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Abstract

:

The world today is more oriented towards sustainable and environmental-friendly solutions in every field of science, technology, and engineering. Therefore, novel sustainable and eco-friendly approaches for soil improvement have also emerged. One of the effective, promising, and green solutions is the utilization of biopolymers. However, even though the biopolymers proved to be effective in enhancing the soil-mechanical properties, it is still unknown how they behave under real environmental conditions, such as fluctuating temperatures, moisture, plants, microorganisms, to name a few. The main research aim is to investigate the durability of biopolymer-improved soil on the cyclic processes of wetting and drying. Two types of biopolymers (Xanthan Gum and Guar Gum), and two types of soils (clean sand and silty sand) were investigated in this study. The results indicated that some biopolymer-amended specimens kept more than 70% of their original mass during wetting-drying cycles. During the compressive strength analysis, some biopolymer-treated specimens kept up to 45% of their initial strength during seven wetting-drying cycles. Furthermore, this study showed that certain damaged soil-biopolymer bonds could be restored with proper treatment. Repeating the process of wetting and drying can reactivate the bonding properties of biopolymers, which amends the broken bonds in soil. The regenerative property of biopolymers is an important feature that should not be neglected. It gives a clearer picture of the biopolymer utilization and makes it a good option for rapid temporary construction or long-standing construction in the areas with an arid climate.
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1. Introduction


The expansion of cities often causes the need to construct in an unfavorable environment and on soils with undesirable mechanical characteristics. As a solution, soil’s engineering properties can be improved by adding different chemical additives. Currently, cement is one of the most commonly used additives. However, the use of cement raises a series of environmental problems from which the contribution to CO2 concentration on the planet is the most concerning. From the data in 2016, the production of cement contributes approximately 7.4% to the world’s CO2 emissions [1]. Furthermore, the use of cement can irreversibly affect the urban environment. Increased urban water runoff, vegetation growth prevention, and heat islands are some of the side effects of using cement as soil stabilizer [2]. Therefore, the need for a sustainable, green, and effective solution for enhancing soil characteristics is continuously increasing.



New bio-inspired solutions for the improvement of mechanical characteristics of soil, such as biopolymer-soil mixtures, are proved to be quite effective [2,3,4,5,6]. A biopolymer is a chain of smaller molecular units extracted from nature-made materials, such as wood, vegetable, algae, and animal shells. To the best of the authors’ knowledge, no negative effect of biopolymers on the environment has been reported. Throughout recent history, biopolymers were used in the food industry, the cosmetic industry, medicine, and agriculture [7,8,9,10,11]. In previous research, it was found that biopolymers, such as xanthan gum, guar gum, beta-glucan, and chitosan, can improve the strength of soil [5,6,12,13,14,15]. In addition, some biopolymers proved effective in reducing the collapsibility of soil [16] and erosion [17,18,19].



However, the main concern is the durability of biopolymer-amended soils while being exposed to environmental conditions such as wind, moisture, and temperature fluctuations. Kavazanjian et al. [18] investigated the effect of wind on erosion properties of the biopolymer-amended soil. Biopolymer emulsion was sprayed on the surface of the soil, and wind flow was blown over the soil surface. The major finding was that biopolymers could reduce wind-induced detachment of soil particles, but that ultraviolet radiation and heat can diminish their effect.



To date, the research on the durability of biopolymer-amended sand remains limited and insufficiently investigated. Chang et al. [20] explored the properties of biopolymer-amended sand against cyclic wetting-drying. They performed a series of unconfined compression tests on gellan gum-improved sand specimens after each wetting and drying cycle. Chen et al. [21] performed a series of direct shear tests on xanthan gum-improved sand. Both of the above-mentioned research studies have found that the strength of biopolymer-amended sand ultimately decreases due to cyclic wetting and drying. Some limitations of each of the mentioned studies are that one type of testing was conducted and the soil (sand) was amended with only one type of biopolymer. Some additional research in the field of cyclic wetting-drying of biopolymer-treated soil is presented in Table 1.



