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Abstract

:

The application of biopolymers for sand stabilization has recently gained attention due to their natural composition, which makes them both environmentally friendly and of reasonable cost. Measuring the soil–water retention curve (SWRC) of biopolymers-treated sand is essential for the design, modeling, and interpretation of the unsaturated behavior of these materials. Unsaturated shear strength, unsaturated flow, and associated retention capacity are well addressed and evaluated using SWRC. Therefore, this study examined the possible effects of biopolymers—sodium alginate (SA), guar gum (GG), and pectin (P) on the SWRC and retention capacity for stabilized sand. Apart from natural sand, three different concentrations were investigated for each biopolymer. The SWRCs were measured over the entire practical range of suction using a combination of three techniques: hanging column for low suction measurement, axis translation techniques for moderate suction measurement, and vapor equilibrium technique for high suction measurement. The results indicate significant changes in SWRC, and a new series of micropores was developed, this, in turn, extends the desaturation zone of treated sand from a low suction range (i.e., 30 kPa) to moderate to high suction levels (i.e., 10,000 kPa). The saturated water content (ws) was slightly reduced, air entry values (AEVs), and residual suction (sr) significantly increased and multiplied up to 200 and 75 times respectively. The retention capacity increased, exhibiting a dependency between the biopolymer type and suction range. The results are of great significance for both practitioner engineers and researchers in predicting the unsaturated soil functions of treated sand.
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1. Introduction


Sand is a kind of cohesionless soil that covers wide areas around the world. Without confinement, it may lose its stability and strength under low stress. In this context, the use of biopolymers for sand stabilization has recently received increasing attention, since biopolymers are considered to be environment friendly, meaning that they could minimize the environmental hazards caused by the use of other chemical cementitious additives. Moreover, studies conducted on the stabilization of sand using biopolymers have postulated that this addition can effectively control the behavior of sand with regard to its stability, strength, deformation characteristics, and geotechnical properties [1,2,3,4,5,6,7,8,9].



For instance, Akbulut and Cabalar [10] reported that the addition of biopolymers to sand resulted in a more than twofold increase in unconfined compression strength and California bearing ratio (CBR). Lemboye et al. [11] found that biopolymers significantly improved sand erosion and penetration resistance by 2%, while also enhancing sand stability during drying and wetting cycles by 3% and 5% of the dry weight content. In a practical sense, mixing biopolymers with soil has several potential benefits. Biopolymers—polymers derived from natural sources, such as plants or bacteria can improve the structure and fertility of soil and enhance water retention and nutrient availability [12,13]. Along these lines, Tran et al. [14] proposed that xanthan gum content can control the loss rate of water from soil under desaturation conditions. Furthermore, Sharma et al. [15] reported that the addition of biopolymers to sandy soil improves the holding capacity of water, meaning that they can be used in arid and semi-arid zones to save irrigation water. Further in-depth investigation about the effect of wetting-drying on the mechanical performance of biopolymer-treated soils and the stability of designed slopes have been addressed in the literature [16,17].



In addition to the mechanical behavior of stabilized sand, its hydromechanical behavior is integral to several geotechnical applications. In such cases, unsaturated soil mechanics are necessary to interpret and understand the unsaturated behavior of these materials (biopolymers-treated sand) Zhang and Liu [18]. The soil-water retention curve (SWRC) depicts the relationship between water content and soil suction—a property that plays a key role in the design and modeling of several geotechnical problems related to shear strength, flow, and volume changes [19,20,21,22]. With the availability of SWRCs serving to reduce the time and cost involved in conducting direct measurements of unsaturated shear strength, prediction models for unsaturated shear strength have been widely adopted (i.e., [23,24,25]) and implemented (i.e., [26,27,28]) in the literature, with the findings proposing economic and safe design by considering the contribution of suction to shear strength. Furthermore, unsaturated permeability is a crucial property in unsaturated soil mechanics that helps in understanding the flow of water and other types of leaches through soil layers. This property can also be predicted using SWRCs instead of conducting direct measurements [29,30].



