in the volume of liquid phase [356,357,358]. In addition, Bai et al. [359] reported a sudden growth in resistivity once the liquid phase becomes discontinuous, since resistivity for air is substantially greater relative to the liquid phase and the current flow is interrupted. In a recent study which attempted to relate the water potential to electrical resistivity, Cardoso and Dias [360] measured the electrical resistivity of kaolin specimens with various void ratios. Their experimental results showed that below the AEV, the electrical resistivity is greatly influenced by porosity when the same interstitial fluid is present. Electrical resistivity is determined by the saturation degree in the transition part prior to the residual state of saturation, where water is thought to be merely in the adsorbed state. The resistivity seems to be dependent on soil structure beyond the residual state of saturation, which is thought to be the result of the tortuosity caused by clay mineral arrangement.





2.3. According to Measuring Tests


Retention curves provide key information for deriving partially saturated soil properties such as permeability function, strength function (shear), water storage function, and thermal property functions [361]. Despite its importance in solving unsaturated soils processes, the determination of retention curves is a complex process. Retention curves can be obtained by laboratory measurements or by using field tests.



2.3.1. Laboratory Tests


Amongst many available methods, conventional methods such as the capillary column method, syringe method, and evaporation method are the most common techniques used in the laboratory to determine the retention curves. Conventional methods deal with three main steps to obtain a single point on WRC of one soil: (i) imposing a known value of suction to soil by different techniques (e.g., pressure plate extractors, osmotic control, relative humidity control, etc.); (ii) permitting the equilibrium of moisture with the applied suction; (iii) measuring the water content [362]. This sequence gives reliable measurements but has limitations. Firstly, there is no suction control method to capture the entire suction range. Distribution of WRC on suction axis will always be wider than the range of suction which the adopted technique is applicable. To resolve this, the use of the hanging column technique in relatively low suction values; axis translation techniques in the intermediate range of suction; and relative humidity control techniques in relatively high ranges of suction is required. This leads to the use of multiple methods. Another problem with conventional methods is that waiting for moisture equilibrium leads to large test durations. It takes about one day per point on the curve. Capillary column method handles the latter problem by providing lots of points on the curve with one specimen. The capillary column method provides advantage for obtaining continuous curves, but it is most reliable for sandy soils under low suctions [363]. The syringe method employs axis translation system where High Air Entry (HAE) ceramic is connected into a syringe. Then, whatever water is moving in or out, can be measured by the syringe [362]. Hence, the syringe method provides continuous curve rather than data points on WRC by continuously measuring how much water flows in or out as suction changes. This enables the whole behavior of WRC to be revealed (scanning curve, wetting, drying, wetting again etc.), and eliminates the need for oven drying. Additionally, the time at which equilibrium is reached can be seen at that instant; there is no need to wait to be sure as in conventional methods. However, the problem with the syringe method is that the dissolved air can diffuse to the water side of HAE ceramic, and become gas again, occupying extra volume. This in turn misleads the measurements. The evaporation method measures suction usually with a tensiometer [364]. When the suction exceeds the range of the tensiometer, it determines the water content. This method can be used to obtain drying curve only and can go up as much as the range of tensiometer allows. The evaporation system never reaches static equilibrium since evaporation occurs from the surface, where the suction is larger. Each of the techniques requires experienced labor. In addition, the apparatuses involved are not easy to assemble. Measuring matric suction is challenging due to cavitation. Total suction is difficult to deal with since it requires accurate temperature control. Pore-water pressures are highly negative, which is another challenge in measurements. Additionally, suction measurement is a key aspect, which should be considered when developing the SWRCs. Though different approaches for suction measurement can greatly vary based on their complexity, recent developments have been directed primarily to extend measurement range or reduce measurement time. An overview of some common laboratory measurement methods is briefly presented in the following sections.



Pressure Plate Test


In this experiment, a soil sample was located on a saturated ceramic disc surrounded by a steel pressure vessel. The tool controls the soil air pressure by changing it within the cell. The area under the ceramic disc can control pore water pressure [365]. To control suction, we can apply known air pressure to sample by using the axis translation method. Therefore, the water flow starts from the sample via the ceramic disc to a water reservoir. Normally, it is emitted to the atmosphere. Such a procedure is sustained until reaching equilibrium in the sample [23]. The ceramic disc’s AEV (air entry value) directs the measuring capacity of this device, which is limited normally to 1.5 MPa. It is a reliable technique, although it can be time-consuming extremely.




Filter Paper Technique


This method is an effective technique for soil suction measurement for a considerable period of time. Gardner [366] proposed that it is a relatively simple method to measure both matric and total suction over an extensive range of more than 30 MPa [367,368]. The method is oriented by the hydraulic equilibrium (soil-water and dry-paper). By establishing the equilibrium, the value of soil suction determines the content of water in the paper using a predetermined calibration plot. There are instances of calibration curves for Whatman No. 42 in different publications [369,370]. In this method, we can reach the amount of total or matric suction based on the hydraulic equilibrium between paper and soil-water. Matric suction will be calculated by establishing the equilibrium by direct contact between two environments (paper and soil sample). However, total suction will be calculated by placing filter papers in a sealed container contains soil sample and achieving equilibrium via the vapor phase (non-contact measurement) [23,371].