The main research aim of our study is to investigate the durability of biopolymer-improved soil on the cyclic processes of wetting and drying. Two soil types were investigated in this study, clean sand and silty sand. Additional testing variables were biopolymer type and concentration. In particular, the soil was treated with two types of biopolymer (Xanthan Gum and Guar Gum) at three different biopolymer concentrations (0.5%, 1%, 2%). Furthermore, plain and biopolymer-amended specimens were tested under two types of water-durability tests. Considering that Xanthan Gum and Guar Gum emerged as biopolymers with high potential for soil stabilization, the investigation of their durability will have a significant impact on their utilization in civil engineering practice.




2. Materials and Methodology


2.1. Base Soil


To investigate the effect of the soil type on the biopolymer-amended soil durability, two types of soil were investigated in this study: silty sand (SM), and poorly graded sand (SP). The soils were classified according to the following standards: ASTM D6913-17—Standard Test Methods for Particle-Size Distribution of Soils Using Sieve Analysis [25], and ASTM D4318-17—Standard Test Methods for Liquid Limit, Plastic Limit, and Plasticity Index of Soils [26].



2.1.1. Silty Sand


From the grain size distribution curve (Figure 1), the concentration of fine particles was 39% with a liquid limit of 49, a plastic limit of 29, and an index of plasticity of 20. According to the Unified Soil Classification System (USCS), the soil is classified as silty sand (SM).




2.1.2. Clean Sand


The sand was characterized by a high percentage of quartz and high uniformity. The coefficient of uniformity and coefficient of curvature were calculated as 1.46, and 0.93, respectively (Figure 1). The percentage of fine particles was below 5%. Therefore, the soil was classified as poorly graded sand (SP), according to USCS.





2.2. Biopolymers


To study the influence of the biopolymer type on the biopolymer-amended soil durability, two types of biopolymers were used in this study: Xantham Gum and Guar Gum.



2.2.1. Xanthan Gum


Xanthomonas campestris bacterium creates the biopolymer polysaccharide Xanthan Gum (XG) by inducing the fermentation of a medium containing carbohydrate, such as glucose. In other words, XG is a long-chain polysaccharide having d-glucose, d-mannose, and d-glucuronic acid as building blocks in a molecular ratio of 3:3:2 with a high number of trisaccharide side chains [27]. Dissolving XG in hot or warm water creates non-Newtonian solutions with high pseudoplasticity. XG can be found in the cosmetic and food industry, agriculture, and oil drilling industry [9], and it has been researched for civil engineering purposes [5,6,28,29].




2.2.2. Guar Gum


Guar Gum (GG) is a galactomannan polysaccharide extracted from Cyamopsis Tetragonolba, known as guar beans or guar. Chemically, a GG biopolymer mainly consists of a high-molecular-weight polysaccharide galactomannan, which is based on a mannan backbone with galactose side groups. The ratio of the two building blocks in a molecular ratio seems to vary slightly depending on the origin of the seed, but the gum is generally considered to contain approximately one galactose building block for every two mannose building blocks [30]. In addition, GG shares certain similarities with XG. For instance, it can be dissolved in hot and cold water, and in the industry is used for similar purposes as XG. It can be found in cosmetic products, food products, oil, and gas drilling industries [30], and it has been researched in civil engineering [6,31,32,33,34].





2.3. Specimen Preparation


The dry base soils were placed in a metal dish and combined with biopolymer powders until uniformly mixed. The biopolymer concentrations used in this study were 0.5, 1, and 2% with respect to the mass of the plain soil. After carefully mixing the dry components (soil and biopolymers), water was added to the mix by spraying and constant stirring. The targeted water content was 16.5% for silty sand and 12% for the clean sand.



After achieving a uniform mixture, the soil-water-biopolymer mass was placed into molds. Two types of molds (Mold A and Mold B) were used for two different parts of this study.