Most previous studies conducted on sand treated with different biopolymers have focused on mechanical properties, such as compressive shear strength and penetration tests. More specifically, in the field of study pertaining to saturated soil, Lemboye et al. [11] evaluated the effect of sodium alginate and guar gum biopolymers on the permeability of silica sand by considering different concentrations of biopolymers up to 1%. The results showed a significant reduction in the coefficient of permeability by around half, with the formation of a viscous gel due to the availability of water playing an important role in this reduction. However, studies conducted on unsaturated or hydromechanical sand stabilized using biopolymers remain limited.



In this context, Tran et al. [14] estimated SWRCs for sand treated with different concentrations of xanthan gum biopolymer by performing tests using a pressure plate extractor with suction levels limited to 500 kPa. The results identified an increase in both saturated water content and retention capacity for the treated mixtures, while loss of water during desaturation decreased upon increasing the concentration of biopolymer. Furthermore, Chang and Cho [31] reported that the addition of biopolymer reduces voids between soil particles and enhances the retention capacity of treated sand. Tran et al. [14] found that xanthan gum contributes to the formation of a less steeply sloping SWRC for treated soils. The research conducted by Zhang et al. [18] shed light on the enhancement of Xanthan gum and Gellan gum to the micromechanism of water retention for treated sandy soil, the results indicate an alteration in soil pores and improvement of retention capacity. In other words, xanthan gum content can control the loss rate of water from soil under desaturation conditions, this is also being conducted by Chang et al. [32]. In this context, it is worth noting that most previous studies conducted on SWRCs for sand treated with biopolymers limited themselves to a certain level of suction. In contrast, the current study investigates the SWRC and retention capacity of local sand treated with different biopolymers—sodium alginate (SA), guar gum (GG), and pectin (P) by considering three different concentrations for each polymer type. Furthermore, this study covers the entire range of suction over the different stages; saturation, transition, and up to the residual state by involving three measurement techniques to measure the entire range of soil suction. This is helpful for the construction of SWRC over the entire range of suction, and this relation becomes a key tool for modeling and predicting the unsaturated soil behavior for liner materials. In addition, the possible effects of retention capacity and the main characteristics of SWRC at different stages are discussed, highlighted, and supported by scanning electron microscope images.




2. Materials Used


The materials examined in this study are local sands available in the vicinity of Riyadh city, specifically in the Althumamah area. According to geotechnical investigations conducted in the laboratory, the specific gravity of this sand was 2.68 as per ASTM D854 [33]. The results of a grain size analysis conducted on a dry sample of the sample sand based on ASTM D6913 [34] are shown in Figure 1. Furthermore, an examination of the gradation curve based on ASTM D2487 [35] revealed a poorly graded curve of fine sand. The values of D10, D30, and D60 were 0.143, 0.182, and 0.245, respectively. These values yielded a coefficient of concavity (Cc) of 0.95 and a uniformity coefficient (Cu) of 1.71. A compaction test conducted following ASTM D698 [36] for the material revealed a maximum dry density of 1.65 and an optimum moisture content of 11%.



The biopolymers examined in this investigation were sodium alginate (SA), pectin (P), and guar gum (GG). Most of the previous studies in the literature were conducted on the Xanthan biopolymers, in the study the other types were selected based on sustainability, availability, thickening and film formation, gelling capability, and simplicity of use. Furthermore, these biopolymers were proven to have a significant effect regarding stability and shear strength for the same treated materials of sand [37].



Sodium alginate is a linear polysaccharide derived from alginic acid that consists of α-l-guluronic (G) and 1,4-β-d-mannuronic (M) acids. Notably, sodium alginate—a component found in the cell walls of marine brown algae—contains between 30% and 60% alginic acid. Pectin is a macromolecule composed of several distinct polysaccharides that can be extracted from plants. Guar gum is a natural thickening agent derived from guar beans.




3. Experimental Work


In this section, the testing variables used were defined initially. The mixtures and specimen preparation were presented in this section followed by the determination of SWRC.



3.1. Testing Variables


In this study, three different biopolymers were considered including sodium alginate (SA), pectin (P), and guar gum (GG). Different concentrations of biopolymers—1%, 3%, and 5% for sodium alginate, pectin, and guar gum, were considered for each type. These concentrations were selected based on previous studies conducted on the same materials [37]. Moreover, these values are also within the practical range proposed by several studies [38,39]. Notably, Lemboye and Almajed [37] reported significant improvement in the unconfined compressive strength of sand modified using pectin and sodium alginate, with the values doubling several times to reach a maximum of 600 kPa. The soil suction measurement was conducted over the entire range of suction using a combination of hanging column, axis translation, and vapor equilibrium techniques.




