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Abstract 18 

Salt-affected soils cannot meet the needs of engineering projects due to their deficiency in 19 

providing desirable geotechnical properties. Cement stabilization is widely used to improve the 20 

engineering properties of salt-affected soils, but cement has many backward effects, especially on 21 

the environment, limiting its application as a binder. This study evaluates the potential effects of 22 

salt on protein-based biopolymer treated sand. The influence of salt content, biopolymer content, 23 

and curing time on the strength and stiffness development of salt-affected sand was explored with 24 

unconfined compressive strength (UCS) testing. The UCS results showed that an increase in casein 25 

biopolymer content led to an increase in the unconfined compressive strength and stiffness; 26 

however, the addition of salt had a reverse effect on UCS results. By adding 2% casein solution, 27 

the compressive strength reached 1021.34 kPa, which is significantly greater than that of untreated 28 

soil with a value close to zero. When the salt content rose from 0.5 to 10% (for 2% casein content), 29 

a substantial strength loss (more than 48%) was observed in the UCS value from 978 kPa to 501 30 

kPa. This might be due to the salt existence in soil which adversely affected the biopolymer 31 

connections by blocking the bonds and bridges with soil particles. This adverse effect was 32 

gradually mitigated by the biopolymer increment until adding 3.5% sodium caseinate, then a 33 

higher percentage of the biopolymer was involved in further enhancement of compressive strength. 34 

Microscopic observation revealed that sodium caseinate acted as a binding agent between soil 35 

particles, while salt disrupted the sodium caseinate performance. To evaluate the physical 36 

properties of the sandy soil, permeability and wind tunnel tests were conducted. The inclusion of 37 

sodium caseinate as a protein-based biopolymer resulted in lowering the hydraulic conductivity 38 

and increasing the erosion resistance of salt-affected sand. Curing time had positive effects on 39 
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strength development, increasing the erosion resistance, and reducing the permeability. Overall, 40 

sodium caseinate could adequately improve the engineering properties of salt-affected sand.  41 

 42 

Keywords: Protein-based biopolymer; Casein; Sodium caseinate; Salt-affected sand soil; Erosion 43 

resistance. 44 

 45 

1. Introduction 46 

Due to unrestrained emission of greenhouse gases, climate change has caused severe 47 

environmental problems such as desertification. Annually, 75 billion tons of fertile soil are 48 

degraded, costing around USD 42 billion (Middleton & Kang, 2017). 44% of the total amount of 49 

soil degradation is accounted to wind erosion equal to around 5.05 × 106 km2 of the earth’s land, 50 

which is a crucial environmental issue against the advancement of the agricultural and livestock 51 

industries (Jiang et al., 2019). Wind erosion causes serious respiratory diseases, dust storms, 52 

disrupting commercial activities and transport, and deposits undesirable nutrients and salts 53 

(Middleton & Kang, 2017). 54 

Although cement is the most consumed binder in civil construction, because of its practicality, 55 

high strength, and economic cost (Jahandari et al., 2019; Miraki et al., 2021; Mohammadifar et al., 56 

2022), there is a growing concern about its harmful impacts on the environment (Fatehi et al., 57 

2018; Ghadir & Ranjbar, 2018; Jahandari et al., 2021). In two ways, cement production causes the 58 

emission of carbon dioxide; the first way is related to the manufacturing process of clinker, and 59 

the second is about burning fossil fuels for making energy. The above-mentioned sources are 60 

responsible for 5-8% of global CO2 emissions (Ghadir et al., 2021; Shariatmadari et al., 2021). 61 

Also, cement can increase soil pH in a negative way, restrain plant growth, and restructure 62 
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groundwater quality (Chang et al., 2016; Smitha & Rangaswamy, 2020). Thus, the demand is 63 

rising for a new soil stabilizer to be compatible with the environment.  64 

Salt-affected soils are a widespread problem across the world by encompassing about 952.2 65 

million ha globally, especially in arid and semi-arid regions (Cherlet et al., 2015). From the 66 

geotechnical engineering point of view, saline soils pose major problems, such as differential 67 

settlement, low compressive strength, and low shear strength (Al-Amoudi et al., 1995; 68 

Horpibulsuk et al., 2012). The salt content of more than 3 wt.% was found to affect treated soil 69 

stability and slightly influence the maximum dry density (Li et al., 2016). An investigation by Xing 70 

et al. (2009) demonstrated that Cl- has a damaging effect on the strength of cement stabilized soil 71 

in both short and long terms (Xing et al., 2009). It has been indicated that a higher concentration 72 

of salt has an adverse effect on the elasticity modulus and compressive strength (Dingwen et al., 73 