Mold A was cylindrical with a diameter of 10.2 cm and a height of 11.6 cm. Silty sand was placed into the Mold A in three lifts and it was compacted with a hammer with a weight of 2.5 kg (Proctor hammer). The same type of mold is typically used for compaction efforts for ASTM D559 and ASTM D698. Each lift was compacted by releasing the hammer 25 times from the height of 30.5 cm. After each lift, the surface was scarified to achieve a better bond within the soil sample. Proctor hammer was omitted for the sand material due to its nature. Sand had a low concentration of fine particles that would have hindered the proper compaction if excessive compaction force was applied. Therefore, sand was carefully tapped into Mold A. Additionally, tapping the sand material into the mold kept the density of the biopolymer-treated sand close to its natural density. Specimens prepared in Mold A were used for durability testing during cyclic wetting and drying.



Mold B was cubical, with the inner dimensions of 5 cm. Cubical specimens were used for the testing of the compressive strength changes through the wetting-drying cycles. The specimens made out of silty sand were compacted with a metal rod in four lifts. Each lift was pressed 25 times. Sand specimens were gently tapped into the Mold B due to the aforementioned reasons relating to the nature of sand.



All specimens were air-dried in the laboratory at the temperature of 21 °C for five days (cubical specimens, Figure 2a) and seven days (cylindrical specimens, Figure 2b) to increase the biopolymer-soil strength and cure the specimens.



In addition, specimens made of plain silty sand were prepared in the same manner as the specimens with biopolymer additives. The plain specimens were used for comparison with the biopolymer-treated ones. The samples of the plain sand could not be made because the plain sand used in this research had no cohesion. Therefore, it could not be shaped to the desired dimensions.




2.4. Testing


2.4.1. Durability


The durability testing during cyclic wetting and drying was performed by the guidance of the ASTM D559—Standard Test Methods for Wetting and Drying Compacted Soil-Cement Mixtures [35]. Since ASTM D559 was originally designated for cemented soil, this study introduced certain modifications to the procedure described in ASTM D559. After compaction and air-drying, we measured the mass of specimens and submerged them in water for one hour. The specimens’ mass was measured again after one hour, and specimens were placed in the oven at the temperature of 70 °C for 24 h. After 24 h, samples were taken out of the oven, gently stroked by a brush to remove all loose material, and weighed again before submerging them into the water. The same process was repeated ten times, where one hour in water and 24 h in the oven represents one wetting-drying cycle. This procedure was performed on XG-treated sand, XG-treated silty sand, and GG-treated silty sand. The cylindrical sand specimens with GG degraded after one hour in the water. Therefore, they could not be used for the continuation of the experiment. A similar degradation process happened with the cylindrical specimen of the plain silty sand. They degraded after one hour in the water. Thus, the durability testing of plain silty sand could not be continued.




2.4.2. Unconfined Compression Test


The unconfined compression test is a widely used test to determine the compressive strength of cohesive materials. The test was performed on the plain and biopolymer-amended silty sand. Moreover, it was performed on the XG-improved sand, whereas untreated sand did not have any cohesion, which was required for this type of test. In addition, sand specimens with GG were not testable for this type of experiment due to their low resistance to water. The unconfined compression test was performed on cubical specimens five days after the preparation and air-drying. Three samples were compressed with an axial strain rate of 1.5%/min, which is in agreement with the ASTM D2166—Standard Test Method for Unconfined Compressive Strength of Cohesive Soil [36]. The remaining specimens were submerged in water at room temperature (21 °C) for 20 min. They were subsequently dried in the oven at 70 °C for 24 h. This process is referred to as one wetting-drying cycle for unconfined compression specimens. Cubical samples of plain silty sand were not tested in the unconfined compression test after wetting and drying due to their degradation in water. After each wetting-drying period, three specimens were tested in the unconfined compression test, while the remaining samples were placed back in the water for 20 min. For the specimens with XG, seven cycles of wetting and drying were carried out through seven days. The unconfined compression test was performed after each cycle except for the fourth and sixth. Most of the cubical specimens with GG were heavily damaged after the first 20 min in water. Therefore, the remaining specimens with GG went through two or three cycles of wetting and drying.