3.2. Mixtures and Specimen Preparation


In this study, the wet-mixing technique was implemented to prepare the different concentrations of biopolymers—1%, 3%, and 5% for sodium alginate, pectin, and guar gum, respectively. The wet-mixing technique offers the advantage of creating a homogenous mixture that allows the solution to access and cover more particle surfaces [40]. The biopolymers were added to distilled water in small quantities and then mixed thoroughly using a mechanical mixer. This step may extend to 30 min until a homogeneous mixture is attained. Subsequently, the water content corresponding to the optimum moisture content was added to the dry sand and mixed until a homogeneous mixture was achieved. A reference mixture of pure sand was also prepared by mixing dry sand with the optimum moisture content.



The specimens were compacted into suitable rings (i.e., 50–80 mm in diameter and 20 mm in height) to achieve the maximum dry density predetermined by the compaction curve. The compacted specimens were then kept in an isolated room for a curing period of 7 days, with the temperature in the surrounding environment being around 23 ± 1 °C. Following this, the specimens were mounted on the oedometer cell, after which inundation with distilled water was performed to ensure the saturation condition of the specimens before commencing the determination of SWRCs.




3.3. Soil Water Retention Curve Determination


The SWRCs were determined using three different techniques hanging column, axis translation technique, and vapor equilibrium technique to account for the entire range of suction since each technique has a specific limit for suction measuring (limited range of suction). Notably, standard test methods for determining the soil water characteristic curve for desorption using these techniques are described in ASTM D6836 [41].



The hanging column technique is generally utilized to measure the low suction range (less than 10 kPa) of granular materials, such as sandy soils [41]. This technique involves a water outflow graduated burette, a suction application burette, and a glass Buchner funnel with a porous plate, as illustrated in Figure 2a. The compacted specimen is placed in good contact above the porous plate to obtain saturation and equilibration at zero suction level. Next, the test specimen is subjected to matric suction by increasing the difference between the specimen’s elevation and the water level’s elevation in the suction application burette. The device maintains a suction control resolution of 0.01 kPa, and the elevation difference can be adjusted at a resolution of 1 mm. At equilibrium, the suction value can be computed by multiplying the variation in the water levels with the unit weight of water. The water content corresponding to the suction value can then be computed from the outflow of water or by using the gravimetric method.



The axis translation technique can impose a matric suction of up to 1500 kPa, with the level of suction governed by the high air-entry value ceramic disk used to separate the air and water phases [41]. The device widely used for this purpose is a pressure plate extractor, which provides reliable suction measurements, i.e., [42,43,44]. In addition to the high air-entry value (HAEV) ceramic disk, the pressure plate extractor comprises a pressure cell and a control panel, as shown in Figure 2b. An outer source of compressed air is used to apply air pressure on the soil specimens placed above the saturated HAEV disk. The saturated HAEV disk plays a main role in separating water and air phases during suction measurement. In this study, several increments of matric suction were sequentially applied (10, 20, 50, 100, 200, up to 1400 kPa). Each increment was maintained until the equilibrium state was reached (the state at which no further discharge of water from the specimens was recorded). The weight of the specimen and its final dimensions were recorded, and the water content after each suction increment was calculated.



The vapor equilibrium technique was performed using different saturated salt solutions to obtain measurements pertaining to a high suction range of more than 1500 kPa. In this technique, suction is imposed by placing the soil specimen in an isolated box with constant relative humidity. When the specimen achieves equilibrium, the relationship between the relative humidity and suction can be computed using the Kelvin equation [19], which is as follows:


  ψ =    R T   ρ   w     w      l n ⁡      1   R H       



(1)




where, ψ = soil suction (kPa), R = molar gas constant (8.314462 J/(mol K)), T = absolute temperature (K), w = molecular mass of water vapor (18.016 g/mol), ρw = is the mass density of water (kg/m3), and RH = relative humidity.