Dewpoint Hygrometer


A dewpoint hygrometer is used for total suction measurements in the higher suction range medium (>300 MPa). The suction measurement technique is oriented by the thermodynamic association between total suction and relative humidity (RH). In this procedure, a small specimen (~10 cm3) is placed into a sealed chamber comprising an exposed mirror. By reducing the mirror temperature gradually, condensation occurs on its surface. Here, the soil temperature and dewpoint are utilized for determining the relative humidity above the soil specimen. It directly measures the soil suction at temperature equilibrium [372]. This measurement technique has a very high measurement capacity. Moreover, it can lead to a single measurement within about 15 min.




Tensiometer Technique


Tensiometers are the most common and simplest instruments to directly measure soil suction. Generally, a tensiometer includes a porous HAE ceramic attached to a pressure sensor via a small water reservoir. The ceramic is located in contact with the soil. In this area, after measuring pore-water pressures, we should use it for creating a connection between a water-filled reservoir, the pressure sensor, and the soil pore water. Pore-water pressures are measured directly by the exchange of water between the soil pores and the pressure sensor [23]. Equal tensile stress will be created by pore water in tension in the reservoir water, which can be measured by the pressure sensor. The pressure sensor can be any tool able to reflect the changes in negative pressure. Accompanied by other types of tensiometers such as the small-tip laboratory tensiometer, these possess a restricted practical measurement range of 70–85 kPa of suction. The low range is caused by the relatively lower pressure when the cavitation happens in water. The existence of impurities in the pore water and concentrated in the minute crevices on the sensor body walls may act as air bubble nucleation sites, thus reducing the cavitation pressure [23]. To directly measure the considerably higher soil suction (over 100 kPa), it is essential to deal with the cavitation phenomenon practically. Cavitation leads to the expansion of air bubbles nucleated inside the measurement tool, interpreting it unable to accurately measure further suctions. Cavitation happens when reaching vapor pressure in absolute tension for water.




Axis-Translation Technique (ATT)


This method is utilized to estimate the matric suction in the lab directly. The suction estimation is within the range of 0 to 1500 kPa, and the equilibrium time ranges from 1 to 16 h. This technique involves translating the pore water pressure reference origin from the current value to a value greater equivalent to the air pressure. Therefore, the matric suction of sample stays constant regardless of the translation of pore water pressure and pore air. An ATT was developed to resolve the issue of cavitation at low negative pore pressure [373]. For measuring the matric suction, axis-translation needs the monitoring of the pore air pressure, and pore water pressure maintained at atmospheric pressure. This method is performed by isolating water and air phases in the sample via a saturated HAE (high air entry) permeable material. The saturated HAE ceramic disk permits water flow. However, it stops free air flow when applied, and the matric suction does not surpass the disk air-entry value. We need a good contact between two environments (soil sample and ceramic disk) to be set up all through the test to guarantee the coherence between the water state in the soil sample examined and that in the utilized ceramic disk pores [374]. Since the water pressure in the water container is as close to zero as possible, the method is designated the null-type axis-translation method [375].





2.3.2. Field Tests


Assessing the negative pore water pressures is very important in describing a partially saturated soil’s stress state. This kind of pressure is directly related to the suction, mainly the matric suction component affecting water content. Typically, the soil suction is presented as a soil water content function via SWRC. It is possible to measure SWRC either in the field or the laboratory. However, there may be differences in laboratory measurements of SWRC from those in situ owing to various stress and boundary circumstances [376], allowing for accounting for the spatiotemporal analysis of soil suction and water content through in-situ measurements. Therefore, identification of the initial stress state is highly based on measuring these unsaturated soil variables in the field providing related monitoring data, which complement the laboratory data in developing and validating the unsaturated soil models [19]. The electromagnetic indirect approaches such as frequency, amplitude, or time domain reflectometry and capacitive sensors are the basis for most common tools for assessment of soil water content in situ [377]. Moreover, water-filled tensiometers are extensively utilized tools for measuring the suction in the lowest range in situ (<−100 kPa). Ridley and Burland performed the pioneering work in this regard [367] to better understand high-capacity tensiometers (HTCs). Since then, several considerable advancements have occurred in measuring over 1 MPa [378]. However, designs specifically for field applications have been only recently developed [365]. However, HTCs are used only in situ in research applications. Moreover, these installations should present the possibility of eliminating the tool since conditioning is essential prior to installation and upon air entry. Heat dissipation sensors and thermocouple psychrometers are also frequently used to determine the water content and prolong the measurement range compared to the tensiometers. Generally, these tools need less maintenance and economic efforts in comparison with the more advanced HTCs. Thus, they provide a prolonged monitoring system with relatively lower operation costs. Positive values of pore pressure can be measured by HTCs, which is not possible with indirect approaches. Agriculture-based disciplines such as soil physics, soil science, and agronomy provide considerable contributions to developing these instruments since the amount of plant-available water is deeply governed by the SWRC, which has an essential effect on irrigation management measures. In these applications, the atmospheric coupling, evapo-transpiration process, and interaction with vegetation are specially considered. These tools have also been used in some geotechnical problems since their developments, mainly in the field of monitoring landslides [379,380] or volume changes in soil due to climate and weather fluctuations in water content for design [381] and Levees [382]. In these cases, the tools were installed in a maximum depth of 2 to 3 m. As far as we know, only in a few studies, deeper soil layers have been considered so far. In these explorations, HTCs were used and soil suction was measured in multiple installations in one borehole or in single installations [367,383]. Recently, Tarantino et al. [384] attempted to install high-capacity tensiometers for depth measurement. An experimental challenge is still presented by measurements of water content and soil suction in deep soil layers for various applications such as levees or river embankments, for which unsaturated circumstances may simply extend beyond 5 m from the ground surface [385]. Additionally, Fazel Mojtahedi et al. [386] conducted a novel in-situ monitoring procedure for evaluating changes in matric suction profiles in soil layers over a long period of time. The monitoring procedure used in this paper includes the placement of dielectric sensors in a 105-m borehole at a site in Iran. The site monitoring outputs were used to validate the numerical modelling forecasts. During these geotechnical works, water content and soil suction are exposed to changes as a function of alterations in the meteorological and hydraulic circumstances. Thus, continuous monitoring of variables during various seasonal periods (dry and wet) plays a key role in developing and assessing the stability and seepage analyses.