Furthermore, the healing potential of the XG biopolymer was also investigated by wetting and re-testing previously loaded specimens after their first unconfined compression test. XG-sand cubes were placed in the water for 20 min after they were broken in the unconfined compression test for the first time. They were subsequently placed back in the oven and re-tested for the unconfined compression. The repeated cycle of wetting and drying was conducted to reactivate XG molecules and investigate their regenerative properties on the treated sand.






3. Results and Discussion


3.1. Durability


The durability of the soil was observed through the change of mass through cyclic wetting and drying. The change of mass of the biopolymer-treated soil was calculated for each cycle by the following equation:


% loss = (A/B) × 100



(1)




where A is the mass of the soil after each cycle; B is the mass of the dry soil after seven days of curing in the air. Several samples were placed in the oven after the preparation and dried for 24 h at 70 °C. Those samples were not tested but they were used for comparison in mass with specimens that were air-dried for 7 days. The differences in mass for the same biopolymer–soil mix were between 2% and 7%. Therefore, we decided that the equation above would be appropriate for the analysis of the durability data. A visual representation of sample degradation through time is shown on biopolymer-treated silty sand in Figure 3.



Figure 4 shows the results of the mass percentages of biopolymer-soil remaining after each cycle. Plain soil samples degraded when submerged under the water for one hour and could not be tested in the designed experiment. The results from Figure 4 indicate that the presence of biopolymers slowed the degradation process for both types of soil. Figure 4 also indicates that the resistance of the soil to cyclic wetting and drying depends on the type of the soil, type of biopolymer additive, and concentration of biopolymer additive. Different biopolymer types, like different soil types, show different reactions with water, which affects the behavior of the soil–biopolymer mixture when exposed to water.



Interestingly, the silty sand with XG showed the best resistance for cyclic wetting and drying at a concentration of 1% XG (Figure 4a). At that concentration, the specimens kept most of the mass up to the sixth wetting-drying cycle. After that, the loss of mass was more noticeable. The same soil type with 0.5% and 2% XG lost more soil mass which indicates that 1% XG could be the optimal water-resistance concentration for this type of soil. There are two reasons behind this: the binding properties of XG and the absorptive properties of the composite material (silty sand and XG). XG is a glue-like binding agent that bridges soil particles. In the mixture with 0.5% XG, soil particles have a weaker biopolymer bond when compared with mixtures with 1 and 2% XG. Therefore, samples with 0.5% XG lost approximately 65% of their initial mass after the first wetting cycle. The plain specimens of silty sand had the weakest particle bond which is the reason they degraded after the first cycle. On the other hand, a question emerges concerning why samples with the highest XG concentration (2%) did not show the best water resistance. The reason for that is the aforementioned absorptive properties of silty sand and XG. The XG attracts and binds water molecules, which further increases the absorbing potential of already swelling plain soil. In other words, the higher presence of XG caused more trapped water. Therefore, to achieve the same water content after each drying for the specimens with 1 and 2% XG, specimens with 2% XG would require a higher drying temperature or longer drying time. The constant higher presence of water can cause the reduction of negative pore pressures that can lower the apparent cohesion and cause the degradation of the soil mass. That resulted in the faster degradation of specimens with 2% XG. However, the loss of the mass under all biopolymer concentrations was significantly reduced when compared with the loss in mass of the plain soil.



In the case of silty sand amended with GG (Figure 4b), the specimens with higher concentrations have kept more of their soil mass during ten cycles of wetting and drying. When compared with higher concentrations, the samples treated with only 0.5% GG had significantly higher losses of mass between each cycle. Unlike the samples with 1% XG, the samples with 1% GG had a slight gradual loss of mass after each wetting-drying cycle. The samples with 2% GG showed a slight mass increase through the cyclic wetting-drying. That is because of the absorptive properties of silty sand and GG, similar as XG-treated silty sand. The samples with 2% GG lost some amount of soil during wetting-drying, but they also absorbed some water that did not completely evaporate during 24 h in the oven at 70 °C. Therefore, due to the higher absorptive properties of GG at 2% than at 0.5 and 1%, a longer period of drying or a higher drying temperature would be more appropriate for silty sand with 2% GG. Both GG and XG demonstrate a water-absorption nature. However, comparing results of silty sand with 2% GG and 2% XG indicates that GG chains release water molecules somewhat easier than XG chains. Even though XG and GG need to absorb water to activate their bonds with soils, releasing water molecules stiffens the soil–biopolymer bond, which gives GG-treated silty sand an edge over the XG-treated silty sand at a concentration of 2%.