In this study, the appropriate amount of saturated salt solution was prepared according to ASTM E 104 [45] based on the known RH, after which it was placed in an isolated box. The soil specimens were suspended over the salt solution to attain equilibrium under the given RH, as shown in Figure 2c. The weights of the specimens were measured and recorded periodically. When subsequent records of the weights were equal or close to each other, it was assumed that an equilibrium state had been reached. Figure 3 presents the results of the equilibrium process for the specimens treated with different salt solutions. It is evident that the specimens showed different rates of moisture loss, with those treated with guar gum biopolymer undergoing higher moisture loss during equilibration. The water content and specimen dimensions corresponding to the imposed suctions were also obtained.





4. Results and Discussion


The following section demonstrates the results achieved by the experiments conducted in this investigation. The tests were conducted considering several points of measurement even at low suctions to be close to each other, at this level the measured points were clearly depicted in figures and a simple line between measured points was initiated with any fitting models after which the effects of biopolymer type and biopolymer content on SWRC and retention characteristics are discussed.



4.1. Effect of Biopolymer Content on SWRCs


This section discusses the possible effects of the selected biopolymers on the SWRCs of the treated sand. Figure 4a–c present the SWRCs, in terms of water content versus suction, of the sand treated with different concentrations of sodium alginate (SA), pectin (P), and guar gum (GG), respectively. The SWRC for the natural sand used in this study before treatment is included as a reference in all figures. Regardless of the type of biopolymer, dramatic changes were noticed in the SWRCs, marked by a notable reduction in saturated water content due to the addition of biopolymers, which resulted in the occupation of the large pores by biopolymer components.



The profile of SWRCs over the entire range of suction can be physically identified as having three main zones the saturated or boundary effect zone, the transition or desaturation zone, and the residual zone, i.e., [46,47] as depicted in Figure 5. The SWRC clearly related to the pore size distribution of soil, and these zones are defined based on the flow of water in the different series of distributed pore sizes [48,49]. Three main parameters are identified the boundary of these zones namely, saturated water content (ws), air entry value (AEV), and residual water content (wr). The shape of SWRC could be varied to a bimodal curve with two distinguished air entry values (AEV1 and AEV2) for soil with dual pore size series, more information regarding the unimodal and bimodal shapes of SWRC are provided in literature [50,51]. The zones of SWRC are characterized by the amount of water in the soil pores and pore size distribution, which are controlled by the two mechanisms of capillary and adsorption [47,52,53]. The identified zones of SWRC are shown in Figure 5. The saturated zone is the zone where large pores are mostly filled with free water. This zone is governed by a capillary mechanism and can extend up to the air-entry value (AEV). At this suction value (i.e., AEV), water starts to exit the large pores, and this desaturation of the soil continues until it reaches a residual state. This zone is identified as the desaturation or transition zone. The last zone is the residual zone, characterized by a stable volume, water film strongly attracted to the particle surface, and no further change in volume due to further desaturation.



In the saturation zone (i.e., free water), the effect of the tested polymers on retention capacity seemed to have only a slight effect on the SWRCs, with a reduction of ws occurring due to the occupation of the large pores by the polymer component. The plausible effect of polymers on SWRCs started appearing in the desaturation zone, where their retention capacity was observed to be significantly enhanced. This is attributed to the nature of biopolymer powder and the produced gel component which mostly affects the micropores and as mentioned before the desaturation zone is mainly governed by the micropores [54,55]. As shown in Figure 5, the untreated or natural sand was desaturated within the low suction range of up to 30 kPa, while the desaturation zone for the treated ones enlarged up to a high level of suction (i.e., 10,000 kPa). Notably, it was observed that the profile of the SWRC enlarged to cover the entire range of suction. Furthermore, while the residual state of pure sand was estimated at a suction value of 100 kPa, the treated specimens achieved an estimated residual state at around 10,000 kPa, which has been doubled ten times. This enhancement in retention capacity can be attributed to the gel component produced from biopolymers dissolving in water. The scanning electron microscope images of the natural sand and the treated specimens are presented in Figure 6a–c. An analysis of these images revealed that the gel component filled the macropores of sand and surrounded the particles (Figure 6b).



The gel-like nature of biopolymers in aqueous solutions represents its greatest benefit. A low-viscosity solution quickly attains a gel structure when monovalent ions, such as sodium in sodium alginate, are swapped for divalent ions, particularly calcium. The new constellation of particles produces a new series of smaller micropores (Figure 6b–d), which contribute to producing a wide transition zone reaching 10,000 kPa of suction.