2013). The negative influence of organic matter on the strength of lime- and cement-treated soil 74 

could be decreased by the presence of salt in the soil (Jiang & Ontisuka, 2004).  75 

In the past decade, biological materials and methods such as microbial and enzyme induced calcite 76 

precipitations, biogass generation, bacterial biostimulation, as well as biopolymers have gained 77 

ever-increasing attention in geotechnical applications (Bahmani et al., 2019; Hosseinpour et al., 78 

2021; Ramdas et al., 2020).  79 

Biopolymers are degradable types of polymeric materials that are naturally formed in the 80 

environment (Chen et al., 2015; Plank, 2005; Shariatmadari et al., 2020). Biopolymers have vast 81 

applications in food, medical, cosmetic, and constructive sectors (Fatehi et al., 2021; Schwark, 82 

2009). Using biopolymers in engineering dates back to ancient times, but with the advent of 83 

lignosulfonate in the 1920s, a  new era of biopolymers was started  in engineering (Fatehi et al., 84 

2019; Hataf et al., 2018; Plank, 2005). Several biopolymers have been examined for soil 85 
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improvement purposes. Cellulose (from the plant's group), with 1.5 trillion tons of generation per 86 

year, is the most plentiful organic polymer and has several prospects for soil reinforcement because 87 

of its gelation features (Maher & Ho, 1994; Sivakumar Babu & Vasudevan, 2008). Furthermore, 88 

Xanthan gum has been applied to enhance soil stiffness, compressive strength, shear resistance, 89 

and altering dispersion characteristics of soil. Xanthan has shown to increase the compressive 90 

strength of soils to greater than 500% (Bonal et al., 2020; Fatehi et al., 2021; Latifi et al., 2016; 91 

Latifi et al., 2017; Soldo & Miletić, 2019). The incorporation of Beta-glucan and Xanthan gum 92 

into the silty soil improved erosion resistance to less than 1% (Chang et al., 2015). The hydraulic 93 

erosion also was improved to higher than 80% by using 0.5% xanthan gum and making a jelly 94 

layer on sand surface, which was more productive than employing 10% kaolinite clay. Also, the 95 

efficiency of other biopolymers, such as guar gum, chitosan, and sodium alginate, has been shown 96 

to improve the mechanical properties of soils (Arab et al., 2019; Dehghan et al., 2019; Khatami & 97 

O’Kelly, 2013). 98 

Protein-based biopolymers are known as natural polymers produced from dairy products. Globally, 99 

about 1 kg of 5 kg milk is spoiled and mostly disposed to landfills, negatively affecting the 100 

environment (Chang et al., 2018). Protein-based biopolymers, including casein and sodium 101 

caseinate, were utilized for strengthening sandy and silty soils. In this line, considerable growth 102 

was observed in the development of shear and compressive strengths. Higher than 600 kPa of 103 

compressive strength and 120 kPa undrained shear strength was obtained by employing only 1% 104 

of casein (Fatehi et al., 2018). Despite most of the polysaccharides, casein is not soluble in the 105 

water, and higher compressive strength under wet conditions was withstood by the casein-treated 106 

samples (Chang et al., 2018; Fatehi et al., 2018). 107 

 108 
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Although some studies have been conducted to evaluate the feasibility of using biopolymers in 109 

geotechnical engineering, the potential effect of salt on biopolymer-stabilized soil has not still been 110 

investigated. Therefore, the goal of this research is to study how NaCl can affect the geotechnical 111 

and physical characteristics of sandy soil. In this line, a series of laboratory experiments were 112 

conducted to evaluate the engineering performance of sodium caseinate-treated salty-affected 113 

sandy soil. 114 

2. Materials and methods 115 

2.1. Soil properties  116 

The soil sample was obtained from the casting industry in Firoozkooh district, northeast of Tehran, 117 

Iran. The soil is known as “Firoozkooh sand (No.161)” in the country because of its wide 118 

applications in industries. The sand has a specific gravity of 2.66, and it is classified as poorly 119 

graded sand (SP) based on the Unified Soil Classification System (USCS) ("ASTM D2487-17e1," 120 

ASTM 2017). The grain size distribution curve of sand is shown in Fig. 1. The optimum moisture 121 

content and maximum dry density of the sand were obtained at 12.5 wt.% and 1.62 gr/cm3, 122 

respectively, obtained from the modified proctor compaction method based on ASTM D1557 123 