For the clean sand specimens amended with XG (Figure 4c), the loss of mass is relatively low throughout the testing for higher concentrations when compared with silty sand. The reason for that is the fact that the sand has a higher porosity and lower water absorption capacity than silty sand. In other words, water absorption happens only due to the presence of XG. Higher porosity makes the water evaporation relatively faster in the sand than in silty sand. The cementitious effect of hardened XG gave the sand relatively good resistivity to water. However, sand with only 0.5% XG went successfully through only six cycles of wetting and drying before it became wholly degraded.




3.2. Unconfined Compression Test


Figure 5 shows the relationship between the compressive strength and the number of wetting and drying cycles for silty sand (Figure 5a,b) and clean sand (Figure 5c). In all figures, the first point, at cycle zero, represents the compressive strength of specimens tested after five days of air-drying in the laboratory at room temperature. The plain silty sand samples degraded after 20 min in water and could not be tested through cyclic wetting and drying (Figure 5a,b). Plain clean sand samples were not testable because of non-existing cohesion that was needed to fabricate the specimens for this type of testing (Figure 5c). Both types of soil showed fast degradation in water for 0.5% of additives. Therefore, soils amended with 0.5% of biopolymers could not be used for a detailed comparison with soil amended with higher biopolymer concentrations. The exception was the sand treated with 0.5% XG that showed a slightly higher level of water resistance (Figure 5c).



The change in the compressive strength of biopolymer-improved soil with wetting-drying cycles strongly depends on the biopolymer concentration, biopolymer type, and water content. Lower biopolymer concentration in soil results in a reduced number of biopolymer links and subsequent biopolymer–particle bonding. In other words, soils with a lower biopolymer concentration will have smaller compressive strength. On the other hand, a higher percentage of biopolymer causes greater water absorption. The decrease in the water content and degree of saturation increases the surface tension forces between soil particles, which subsequently increases the soil strength (Figure 6). It is noticeable that the biopolymer bond started to weaken after the first wetting and drying cycle because of constant water absorption and the thinning of the biopolymer links. For the specimens made out of the silty sand mixed with 2% XG, the increased biopolymer concentration resulted in higher water absorption than samples with 1% XG. The higher presence of the trapped water caused a more rapid decrease in the compressive strength because of reduced tension forces and loosened biopolymer links.



Figure 5b shows the decrease in the compressive strength for GG-treated silty sand with wetting-drying cycles. The vast majority of the 1% GG-treated cubicles were severely damaged and unusable for the unconfined compression test. Therefore, undischarged specimens went under two cycles of wetting and drying, where the change of their compressive strength was investigated. It is noticeable that after two cycles of wetting and drying, the compressive strength of 1% GG-treated cubicles decreased by 75%. In the case of 1% XG-treated silty sand, the decrease of the compressive strength by 75% would be estimated to happen after the fourth cycle of wetting and drying. The specimens with 2% GG showed better resistivity to water and higher strength through cyclic wetting and drying. The first points, at cycle zero, which represent the specimens after five days of air drying, indicate lower strength for the specimens with 2% GG. This trend was already observed with the samples treated with XG. The reason behind that is that higher concentrations of biopolymer need more air-drying time to completely harden and achieve the maximum strength. The same phenomena happened for the treated sand as well (Figure 5c).



Figure 5c represents the change of the compressive strength of XG-treated sand with wetting-drying cycles. During seven cycles of wetting and drying, sand with 1% XG kept 46% of the initial strength, while the sand with 2% XG kept 75% of the initial strength. However, the biopolymer-amended sand samples did not sustain their shape and strength at the lowest biopolymer concentration. At the concentration of 0.5% XG, they lost 70% of the initial strength after the second cycle and completely degraded during the third cycle.