2.4. According to Prediction Technique


During the last three decades, considerable interest has existed in predicting the changes in hydro-mechanical features of unsaturated soils through the SWRC (soil water retention curve) as an instrument in the geo-environmental and geotechnical engineering fields [387,388]. There are considerable advances in the literature on designing infrastructure such as retaining walls, slopes, pavements, deep and shallow foundations for unsaturated soils [389,390], utilizing the SWRC as an instrument. However, no inexpensive and simple method exists for reliable and rapid prediction or estimation of the SWRC [391]. Therefore, by the extreme costs related to the direct measurement of SWRC, the pursuit of great quantities of indirect approaches has been encouraged to acquire SWRC. In this regard, some statistical regularity and empirical relationship of limited experimental data or known soil parameters are considered such as pedotransfer functions [392], physical-empirical equation [50,393], fractal equation [394,395], and empirical formula method [16]. To obtain more accurate features of SWRC, normally, these approaches are integrated [396,397]. Moreover, intelligent algorithms or machine learning are also applied with these approaches [398,399].



2.4.1. Empirical Formula Methods


Several empirical models have been established for SWRCs that are extensively used in different numerical simulations [16,47]. The wet end of the SWRC is primarily described by early empirical models [400]. For instance, the models of Brooks and Corey (BC) [47] and van Genuchten (VG) [16] are very common models for predicting SWRCs in wet conditions. However, SWRC is not predicted by two models oven dryness [401,402] since when soil water content reaches the amount of residual water, they assume the infinite matric suction [403,404]. Matric suction and soil water content in dry conditions can be accurately and quickly measured by developing measuring instruments for SWRCs [405,406]. Generally, the full range of water content for SWRCs was often obtained through the conventional models via correction factors or adsorption equations [407]. For instance, a term was added in the basic form of Campbell [408] model to extend water retention curves to dryness [409]. By utilizing an adsorption equation, the BC model was extrapolated by Morel et al. [410] to oven dryness. The lower bound of the VG and BC models was extended by Zhang [411] by adding a correction factor for residual water content to handle oven dryness. An SWRC is generalized by such extended empirical equations and models with a single segment (equation) that is invalid for all soil textures. Then, segmental soil water retention curve models were developed to explain the finalized soil water retention curve for a whole water content range. Two sub-equations are included in most segmental models describing the soil water retention curve as two segments [412,413]. A model was developed with three segments by integration of the logarithmic model and the power law [414]. A retention curve model was described by Silva and Grifoll [402] as four segments. Moreover, attempts were made to originate a general equation for whole water content range assuming that the retention curve’s shape is based on the distribution of soil pore size [1]. A novel retention model was developed by Kosugi [415] through a lognormal distribution equation to the distribution of the soil pore radius. These models were mainly constructed in terms of measurements performed on six soils by Campbell and Shiozawa [416]. Moreover, they have not been validated with other types of soils covering all soil textures. However, the SWRCs of all soil types were not perfectly described by any particular model.




2.4.2. Pedotransfer Functions


It is expensive to determine the hydraulic features of soil experimentally based on temporal and spatial factors, modifying the utilization of indirect approaches for estimating these key soil hydraulic variables. Frequently, pedotransfer functions (PTFs) are used in this regard to estimating soil hydraulic features in terms of easy-to-obtain features such as bulk density and particle-size distribution [52]. Predicting the hydraulic properties based on PTF was assessed as satisfactory to comprehend the soil hydraulic performance [392,417]. Most PTFs are statistical models purely, thus indicating restrictions on the extrapolation and applicability. These PTFs are effective for the specific conditions for which they were gained (climate, soil class, or geographic location). They should be utilized cautiously in other conditions or regions [417,418]. Most PTFs were established for temperate soils of Europe or North America and do not apply readily to the soil from tropical areas. A PTF was developed for estimating parameters of the Van Genuchten–Mualem [61] model (VGM) in terms of the soil from the tropical regions database [419]. Likewise, the fitting parameters of a model were estimated by Tomasella and Hodnett [420] for SWRCs considering the soil organic carbon and texture with a large database on the Amazon region. A key PTF was developed by Tomasella et al. [421] from the measured features of various tropical soils from Brazil. However, point-based and parametric PTFs were evaluated by Medeiros et al. [422] for soil from the Amazon area.