("ASTM D1557-12e1," ASTM 2012). Table 1 illustrates the physical properties of sand. The 124 

chemical composition of sand was determined by X-ray fluorescence (XRF) analysis, Table 2. 125 

 126 
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Fig. 1. Particle size distribution curve for the Firoozkooh sand (No.161). 128 

 129 

Table 1. Physical properties of Firoozkooh sand (No.161). 130 

Properties Gs Cu Cc D50 emin emax 

Value 2.66 2.5 0.95 0.34 0.61 0.97 

 131 

Table 2. Chemical composition of Firoozkooh sand (No.161). 132 
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Oxide composition SiO2 Al2O3 CaO Fe2O3 Na2O K2O TiO2 

Content (wt.%) 94.33 2.03 1.05 0.89 0.49 0.21 0.12 

 133 

2.2. Sodium caseinate synthesis from the bovine milk 134 

Casein constitutes approximately 80% of the total nitrogen in bovine milk (Huppertz et al., 2018). 135 

Casein usage is not limited to dairy products, and it has a variety of applications in the plastics, 136 

glues, and paper glazing industries (Huppertz et al., 2018). Casein has four main constituents that 137 

form casein micelles, with a diameter ranging from 50 to 300 nm (Holt et al., 2013). Among 138 

constituents, k-casein has a determinant role in many properties of the particles, especially their 139 

stability against aggregation (Dalgleish, 1998; Holt et al., 2013). The method of obtaining casein 140 

from milk by isoelectric precipitation was developed by (Huppertz et al., 2018). Acidification is 141 

the basis of the conversion of milk into curd and whey (De Kruif, 1999). The casein used in this 142 

study was extracted from bovine milk through stages of precipitation, dewheying, washing, and 143 

drying, Fig. 2a (Mulvihill & Ennis, 2003). Skim milk was preferred to achieve a better quality of 144 

casein; therefore, milk fat should be as low as possible (Mulvihill & Ennis, 2003). Casein itself is 145 

not a suitable paste for making a homogenous mixture (Fatehi et al., 2018). Thus, 2% sodium 146 

hydroxide was added as a prevalent alkaline solution to form a pasty glue named sodium caseinate, 147 

Fig. 2b (Fatehi et al., 2018). Sodium caseinate has some distinct features. Unlike casein, sodium 148 

caseinate is water-soluble (Mulvihill & Ennis, 2003). This study used sodium caseinate (casein 149 

solution) for soil treatment. Fig. 2a and 2b show the synthesized casein and casein solution used 150 

in this study. 151 

 152 
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 153 

Fig. 2. Casein solution synthesis stages: a) casein biopolymer, b) sodium caseinate. 154 

 155 

3. Soil stabilization and characterization tests 156 

3.1. Sample preparation and mechanical characterization 157 

In this study, the preparation of the soil-salt mixture was based on the International Standard ISO 158 

11268 ("ISO 11268," ISO 1993). In the first step of sample preparation, the salt was dissolved with 159 

contents of 0.5, 2.5, 5, and 10 wt.% dry weight of sand in distilled water. NaCl was the dominant 160 

constituent of the salt, Table 3. In the second step, the soil was mixed with the solution. To ensure 161 

a homogenous soil-chemical compound mixture, each sample was stirred meticulously for about 162 

five minutes. In the third step, samples were kept in a sealed container at 20 ºC for 15 days. 163 

To evaluate the effects of sodium caseinate on the properties of salt-affected sand, sodium 164 

caseinate powder was dissolved in water in the next step, and subsequently mixed with the salted 165 

soil. Various sodium caseinate contents of 2, 3.5, 5, and 6.5 wt.% of the soil were adopted in this 166 

study. For preparing the specimens, the mixture was kept in the mold for three days, after which 167 
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they were demolded. Afterward, the samples were air-dried at room temperature (25 ± 2 ºC) and 168 

relative humidity of 40 ± 2 % and tested after 7, 14, and 28 days. 169 

Table 3. Chemical composition of the salt. 170 

Chemical composition Content (%) 

Sodium chloride (NaCl) 91 

Sulfate 5 

Potassium 2.5 

Calcium 1.5 

 171 

3.2. Unconfined compression strength (UCS) test 172 

Unconfined uniaxial compression testing was performed following ASTM D2166 ("ASTM 173 