4.2. Effect of Biopolymer Type on Retention Capacity


Figure 7a–c present the effects of biopolymer types on the retention capacity of the treated sand at dosages of 1%, 3%, and 5%, respectively. At a low dosage of polymers (Figure 7a), SA exhibited a higher retention capacity at the low suction level (less than 10 kPa). However, beyond this value of suction (i.e., 10 kPa), the specimen treated with SA was desaturated at a faster rate, while the P and GG specimens exhibited a higher retention capacity. On increasing the polymer content to 3%, SA continued to display higher retention capacity at both the low range and high range of suction. Finally, at the highest dosage of polymers, SA induced a higher retention capacity. As shown in Figure 6b,c, the flaky shape of the developed gel component induced micropore formation, which enhanced the retention capacity under SA more than under P, as shown in Figure 6d. In this regard, it is worth noting that the effect of biopolymers tends to be paramount at high suction levels because, in this zone (i.e., the residual zone), water remains tightly bound to the microstructure pores due to adsorption.



Variations in the main characteristics of SWRCs with regard to different biopolymer types and contents are summarized in Figure 8. These parameters may play an important role in the interpretation, modeling, and design of unsaturated soil behavior in geotechnical and geoenvironmental applications. As depicted in Figure 8a, the saturated water content (ws) showed a decreasing trend with increasing biopolymer content, with the entire reduction being about 9% for SA and 27% for P and GG. As mentioned earlier, this occurs because the gel components occupy the sand pores, thus affecting the saturation capacity. Furthermore, AEV1 and AEV2 increased several times with increasing biopolymer content, as shown in Figure 8b–d indicates that both residual suction and residual water content increased due to the extension in the residual zone achieved by the biopolymers.





5. Conclusions


The main findings of this study can be summarized as follows:




	
Biopolymers induced significant changes in the different stages of SWRCs of the treated samples. In the saturation zone, biopolymers only had a slight effect on the retention capacity of the treated sand, with the saturated water content (ws) reducing by 9% for the SA specimen and 26% for the P and GG specimens.



	
The plausible effect of biopolymers was observed in the desaturation zone, the untreated sand was desaturated within a low suction level range of up to 30 kPa, and the desaturation zone of the treated specimen enlarged up to a high level of suction (i.e., 10,000 kPa). Furthermore, the AEV1,2 of the treated specimens doubled several times.



	
While the residual stage of pure sand was limited to the suction level of 30 kPa, the residual stage of the treated specimens reached was doubled tenths times and reached a 10,000 kPa of suction, which doubled ten times.



	
The enhancement of the retention capacity can be attributed to the gel component produced from biopolymers dissolving in water, as detected from the scanning electron microscope images. This component filled the voids surrounding the sand particles and created a new series of micropores.



	
At the highest content of biopolymer, SA exhibited the highest retention capacity up to a moderate level of suction. In this context, it is worth noting that the effect of biopolymers tends to be paramount at high suction levels (more than 1000 kPa).








The obtained results in this study are of great significance to help practitioners and engineers on conducting a safe and sustainable design using the advancement of unsaturated soil mechanics. Further future works are recommended regarding the unsaturated behavior of biopolymer-treated sand including unsaturated flow and unsaturated shear strength.
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Figure 1. Gradation curve of the sand used in this study. 
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Figure 2. Testing devices for the considered techniques: (a) hanging column, (b) pressure plate extractor, and (c) saturated salt solutions. 
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Figure 3. Equilibrium process under different salt solutions, using the vapor equilibrium technique. 
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Figure 4. Effect of biopolymer percentage on SWRCs: (a) sodium alginate, (b) pectin, and (c) guar gum. 
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Figure 5. A typical SWRC with its identified zones. 
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Figure 6. SEM images of (a) natural sand, (b,c) specimens treated with SA, and (d) specimens treated with P. 
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Figure 7. Effect of biopolymer type on SWRCs of sand at different biopolymer dosages: (a) 1%, (b) 3%, and (c) 5%. 
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Figure 8. Changes induced by biopolymers in the main characteristics of SWRCs: (a) ws, (b) AEV1, (c) AEV2, and (d) sr. 
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