In general, PTFs can be characterized based on the output into two key kinds: (1) point PTFs for prediction of soil water contents at definite pressure heads and (2) parametric PTFs to estimate parameters of functions for explaining soil water content data across various pressure heads. There have been most efforts on developing the second type PTFs since they are able to present the essential inputs for explaining the SWRC mathematically [61,423]. Soil textural data, organic matter content (OMC), bulk density (BD) is the input data of these PTFs along with soil water content values at particular pressure heads. Among the most widely used PTFs are (1) the ROSETTA, established by Schaap et al. [424] from a soil datasets mostly comprising data from North America and Europe; (2) PTFs-HYPRES from European soil datasets [425]; (3) PTFs-USDA from the US Department of Agriculture (USDA) soil datasets [60]. Every PTF is established in terms of the specific composition of the calibration dataset reflecting its soil conditions and geographic origin. Extrapolation of PTFs to soil circumstances rather than their development conditions results in large uncertainties [426,427,428]. Soil sample dimension is another source of uncertainty effects on the development of PTFs [429]. For instance, it was reported that the inclusion of the sample internal diameter and height enhance the accuracy of the saturated hydraulic conductivity PTFs and SWRC substantially [430]. Therefore, it is very important to investigate the reliability of PTFs before prolonging their use in other areas.



Moreover, there are still problems in various textural classification systems utilized to represent the particle-size distribution all over the world for both developing and immediate utilization of PTFs [431]. The fundamental compatibility is limited by harmonization of the particle size amongst soil databases before even developing and utilizing PTFs. Commonly, approaches in this field can be categorized into regression, interpolation, curve fitting, and similarity approaches [432,433]. Curve fitting is more extensively used, with various mathematical equations available for explaining the soil’s cumulative PSD (particle size distribution) [433,434]. It is critical to select the model best fitting the soil for reducing errors and the uncertainties during hydraulic modeling of the soil.




2.4.3. Fractal Equations


Information on SWRC is required by modern hydrological models. There is a close relation between hydraulic properties, hydraulic conductivity, and soil-water retentions with a porous media’s geometry [47,435]. Recently, further attention has been attracted by the formulation of fractal geometry as a powerful instrument to describe different complex natural phenomena, particularly in physics and mechanics of soils and rocks [436,437]. With the current use of fractal geometry, an effective tool has been proposed to fill the gap between the physical interpretation of the parameters of experimental models and their use [438,439]. It was shown that there is a similarity between both solid and porous phases that can be considered by different fractals [440]. Hierarchical systems are described by fractals that are appropriate for modeling the heterogeneous soil structure with tortuous pore space [438,441]. The SWRC was modeled by Toledo et al. [442] utilizing thin-film theory and fractal geometry. The unsaturated hydraulic conductivity functions were derived by Tyler and Wheatcraft [443] in terms of the fractal model for SWRC and the relative conductive models established by Burdine [435] and Mualem [444]. Generally, fine-textured soils possess higher fractal dimensions which include smaller fractal dimensions [445,446,447]. The solid matrix’s fractal dimensions (that is, soil texture and soil particle size distribution), and the void phase, can be characterized by the soils’ fractal nature. However, further studies are required to calculate the association among the soil solid’s fractal dimensions, void phases, and the fractal dimension utilized in the SWRC [448]. Perfect [449] used fractal geometry to simulate porous media structure and was revised by Cihan et al. [450]. A sensitivity analysis performed on Tyler and Wheatcraft’s [443] model represented that the SWRC fractal dimension (DSWRC) is the most sensitive feature in the model, while this model has less sensitivity to the AEV and saturated water content [451]. Some other researchers applied the fractal theory to investigate the SWRC and used the fractal dimensions of the SWRC to describe the corresponding SWRC [452,453]. The exponent of the SWRC, DSWRC is meaningful physically. However, it is difficult to measure it directly experimentally. Moreover, also in-situ soil water retention experiments are laborious and time-consuming. So, the estimation of DSWRC based on the available data can be a very useful alternative. As mentioned, porous media are heterogeneous systems comprising different, numerous, and interacting components, their complex nature makes it difficult to predict their hydraulic features [454]. Soil particle size distribution has fractal properties. Hence, the fractal model can be utilized for the estimation of the SWRC.




2.4.4. AI Techniques


Different AI models are developed successfully for geotechnical engineering uses during the last ten years [455,456,457]. It is interesting to predict the SWRC from AI methods [458,459] as a result of its extensive utilization in interpreting of the unsaturated soils’ hydro-mechanical behavior [460,461,462]. However, there are fewer studies on the prediction of the SWRC via AI models [463,464]. Simple yet reliable methods are urgently required to predict the SWRC promotion to run our present comprehension of the unsaturated soils mechanics into conventional geo-environmental and geotechnical engineering practice uses.