D2166-16," ASTM 2016) using a universal testing machine on cylindrical samples with an inner 174 

diameter of 37 mm and a height/diameter ratio of 2.02. The axial strain rate was monitored at a 175 

rate of 0.5 mm/min. Three samples were prepared and tested for all measurements. To evaluate 176 

the curing effect on unconfined compressive strength (UCS), the samples were cured and tested 177 

after 7, 14, and 28 days. Secant modulus of elasticity (E50) was used to demonstrate the elastic 178 

stiffness of biopolymer-treated salt-affected sand by measuring the slope between the beginning 179 

and half of the failure stress. Table 4 summarizes the testing samples for UCS, permeability and 180 

wind tunnel tests. 181 

Table 4. Summary of the test program. 182 

Test Biopolymer content (%) Salt content (%) Curing time (days) 

UCS 2, 3.5, 5, and 6.5 0, 0.5, 2.5, 5, and 10 7, 14, and 28 
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Permeability 2 and 6.5 0.5 and 10 7 and 28 

Wind tunnel 0, 2, and 6.5 0.5 and 10 7 and 28 

 183 

3.3. Permeability test 184 

Permeability tests were conducted in accordance with ASTM D5084 ("ASTM D5084-16a," 185 

ASTM 2016) to determine the hydraulic conductivity of biopolymer-treated soils. Cylindrical 186 

samples with a diameter 70 mm * height 140 mm were prepared for the permeability tests. To 187 

obtain a B value (Skempton) of 0.95 or greater for considering samples as fully saturated, a back 188 

pressure of 240 kPa, under effective stress of 10 kPa was applied and then increased. After this 189 

stage, the water was entered into the sample from a tank elevated at a specific elevation to gratify 190 

the favorite hydraulic gradient. Time influence was considered on treated soils based on long- and 191 

short-term curing (7 and 28 days) to determine the optimum curing conditions (Table 4). 192 

 193 

3.4. Wind tunnel test 194 

Sand storm, as an outcome of wind erosion, releases sediment particles from the ground surface. 195 

Since bare land is most prone to sediment entrainment, these phenomena usually occur in arid and 196 

semi-arid areas such as the middle east (Zhou et al., 2020). The wind erosion experiment was 197 

carried out in a straight line forcing a wind tunnel with a test section size of 1.5 (length) * 0.8 198 

(width) * 0.8 (height) m, Fig. 3. Steel boxes were used for this experiment (20 * 15 * 5 cm). For 199 

the fabrication of samples, a 4 cm layer of soil was placed on a tray, and a 1 cm layer of 200 

biopolymer-treated soil was placed as the upper layer. Salt and soil were mixed with biopolymer 201 

and then compacted on the tray. The samples were exposed to wind velocities of 50, 100, and 150 202 

km/h for 5 min. Samples were placed in the central part of the tunnel that had a metallic hole to 203 
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allow the installation of the samples. Sample preparation was based on the maximum and 204 

minimum strengths of the 28-day cured samples containing salt obtained from the UCS test. 205 

Furthermore, to compare the short-term and the long-term curing effects, the sample containing 206 

10% salt and 2% casein solution was also tested after seven curing days (Table 4). Therefore, the 207 

effects of biopolymer content, salt content, velocity, and curing time on the erosion resistance of 208 

the soil were investigated by a series of wind tunnel tests. 209 

 210 

 211 

Fig. 3. Wind tunnel test apparatus. 212 

3.5. FT-IR analysis 213 

Fourier transform infrared spectroscopy (FT-IR) testing was conducted using a Perkin Elmer 214 

System series 2000 spectrophotometer in a frequency range of 4000-400 cm-1, a resolution of 4 215 

cm-1, and a scan speed of 0.5 cm/s to recognize the bands of casein solution. Aceton-washing was 216 

performed to pause the ongoing reaction in the sample. The potassium bromide (KBr) disc method 217 

was used for preparing the samples for FT-IR. 218 
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 219 

3.6. Microscopic analysis 220 

Microscopic observation was conducted to assess the interactions of salt and sodium caseinate 221 

with soil particles. This analysis provides data about the size, shape, and aggregation of samples . 222 

To visualize the inter-particle structure, optical  and scanning electron microscopy (SEM) images 223 

of untreated sand, salt-affected sand (10% salt), 6.5% sodium caseinate treated sand without salt, 224 

and 6.5% sodium caseinate treated soil that contains 10% salt at 28 days of curing were recorded 225 

using a Dino-Lite digital microscope and TESCAN VEGA instrument, respectively. 226 