3.3. Regenerative Properties of Biopolymers


Xanthan Gum is one of the partially reversible bond-based biopolymers. That means that it can be brought to the previous state by reapplying the processes that initially induced the change of that state. That reversible nature of XG was examined in biopolymer-treated sand samples that were tested under the unconfined compression test. After the third wetting-drying cycle, that was used to investigate the change in the compressive strength. The broken specimens were used to investigate the healing properties of XG. The broken specimens were submerged for 20 min and dried in the oven for 48 h, as described previously. After that, the same specimens were tested again under the unconfined compression test. The same process was repeated one more time. The results of two XG-treated sand specimens are summarized in Figure 7. The repeated process of wetting-drying stiffened the soil-biopolymer bond, and the XG-treated sand specimen regained some level of the initial strength, which is presented in Figure 7. Higher magnitudes of the compressive strength and the level of the regained strength were achieved for the higher concentration of XG. That is not surprising since a higher concentration of XG causes faster and broader linking of XG molecules with each other and with the surrounding sand particles.



That reversible nature of XG is schematically represented in Figure 8. The sand particles bonded by XG-links (Figure 8a) broke during the unconfined compression test Figure 8b). After the broken specimens of XG-treated sand were put back together and submerged in water, the XG linkages loosened their structure, which allowed them to interact with the nearby sand particles again (Figure 8c) and mend the broken bonds (Figure 8d).





4. Conclusions


Recently, biopolymers XG and GG have been shown to be promising environmentally friendly soil stabilization additives. However, they are prone to environmental influence, especially moisture changes. To best to the authors’ knowledge, the previous research studies have not comprehensively investigated the effect of wetting-drying cycles on the strength and mass loss of the different biopolymer-treated soils. Therefore, the main aim of this study is to investigate the effect of wetting-drying cycles on the strength and mass loss of the biopolymer-stabilization. The types of soil used in this study were: silty sand and pure sand. In addition, two types of biopolymers (xanthan gum, and guar gum) and three biopolymer concentrations (0.5%, 1%, 2%) were used as testing variables in this research.



The first experimental study was focused on observing the change of the mass of the plain and biopolymer-treated soil during cyclic wetting and drying. It was shown that XG reduces the loss of mass for both tested soil types, while GG was only effective when mixed with silty sand. For the silty sand, the most effective concentration of XG to reduce the mass loss during the cyclic wetting and drying process was found to be 1%. The highest used concentration of XG (2%) caused higher entrapment of water, which ultimately led to faster loss of mass. On the other hand, the lowest concentration of XG (0.5%) resulted in too weak biopolymer-soil bonds, which degraded faster. That points to an optimum concentration of XG that works the best with a certain type of soil. For the GG-treated silty sand, the loss of mass was more prominent for lower concentrations. For the XG- treated sand, the loss of mass was relatively low for concentrations of 1% and 2%, which can be explained by higher porosity of sand, which makes water evaporation easier in comparison to the silty sand. A low concentration of 0.5% XG caused weak bonding between soil particles that rapidly degraded.



The second experiment investigated the change of the compressive strength of biopolymer-treated soil with wetting-drying cycles. XG proved able to reduce the loss of compressive strength in the silty sand and sand, while GG was only mildly effective in the silty sand. However, the increase in the GG concentration reduced strength loss. The concentration of 1% XG was more effective than 2% in reducing the strength loss in the silty sand due to higher water absorption for higher concentrations of XG. The XG-treated sand showed extremely good resistivity to the loss of the compressive strength through cyclic wetting and drying. The higher concentrations of XG resulted in the higher compressive strength of sand. The concentration of 0.5% XG and GG was shown to be mildly or non-effective for the proposed type of testing.



The broken XG-treated sand specimens were re-submerged, dried, and subsequently tested in the unconfined compression test to study the healing properties of XG-treated sand. It was shown that re-wetting and drying could restore some level of the compressive strength of XG-treated sand. The reason behind it is the regenerative nature of XG, which loosens its structure in water and re-attaches to the nearby soil particles. The healed soil-biopolymer bond stiffens while the sample is subsequently dried and mends the cracks in sandy specimens. Sand samples with higher concentrations of XG were shown to regain more of their lost strength.