Recently, machine learning (ML) and artificial intelligence (AI) methods developments have been developed as great tools in different scientific fields such as some applications in soil mechanics. By the incrementing quality and quantity of the available data, new possibilities are presented to solve complicated problems such as classification, clustering, and regression issues. Presently, attempts have been made to utilize AI approaches not requiring knowing the predictor-target association and utilizing data for training the model. Nguyen et al. [465] compared the performance of machine learning approaches including multiple linear (ML), k-Nearest neighbors regression, and support vector machine techniques to estimate the tropical delta soils’ SWRC. It was concluded that the higher efficiency is demonstrated by the latter. The predictors utilized are sand, clay, and silt contents, organic carbon percentage, and bulk density. Using the point approach, their regression models were examined with a pseudo-continuous model. They found a better behavior when using point data. The SVM machine learning algorithm was used by Lamorski et al. [466] for predicting the SWRC main wetting branch in terms of its drying branch fitted by the model of VG. Parametric and direct regression models were examined, and no substantial differences were found by the authors in the results gained utilizing soil water retention curve data points or the van Genuchten parameters as targets. It was reported that the performance of their PTF was not improved by the inclusion of further soil physical features to SWRC data (pedo-transfer function). The laboratory measurements were performed on different soils samples from Poland in the dataset used to train the regression model. Using the ANN method, the SWRC of Italian soils was predicted by D’Emilio et al. [464] utilizing a dataset of 359 soils. The inputs (particle size distribution, organic carbon content, bulk density, soil texture, and porosity) were utilized for predicting the van Genuchten SWRC parameters. Comparing various ANN configurations indicated the higher forecasting performance of clay, sand, and silt contents along with the organic carbon content. Furthermore, by a larger database of soil features, AI methods are used frequently for supporting hydrological modeling [467]. For instance, the ANN with a “black box” nature can simulate the human brain, which learns, memorizes, associates, and includes the complex interactions (networks) between data (neurons of the hidden layers, input, and output) [468]. No pre-existing information is implied on the associations between output and input. It means that no prior model concept is required by ANNs (commonly known as black boxes) and they can extract the highest quantity of information from the data. There have been several attempts to adopt ANNs for predicting soil hydraulic features. For instance, Haghverdi et al. [467] developed an ANN to predict the soil water content at any matric potential with no definite parameterizations or equations. Wösten et al. [425] provided two different models trained with fitted water content data. ANNs were used by Zhanga et al. [469] for predicting the soil water retention and the sandy soils’ available water. In some studies, it was proved the effectiveness of training an ANN with various soil matric potentials to consider most of the variations possibly encountered in the soil, rather than with the water retention data gathered in a limited range of water potential [470]. The artificial neural networks (ANNs) can mimic the complicated systems’ behavior by changing the strength of the effect of network architectures, and the interconnections structures among components. An ANN is merely a sophisticated regression with a network of several simple elements (or neurons). No prior model concept is required by ANNs, which extract the highest information from the data [464].






3. Applications of SWRC/SWCC


The soil water retention curve/soil water characteristic curve (SWRC/SWCC) reflects the relation between water content and matric suction. It measures the quantity of water held in a soil at a particular matric potential under equilibrium [131]. It is also indicative of the pore size and connectedness and is a function of gradation of soil, soil texture, structure, and the presence of organic matter. Figure 5 shows the effect of gradation on matric potential and illustrates its non-linear nature. It can be observed in Figure 5 that the greater the fines contents, say clay, the higher the water content at a specific matric suction and more gradual the SWRC/SWCC. However, in granular soils (due to the larger pore size) less water is retained and hence the SWRC/SWCC is steeper. SWRC/SWCC finds immense application in interpreting the properties of the unsaturated soil specially its strength and hydraulic conductivity [19,131].



It is an important tool to assess the mechanical and hydraulic behavior of unsaturated soil which includes volume change behavior, strength, hydraulic conductivity, diffusivity and fluid flow, etc. It is also used to determine the water storage capacity of the soil and aggregate stability [471]. The SWRC/SWCC finds several applications in civil engineering, particularly in geotechnical engineering in the fields of slope stability, bearing capacity, settlement, and seepage related issues [19].