 227 

4. Results and discussion 228 

4.1. FT-IR 229 

FT-IR test was carried out for assessing the validity of synthesized sodium caseinate compared to 230 

the FT-IR spectrum of sodium caseinate in the previous studies (Zhao et al., 2018), Figure 4. O-H 231 

stretching vibration mode of sodium caseinate was observed in a wavenumber of 3430 cm-1 (Zhao 232 

et al., 2018). Also, asymmetrical and symmetrical vibrations of C-H bonds showed absorption 233 

peaks in wavenumber of 2930 cm-1 and 2820 cm-1, respectively. The absorption peak of sodium 234 

caseinate in wavenumber of 1680 cm-1 could be related to the protein bands of amide I. Moreover, 235 

the stretching vibration of amide II was detected in a wavenumber of 1563 cm-1. Absorption peaks 236 

observed in the range of 1400-1500 cm-1 were in accordance with bending vibration of N-H bands 237 

in sodium caseinate structure. The absorption peak in the range of 1000-1300 cm-1 was related to 238 

the bending vibration of C-H bonds. Besides, a wide peak in wavenumber of fewer than 700 cm-1 239 

was related to aromatic ring in sodium caseinate structure. The results of the FT-IR test verify the 240 

accurate synthesize of sodium caseinate in this study. 241 
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 242 

Fig. 4. Comparison of FTIR spectra of sodium caseinate synthesized in this study and sodium 243 

caseinate synthesized in previous studies (Zhao et al., 2018). 244 

4.2. Interaction of sodium caseinate with salt-affected soil  245 

The optical image was used to grasp the effect of the casein solution on the soil more accurately. 246 

As shown in Fig. 5a, depicting the optical image of untreated sand, the particles of sandy soil stand 247 

freely without cohesion in their natural states. Fig. 5b indicates the compacted untreated salt-248 

affected sand (for 10% salt content) after 28 days. It is evident that particles are in closer proximity 249 

in comparison to the intact state. Also, it can be observed from Fig. 5c and 5d, demonstrating the 250 

optical images of 28 days cured sodium caseinate-treated sand (6.5% sodium caseinate without 251 

salt) and sodium caseinate treated salt-affected sand (6.5% sodium caseinate and 10% salt), 252 
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respectively, that casein solution acted as a binder and caused particles to stick together (red circles 253 

as shown in Fig. 5c and 5d). 254 

Among biopolymers, sodium caseinate has at least one connected amino acid containing nonpolar 255 

side chains that make protein-based biopolymers to be more resistant to water (Némethy & 256 

Scheraga, 1962). When casein solution infiltrates the soil, it begins to encompass and makes a 257 

smooth cover over soil particles, which results in the formation of inter-particle bonding as well 258 

as sodium caseinate-soil conglomerates (Chang et al., 2018; Fatehi et al., 2018). The most 259 

influential factors in forming strong bindings between sodium caseinate and soil are the solution 260 

concentration, pH, and the type of interactions, such as Van der Waals bonds, hydrogen bonds, 261 

electrostatic interactions, and complex bonds between activated protein groups (Chang et al., 2018; 262 

Fatehi et al., 2018).   263 

For sodium caseinate concentrations lower than 12%, there is comparatively a low viscous solution 264 

with Newtonian behaviour (Chang et al., 2018). But when the solution concentration exceeds 12%, 265 

casein solution behaves pseudoplastic, and stronger binding is expected to be formed (Chang et 266 

al., 2018). Casein is rich in amine groups, phosphate groups, and carboxylic acid, which can form 267 

bonds and bridges between soil particles and the ions through various mechanisms such as polar 268 

interaction (because of the hydrolysis of amino acid by the alkaline) and electrostatic interactions. 269 

The entry of alkaline into the casein chains leads to the increase in pH, formation of the complex 270 

structure of joining sodium to casein phosphate, and generating more charges so that strong bonds 271 

are formed. 272 

When a salt-affected soil is a host for casein solution, the biopolymer is not able to act as effective 273 

as before due to the presence of salt. The precipitated salt in the soil matrix prevents the biopolymer 274 

solutions from infiltrating the soil freely, and a non-uniform biopolymer distribution might occur, 275 

Effects of protein-based biopolymer on geotechnical properties of salt-affected sandy soil