This research study showed that, even though biopolymers tend to be susceptible to water, certain biopolymer types and concentrations can significantly increase the durability of soil to water. It was also shown that the presence of water could activate the regenerative properties of XG, which accentuates its potential for soil stabilization. This research gives a clearer picture of XG and GG utilization, presenting a good option for rapid temporary construction (e.g., embankments) or long-standing construction in areas with an arid climate. The degradation of XG- and GG-treated soil due to longer exposure to water points to a practical way of disposing of the temporary construction elements that are made of the mentioned materials. Due to the non-hazardous nature of these biopolymers, watering and decomposing the XG- and GG-treated soil should not raise environmental concerns. XG and GG also showed favorable characteristics that can be utilized in dust control, erosion, and subgrade stabilization. However, since the water susceptibility of biopolymers is an important factor for their use in industry, this field of research still requires a significant amount of investigation.
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Figure 1. Grain size distribution of the soils used in this study. 
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Figure 2. Photos of specimens for (a) unconfined compression, and (b) durability tests. 
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Figure 3. Degradation of silty sand treated with 1% XG (upper row) and 1% GG (bottom row) due to cyclic wetting and drying. 
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Figure 4. Change in mass for (a) Silty sand—XG, (b) Silty sand—GG, (c) Clean sand—XG. 
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Figure 5. Change in compressive strength for (a) Silty sand—XG, (b) Silty sand—GG, (c) Clean sand—XG. 
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Figure 6. Interaction of water and soil particles: (a) a higher degree of saturation—lower surface tension forces, (b) lower degree of saturation—higher surface tension forces. 
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Figure 7. Compressive strength of regenerated sand XG-treated specimens. 
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Figure 8. Healing cycle of biopolymer-treated sand: (a) sand particles bonded by XG-links, (b) breakage of the dry XG-links due to the applied mechanical loading, (c) XG- linkages loosen their structure in the contact with water which allows them to interact with the nearby sand particles; and (d) sand particles bonded again by new XG-links. 
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Table 1. Previous research related to wetting-drying of biopolymer-treated soil.
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Authors

	
Soil

	
Biopolymer

	
Testing

	
Findings






	
Chen et al. 2015 [22]

	
Silty Sand

	
Xanthan Gum

Guar Gum

	
Moisture retention

	
Moisture retention capacity was higher with the addition of biopolymers.




	
Wind Tunnel

	

	-

	
Biopolymer increased the erosion resistance of soil




	-

	
At higher concentrations, the loss of mass was small during cyclic wetting-drying.










	
Penetration test

	
Increased surface strength with the increase of biopolymer concentration.




	
Chang et al. 2017 [20]

	
Poorly Graded Sand

	
Gellan Gum

	
Unconfined Compressive Strength Test

	

	-

	
Reduction of the compressive strength was gradual.




	-

	
The strength remained high after 10 wetting-drying cycles (i.e., >70% of the initial strength).










	
Chen et al. 2019 [21]

	
Well Graded Sand

	
Xanthan Gum

	
Direct Shear

	
Reduction of friction angle, cohesion, and peak shear stress was gradual.




	
Lemboye et al. 2021 [23]

	
Poorly Graded Sand

	
Acacia Gum

Sodium Alginate

Pectin

	
Wind Tunnel

	

	-

	
Biopolymer increased the erosion resistance of the soil.




	-

	
Wetting-drying increased the loss of mass.










	
Penetration Test

	

	-

	
Biopolymer increased the surface strength of the soil.




	-

	
Wetting-drying reduced surface strength.










	
Adamczuk and Jozefaciuk, 2021 [24]

	
Sand

Silt

	
Chitosan (two types)

	
Unconfined Compressive Strength Test

	
Strength changes after wetting-drying depended on soil type, biopolymer type, and biopolymer concentration.
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