3.1. Slope Stability and Landslides


Soil in the slopes is in unsaturated condition generally and SWRC/SWCC presents a better option for assessing their stability. Shear strength of soil changes with suction in unsaturated soils indicating the necessity for predicting the relation between water content and matric suction [472] and hence SWRC/SWCC has immense application in slope stability analysis. In unsaturated soils, hydraulic conductivity is a function of matric suction and the capacity of soil to retain water also depends of matric suction making SWRC/SWCC important for understanding infiltration in unsaturated slopes and to assess its FS [15]. Fredlund et al. [25] extended the Mohr-Coulomb failure criteria to account for soil suction and subsequent change in shear strength. Ng and Pan [14] observed from their study that the state of stress and wetting-drying history has a significant influence on soil-water characteristics in an unsaturated soil. Ng and Pan [94] also concluded in their study that wetting stress dependent SWRC/SWCC yields safer and more accurate FS for the case of unsaturated slopes. Antinoro et al. [472] studied the effect of the degree of saturation on unsaturated slopes using SWRC/SWCC for 40 samples varying in texture and structure on the factor of safety of slopes with unsaturated soil. They used three different SWRC/SWCC models (van Genuchten [16], Ross and Smettem [473] and Dexter et al. [474]) for fitting the experimental SWRC/SWCC curves but on using the data for calculation of factor of safety (FS), the Dexter et al. [474] showed anomalous behavior such as decreasing FS with decreasing water content. The study underlines the need for selection of proper SWRC/SWCC models pertaining to the specific application. Comegna et al. [475] studied the hysteretic response of unsaturated soils and found that at the same degree of saturation suction can differ depending on its drying or wetting history. Conventional approaches adopting a single SWRC/SWCC can therefore, underestimate the reduction in FS during infiltration. Chen et al. [334] conducted field study on SWRC/SWCC of red clay slopes at shallow depths to understand the effect of long-term wetting and drying cycles and distribution of water content in red clay slopes. The red clay is characterized by low hydraulic conductivity, high liquid limit and tendency to dilate making it water sensitive and susceptible to instability. Field observations in the study conducted by Chen et al. [334] showed that SWRC/SWCC vary with depth due to the influence of the overburden pressure and show an exponential relation. Their results showed that FS using laboratory SWRC/SWCC is similar to the water content on the wetting side of the curve but using SWRC/SWCC on the drying side yields a more conservative FS. Cai et al. [476] conducted an experimental study to investigate the behavior of soil post landslides induced by earthquake and found that matric suction contributes to stability of rill banks of shallow depths in unsaturated condition. They used two popular models (i.e., van Genuchten [16] and Brook-Corey [47]) to establish the SWRC/SWCC and found that the van Genuchten model yielded a better fit reflecting the dominance of preferential flow in gravelly soil. Pam et al. (2018) developed a SWRC/SWCC model for slopes performed of unsaturated soil under transient seepage conditions. SWRC/SWCC was fit from a number of experimental investigations and was compared with field data obtained from Pohang, Korea. Their study pointed that more parameters improved the fit of SWRC/SWCC but at the same time resulted in a more complex and non-linear equation. Soil texture was observed to be the most important parameter that dictated the performance of the selected SWRC/SWCC model. The study also pointed out the need for a more elaborate and thorough transient analysis for selecting a suitable SWRC/SWCC model to analyze slope stability during rainfall. Ahmed and Bryson [477] studied the critical hydraulic behavior corresponding to slope failure using SWCC and found that SWRC/SWCC have a profound influence on the hydrological behavior of the slope during rainfall than the parameters in the drying SWRC/SWCC based on two case studies one from China and other from Singapore. The study considered both steady and transient infiltration on an unsaturated slope. This study however, did not include air entrapment behavior. Ip et al. [478] studied the rainfall induced landslides in on unsaturated soils for a small part of Singapore incorporating the SWCC using three different models and generated a 3D slope model using the Scoops3D analysis. Scoops3D analysis used a 3D limit equilibrium method by computing the FS for a slip direction by averaging the ground surface direction for the DEM cells in the potential failure zone [479]. Scoops3D used the equation developed by Fredlund and Xing [1] to develop the SWCC. Feng et al. [480] used a Bayesian framework capable of updating from experimental data to investigate the uncertainty of parameters in SWRC/SWCC. The study by Feng et al. [480] showed that Bayesian updating framework had yielded good results for monitoring landslides, particularly in case of large landslides and resulted in a narrower range of SWRC/SWCC parameters and the parameter ‘a’ of SWRC/SWCC tends to increase with time along with the changes in the posterior distribution. Uncertainty is inevitable due to a lack of data including in model selection and fitting [481]. Uncertainty in SWCC model parameters lead to error in prediction of pore pressure and subsequent error in estimating the FS affecting both seepage and slope stability analysis.




3.2. Bearing Capacity (BC)


Often shallow foundations rest on unsaturated soil [482] but conventional analysis uses the saturated strength which is generally two to four times lesser than that of unsaturated strength [483,484]. Several studies have also reported that the bearing capacity of unsaturated soil is considerably higher than saturated soil owing to the suction in the soil matrix [482,484,485,486] and using conventional saturated condition in the bearing capacity calculations largely underestimates the bearing capacity of the soil. Shear strength of unsaturated soil is a key factor that dictates the bearing capacity of soil [7]. SWCC is an important parameter for estimating the shear strength of the unsaturated soil [20] and the changes in the net normal stress affect the strength of unsaturated soil than the changes in the matric suction [487]. Vanapalli and Mohamed [482] proposed the modified effective stress approach (MESA) for improved prediction of bearing capacity for unsaturated coarse-grained soils using the SWCC. Fredlund et al. [361] reported in their study that considering unsaturated soil as a four-phase system is a definite advantage for analyzing the stress in the soil matrix. Terzaghi’s classical approach used effective shear strength parameters of saturated soil [488]. Numerous attempts were made by various authors to incorporate matric suction to account for the improvement in strength parameters of unsaturated soil [482,484,485,488]. It was reported the Terzaghi’s BC equation was modified into a linear BC equation for surface footings taking matric suction into account. However, the experimental data did not show a linear relation between BC and matric suction [482,485]. Vanapalli and Mohamed [482] bearing capacity model (VM model) results showed that shear strength increased with matric suction up to the residual suction value with bearing capacity following the similar trend of increase with matric suction till a critical limit and further decreased as it approached the residual desaturation zone. In the VM model, bearing capacity increased with matric suction and the matric suction value remained less than or equal to the air-entry value. The study also showed that the contribution of suction reduced to a negligible quantum when matric suction was greater than the air-entry value. This limitation was overcome by the authors by introducing an additional term for suction in residual zone. Vahedifard and Robinson [489] used the effective degree of saturation and average suction that took into account the various suction profiles to address the limitation of the previously reported BC equation [482,485]. Tang et al. [486,490] used both uniform and linear suction profiles to determine the BC of footings on unsaturated soil. Ghasemzadeh and Akbari [491] provided an improved BC equation over existing ones suggested by Vanapalli and Mohamed [482] by considering the non-linear variation of matric suction and the model performed appreciably in the residual and transition saturation zones. Safarzadeh and Aminfar [492] further investigated the VM model and found that bearing capacity of the Goomptah sand decreased by a large magnitude when the saturation of the soil approached zero. The revised model showed good agreement between the measured and predicted bearing capacity values for the entire range of the SWCC. Research also shows that the ultimate bearing capacity (UBC) was calculated for strip footings in unsaturated soil under linearly varying and uniform suction and found that UBC of strip footing is sensitive to the intermediate principal stress. Matric suction influences UBC to a considerable extent. It was found that UBC increases with matric suction linearly. Non-linear variation of matric suction with depth is a function of soil characteristics and environment conditions, which is typically ignored. However, Du et al. [488] accounted for the non-linear variation of matric suction. Du et al. [488] used the discretization approach of limit analysis to investigate the BC of shallow foundation as it offers an alternative to consider the variation of matric suction and shear strength with depth and concluded that their approach gave more realistic results. In this study, Du et al. [488] adopted the suction stress characteristic curves proposed by Lu et al. [493] to represent the variation of effective stress with saturation and matric suction spatially. Du et al. [488] also reported that BC increased with air-entry pressure for a specific ‘n’ value, flow conditions have negligible effect on granular soil but affect fine-grained soils, surcharge contributes BC and unit weight does not appreciably affect the BC of soils.