16 
 

as can be seen from Fig. 5d. Also, NaCl causes a reduction in pH of the casein solution, according 276 

to (Zhao & Corredig, 2015). Furthermore, the addition of salt decreases the total phosphate 277 

contents, and the ions exchange reduces the number of available calcium ions, which results in the 278 

reduction of electrostatic charges in the caseinate solution structure so that fewer electrostatic and 279 

chemical interactions would be formed.  280 

The SEM images were utilized to grasp the effect of the casein solution and salt on soil properties 281 

in a better way. Fig. 6 shows Scanning Electron Microscope (SEM) images of untreated and casein 282 

treated salt-affected sand (6.5% sodium caseinate and 10% salt) at 28 days of curing. ). Because 283 

of the long polymeric chain in casein biopolymer, covalent bond, van der Waals forces, and 284 

hydrogen bonding could exist at the interface of the particle and casein. Casein solution interaction 285 

with saline soil particles has several phases. When casein reacts with sodium hydroxide, sodium 286 

caseinate is produced. Casein solution forms a sol (type of colloids).  The sol coats soil’s grains 287 

and provides more contact surfaces for soil particles (red circles as shown in Fig. 6b-d). After 288 

being spread on the surface, sol drenches the surfaces and adheres to particles. When water pours 289 

out of soil, solid protein remains, causing particles to cling to each other. As a matter of fact, polar 290 

interaction (due to hydrolysis of amino acid chains by sodium hydroxide) and hydrogen bonds 291 

(between particles and casein) are two major contributors to the saline soil improvement. It is 292 

worthy to be noted that after the treatment there is no obvious trace of salt particles in SEM images. 293 

Authors believe that the mentioned occurrence could be related to casein solution. When casein is 294 

added to saline soil, it might dissolve the salt. As salt content increases, it disrupts the casein 295 

solution performance and efficiency which results in a weaker glue-type agent. 296 

 297 
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 298 

Fig. 5. Optical images of a) untreated sand, b) untreated salt-affected sand (10% salt), c) sodium 299 

caseinate-treated sand (6.5% sodium caseinate without salt), and d) casein treated salt-affected 300 

sand (6.5% sodium caseinate and 10% salt), at 28 days of curing. 301 
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 302 

Fig. 6. SEM images of a) untreated sand, b,c,d) casein treated salt-affected sand (6.5% sodium 303 

caseinate and 10% salt) at 28 days of curing. 304 

4.3. Unconfined compressive strength and secant modulus of elasticity 305 

After treatment, the UCS of samples was evaluated in terms of salt content, biopolymer content, 306 

and curing time. In Fig. 7, the UCS of the sodium caseinate treated specimens cured at 7, 14, and 307 

28 days are compared. As it can be seen from Fig. 7a, the incorporation of the casein solution 308 

increased the UCS of the soil samples regardless of the salt content; as the biopolymer content 309 

increased, considerable growth in UCS values was observed. By adding 2% casein solution, the 310 

compressive strength reached 1021.34 kPa, which is significantly greater than that of untreated 311 

soil with a value close to zero. Casein sticks the unbounded sand particles together through a 312 
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process of coating and making bridges, so that most of the applied shear force is undergone by 313 

casein polymeric chains. Also, chemical interactions between the charged surfaces of finer 314 

particles and casein has a contribution to the increment of UCS strength (Chang et al., 2018; Fatehi 315 

et al., 2018). 316 

When the salt was added to the biopolymer-soil mixture, the UCS strength decreased. This is due 317 

to the reason that the presence of salt reduced the attraction of soil particles to form a bond with 318 

casein solution gel. For instance, when the salt content rose from 0.5 to 10% (for 2% casein 319 

content), a substantial strength loss (more than 48%) was observed in the UCS value from 978 kPa 320 

to 501 kPa, Fig. 7b. Fig. 7c shows that by adding 6.5% casein solution, the compressive strength 321 

of the soil reached 2139.54 kPa, which was the highest strength achieved in UCS tests in the 322 

present study. In the case of constant salt and variable sodium caseinate content, the growth speed 323 

in UCS was much higher from 3.5 to 5% in comparison to lower amounts. This difference might 324 

be due to the salt existence in soil which adversely affected the biopolymer connections by 325 

blocking the bonds and bridges with soil particles. This adverse effect was gradually mitigated by 326 

the biopolymer increment until adding 3.5% sodium caseinate, then a higher percentage of the 327 

biopolymer was involved in further enhancement of compressive strength. But from 5% to 6.5%, 328 

the biopolymer content became less effective and reached the optimal content of effective 329 

biopolymer. The typical strength progression with curing time for the sample containing 0.5% salt 330 

and 2% biopolymer is shown in Fig. 8. According to Fig. 8, it is obvious that curing time had a 331 