3.3. Settlement


Settlement is an important geotechnical design parameter and is prone to be affected by matric suction in unsaturated soil as shallow foundations are placed near the ground in the unsaturated zone. Neglecting matric suction leads to over estimation of settlement in unsaturated soils [494]. Oh et al. [495] derived a theoretical equation for modulus of elasticity (MoE) considering the matric suction using the SWCC. Rahardjo et al. [496] calculated the modulus of elasticity of an unsaturated soil considering matric suction and found that stiffness increased with matric suction. Oh et al. [495] studied the load-settlement behavior of three different granular soil under three matric suction and proposed a relation for MoE. Oh and Vanapalli [485] compared the surface settlement of unsaturated and saturated sand assuming elastic—perfectly plastic behavior. The authors established the stress-applied vertical stress relation using two segments of a straight line and calculated them using unsaturated cohesion, friction angle, hydraulic conductivity and SWCC. Oh and Vanapalli [497] proposed a simple finite element method by extending the modified total stress approach and observed from their study that Poisson’s ratio affected the settlement response of shallow foundation in unsaturated clay but settlement was not influenced the coefficient of earth pressure at rest as the friction angle in clay was zero. The load settlement response of unsaturated clay was reasonably predicted using average matric suction.



The wetting—drying cycles due to change in climate impacts the SWCC [20]. This hysteresis in turn affects the mechanical behavior of the unsaturated soil along with its transient behavior [247,498]. Kim et al. [499] studied the settlement behavior of shallow foundations resting on unsaturated soil under rainfall infiltration and found that taking matric suction into account resulted in good agreement between the experimental and field load-settlement curves. Kim et al. [500] also observed that stiffness of the soil increased with matric suction due to high MoE. Rainfall infiltration caused additional settlement and was attributed to the loss of matric suction. Jeong et al. [494] investigated the effects of rainfall infiltration, position of ground water table, and matric suction, and accounted for the non-linear variation of matric suction along the depth by considering the rainfall infiltration and deformation analysis sequentially. The authors observed in their study that rainfall infiltration and position of ground water table influenced settlement of shallow foundation. Analysis using wetting SWCC yielded settlement 5% higher than the drying side. Mohamoudabai and Ravichandran [501] used a coupled geotechnical hydrological model for determining the bearing capacity and elastic settlement of shallow foundation on partially saturated soil. The authors compared the bearing capacity and settlement of footing in two different sites and observed an increase in BC and decrease in settlement with decrease in degree of saturation. However, the magnitude of increase in BC and reduction in settlement was considerable in both the sites owing to the difference in geotechnical properties of the soil and hydrologic parameters. Thongpong et al. [502] studied the settlement behavior of an isolated footing on unsaturated loess which was collapsible in nature. The seasonal variation of water content was in the soil was also taken into account. The degree of saturation was inferred from the SWCC and the authors observed from their experimental investigation that size, depth of foundation and degree of saturation affected settlement significantly.




3.4. Seepage


Seepage analysis is crucial for the safety and optimal performance of slopes and hydraulic structures. Unsaturated soil is subject to cycles of wetting and drying causing a change in their water content, and therefore one needs a thorough understanding to predict their long-term behaviour [20]. Phoon et al. [503] observed that as the variability of SWCC parameters increase, impact on seepage and slope stability also increases. Bishop and Blight [504] identified two stress components, normal stress and matric suction that are independent to predict its behavior making unsaturated hydraulic conductivity and SWCC the most important parameters for estimating seepage [480,505] particularly in transient flow conditions. Li et al. (2011) presented a method to predict the SWCC and permeability of a cracked soil for seepage analysis. The model is based on calculating the crack volume changes in the wetting and drying process. The composite permeability functions derived in this study accounts for considerable increase in hydraulic conductivity when nearing complete saturation but they do not cause preferential flow. Simulation in the study results in a uniform wetting front which accelerates in ponding conditions. Additionally, the authors observed that the permeability function is akin to that of the soil matrix when pores tend to close under saturation and open when suction is high. Yang et al. (2012) investigated the hysteresis behavior of unsaturated soil in relation to its hydraulic properties. The hysteretic model proposed by the authors successfully predicted hydraulic state in a soil column. The hysteretic model on comparison with the non-hysteretic model demonstrated a large variation in suction and exhibited a high average percolation velocity in the soil column. This model was particularly useful for design of soil covers. Saadeldin and Henni [505] observed that a bimodal SWCC was a critical parameter in controlling the soil-water interaction. Bimodal SWCC offers a practical approach for simulating soil-water interaction in cracked soil and results in increased infiltration due to the discrepancy in distribution of pore space that is caused by cracks. Volumetric water content changes rapidly in the case of bimodal SWCC with time. Soil suction also changes with time as the volumetric water content. Tan et al. [506] investigated the seepage in hydraulic structures such as earth dams considering the spatial variation of hydraulic parameters using a combination of random field theory and Monte Carlo simulation. The results of their study showed that SWCC parameters and the saturated hydraulic conductivity were random fields that were lognormally cross-correlated. Walshire et al. [507] assessed the performance of SWCC prediction methods and found that of the five examined methods not one addressed all soil types and concluded SWCC is particular for a said soil type particularly in transient flow conditions. The methods assessed were Rawls et al. [56], Tomasella and Hodnett [420], Zapata et al. [254], Perera et al. [508] and Sleep [508]. Results of the study showed that Zapata et al. [254] and Sleep [509] predictive methods yielded better prediction of SWRC/SWCC over a wide range of soil types compared to other methods.



Generally, for the utilization of SWRC/SWCC behavior of soil (fundamentally for hydraulically-bound geo-structures), the vadose zone has been identified as the foundation and the hydro-mechanical soil properties are illustrated using the principle of unsaturated soil mechanics (USM). A total of 403 previous literatures were studied and reviewed in this research work and all has stated that SWRC/SWCC is an unsaturated soil condition the implementation of which constitutes the moisture holding mechanism of soil for different geotechnical applications. This emphasizes the geo-structural expediency to conduct SWRC analysis for all hydraulically-bound geo-structures for effective solution of affected earthwork problems. The analysis of the matric suction of soil under hydraulic influence has been emphasized by all of the reviews especially the most pronounce, which were by Fredlund (whose research focused on USM).





4. Conclusions


It can be concluded that 403 relevant literature references were studied and reviewed in this research work studying the utilization of soil water retention curve (SWRC) or the soil water characteristics curve (SWCC) as a tool in solving most geotechnical engineering problems (especially the hydraulically-bound geo-structural problems, which lie within the vadose zone of a substructure). This was successfully carried out on the bases of problem classification, which included soil types, soil parameters, measuring tests and prediction techniques, and problem application, which included slope stability problems, bearing capacity problems, settlement and consolidation problems and seepage problems. Several factors were identified on both overview bases. Matric suction was identified as the most influential soil parameter which affects the behavior of the SWRC of soils. It was also observed that various hydro-mechanical properties of hydraulically-bound soils, which are affected by water level changes, have been obviously correlated with the SWRC except hydraulic gradient which deserves serious research attention. This will enable SWRC form a basis for solving geo-structural problems related to soil consolidation under loading conditions. Due to the unsaturated soil mechanics base of Fredlund works, they have been identified as the most prominent in dealing with the SWRC problems in geotechnics and geo-structural engineering. Despite a large amount of previous research that focuses on SWRC numerical or laboratory modeling, there are still some important challenges that should be considered.



	
Problematic soils, specifically expansive soil and loess, show a totally different retention behavior under hydraulic loading. There is much research in previous literature that considers the laboratory or numerical investigation on these soils. However, there are still no comprehensive frameworks that could investigate their retention mechanism based on macro and microstructural behavior.



	
It is clear that the retention behavior and mechanism in a low and high suction range are different from each other. Due to the weaknesses of laboratory and field instruments, many previous scholars mainly consider the low to medium suction range behavior. Therefore, it is worth paying more attention to the high suction range of soils and their retention behavior.



	
Hydraulic hysteresis is a fundamental issue in unsaturated soil that makes the difference between drying and wetting paths in SWRC. The causes of this phenomenon are still a question despite some previous investigation on this topic. It is necessary to better investigate it in both low and high suction range from laboratory, numerical, and analytical modeling frameworks.



	
Most of the existing studies focused on investigating the effect of pure water on SWRCs. However, it is worth noting that osmotic suction is an important part of suction that could change the soil structures and, subsequently, liquid retention behavior. Therefore, it is significantly important to investigate the effects of pore fluid chemistry on the retention behavior of different soils.
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Figure 1. Soil–water retention curve of a CH soil from the Free State province in South Africa with PI = 36.72, GS = 2.69 and a natural water content of 25.64% [1,17,18]. 
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Figure 2. Soil-water retention curve [1,8]. 
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Figure 3. The theoretical framework of the SWRC/SWCC study in modeling geotechnical engineering problems. 
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Figure 4. General shape of soil-water characteristics curve (SWCC) according to pore size distribution [68]. 
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Figure 5. Soil-water characteristics curve for soils of different gradations (After Tuller and Or [131]). 
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