positive effect on sample strength development. The compressive strength of the biopolymer 332 

treated soil is highly dependent on the moisture content. The reason is that the presence of moisture 333 

delays the formation of chemical bonds between biopolymer-biopolymer and biopolymer-soil and 334 

stronger biopolymer polymeric chains are formed in dry conditions. On the other hand, as poorly 335 
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graded sand has negligible compressive strength, most of the strength in biopolymer treated sand 336 

is obtained from biopolymer bonding. Over time, the dehydration process leads to reduction in the 337 

moisture content and a higher compressive strength is expected to obtain. It is noteworthy that a 338 

considerable growth of compressive strength in samples was achieved on the 14th day of curing 339 

(96%), which indicates that before the 28th day of curing, most of the treatment process had 340 

elapsed. Fig. 9 shows a typical failure of soil specimens in UCS tests.  341 
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Fig. 7. UCS of salt-affected soil treated by various sodium caseinate contents after a) 7 days, b) 346 

14 days, and c) 28 days of curing. 347 
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Fig. 8. A typical view of the effect of curing time on the UCS of soil containing 0.5% salt and 350 

2% sodium caseinate. 351 
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 352 

Fig. 9. A typical failure in UCS tests; a) after test, b) before test. 353 

Fig. 10 illustrates the secant modulus of elasticity (E50) of samples before and after treatment on 354 

the 7th day of curing. As shown, a remarkable increase was achieved in the stiffness of the salt-355 

affected sand after biopolymer treatment By comparing Fig. 10a and 10b, it can be observed that 356 

casein solution content had a positive effect on increasing the stiffness, although salt content acted 357 

in the reverse order. Overall, treatment by a higher content of biopolymer brought about a change 358 

in ductility and enhanced brittleness. This increase in stiffness is because casein molecules are 359 

placed among sand and salt grains and limit their interactions. The binding capacity of the added 360 

biopolymer overcomes the negative impact of the existing salt and increases the stiffness of the 361 

mixture by keeping the solid grains together (Chang et al., 2018; Varzi et al., 2016). Fig. 11 shows 362 

the stress-strain curve of sodium caseinate treated salt-affected soil samples on the 7th day of 363 

curing. Table 5 summarizes the mixture of soil samples in Fig. 11.  364 

 365 
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Fig. 10. Comparison of stiffness of a) salt-affected sand (without sodium caseinate), b) sodium 367 

caseinate treated salt-affected sand. 368 
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Fig. 11. Stress-Strain curve of sodium caseinate treated salt-affected sand. 370 

Table 5. Summary of the soil samples mixture in Fig. 10. 371 

Name Biopolymer content (%) Salt content (%) Curing time (days) 

SC* 2, 3.5, 5, and 6.5 0.5 and 10 7, 14, and 28 

SCS** 2, 3.5, 5, and 6.5 0.5 and 10 7, 14, and 28 

* SC, soil- casein with different percentage of casein (i.e. 2%, 3.5%, 5% or 6.5%);  372 

** SCS, soil-casein-salt with different percentage of casein (i.e. 2%, 3.5%, 5% or 6.5%) and salt 373 

(i.e. 0.5% or 10%). 374 

4.4. Permeability 375 

The effects of salt content and casein solution concentration on the permeability coefficient are 376 

shown in Fig. 12. Fig. 12a demonstrates  that the permeability coefficient was reduced as salt 377 

content increased. This is due to the fact that salt could fill the pores of the soil, although the 378 

reduction was not remarkable. It can be seen that adding the casein solution reduced the 379 

permeability, Fig. 12b. For instance, the permeability coefficient of soil containing 0.5% salt and 380 

6.5% sodium caseinate on the 7th day of curing was 1.70 × 10-3 cm/s, which was significantly less 381 

than that of untreated salt-affected sand (with 0.5% salt) with the magnitude of 8.8 × 10-3 cm/s, 382 

Fig. 12a and 12b. The reduction in permeability is because the casein solution absorbs water and 383 

slows down water transport throughout the soil matrix with its water retention capability. Sodium 384 

caseinate biopolymer tends to absorb water because of its hydrophilic property and carrying 385 

negative charges. So, water and biopolymer molecules interact through different mechanisms 386 

leading to hydrogen bonding between hydroxide and hydrogen. Also, the absorbed water by dried 387 

biopolymer increases the film volume existing in the soil mass pores which results in the reduction 388 

in coefficient of permeability. The results are in good agreement with previous studies that 389 
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emphasized the clogging effects of viscous biopolymer hydrogels (Cabalar et al., 2017; Ivanov & 390 

Chu, 2008). Furthermore, results showed that more salt and casein solution content (6.5% sodium 391 

caseinate and 10% salt) in soil did not lead to a further reduction in permeability. The accumulation 392 

of salt particles prevented the casein solution from acting as an effective binder. Moreover, a longer 393 

curing time generally achieved a lower permeability, as indicated in Fig. 12b. As an instance, it 394 

can be seen that the coefficient of permeability of 2% casein solution-mixed salt-affected soil (with 395 

10% salt) reduced from 3.1 × 10-3 cm/s at 7 days of curing to 11.8 × 10-4 cm/s at 28 days of curing.  396 
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Fig. 12. Permeability coefficients of a) salt-affected sand, b) sodium caseinate treated salt-399 

affected sand. 400 

 401 

4.5. Wind tunnel 402 
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Fig. 13 represents the results of wind erosion of samples at different velocities. Two different Y-403 

axes were used in this figure as it was not possible to indicate soil mass loss before and after 404 

treatment in one axis due to the significant differences in their values. As seen, the salt-affected 405 

sample experienced a dramatic soil mass loss in the wind tunnel test at different velocities, but a 406 

significant reduction was observed in the soil mass loss by stabilization with casein solution. 407 

Although higher biopolymer concentration led to a decline in mass loss, 2% and 6.5% sodium 408 

caseinate content did not show a considerable difference in resistance against erosion. Thus, a 409 

small portion of casein solution content is sufficient to prevent a salt storm, which is more 410 

hazardous than a dust storm. Besides, in 7 days of curing, an acceptable performance against 411 

surface erosion was demonstrated by the treatment. Also, as expected, 28 days of curing had less 412 

soil mass loss than 7 days as biopolymer reached its maximum productivity by losing almost all 413 

the moisture. Soil mass loss in the sample of 2% casein solution-mixed salt-affected soil (with 414 

10% salt and velocity of 150 km/h) was reduced from 0.84% for 7 days curing time to 0.26% after 415 

28 days. In fact, added casein solution increased the soil’s inter-particle strength. In other words, 416 

after drying, the soil surface formed a homogenous layer that was almost tough, without any 417 

cracks. 418 

 419 
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 420 

Fig. 13. Wind tunnel test results. 421 

 422 

5. Conclusions 423 

In the current study, the physical and geotechnical properties of salt-affected soil stabilized with 424 

biopolymer (sodium caseinate) were evaluated by a series of laboratory explorations. The 425 

following conclusions can be obtained from the results of the tests. 426 

• Optical images were used to visualize the effects of salt and sodium caseinate on the inter-427 

particle structures of the soil. Results showed that casein solution was spread on saline soil 428 

particles and formed strong bonding, which caused interlocking between salt-affected soil 429 

particles. 430 
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• The results of the unconfined compression strength showed that substantial development 431 

of strength was achieved by the inclusion of sodium caseinate biopolymer in the salt-432 

affected sand. An increase in sodium caseinate content led to an increase in the compressive 433 

strength of salt-affected sand, although when salt content increased, the UCS of salt-434 

affected sand decreased. As time passed, casein solution-treated soil demonstrated a further 435 

increase in the UCS. The stiffness of the samples was also increased considerably after 436 

treatment by casein solution to a level of at least 6 times higher compared to the untreated 437 

samples. 438 

• A significant decrease in permeability was observed by adding the casein solution into the 439 

salt-affected soil regardless of the salt content. This could be attributed to the hydrophilic 440 

essence of the casein solution aided to slow down water transport by absorbing it. 441 

Permeability of the casein solution treated sand reduced by increasing the curing period, 442 

which indicates that longer curing time caused a further reduction in permeability because 443 

of the growth of the bonds. 444 

• The wind tunnel test results indicated that the salt-affected sand experienced a significant 445 

soil mass loss at different velocities, but the inclusion of 2% casein solution was enough to 446 

form a well-structured resistant layer on the soil surface that can withstand high wind 447 

velocity. Experiments also revealed that samples in the short-term curing demonstrated a 448 

considerable resistance against erosion. 449 

Overall, the casein solution can be suitably used as an alternative to cement to stabilize salt-450 

affected soils due to their environmentally-friendly traits. However, further studies in diverse 451 

conditions need to be performed to fundamentally evaluate the role of sodium caseinate in 452 

geotechnical engineering applications. 453 
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