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ABSTRACT 

Climate change is generating severe changes in the physical behavior of soils (i.e. 

soil structure, mechanical resistance, and water conductivity), causing negative 

impacts on different agricultural systems and, therefore, threatening food security. To 

cope with this situation, hydrogels based on biopolymers have been proposed to 

modify the mechanical and hydraulic behavior of complex porous materials such as 

soils, yet most of them are non-soluble making their application at field level 

laborious. In here, we investigated the effect of a water-soluble hydrogel based on 

bacterial alginate on the mechanical and hydraulic behavior of coarse quartz sand. 

The results from unconfined uniaxial compression test (UCCT) showed that the 

strength of the sand treated with hydrogel increased by 94.5%, while the hydraulic 

conductivity decreased 33%. Interestingly, we observed that bacterial alginate and 

hydrogel shifted the mechanics of the fluid phase towards a Darcy regime. The 

aggregate stability tests showed that coarse quartz sand treated with hydrogel 

display larger mean weight diameter (MWD) reaching 1.5 mm compared to 0.12 mm 

of the control (i.e. coarse quartz sand). Finally, transmission light microscopy 
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imaging of the hydrogel treatment revealed a new 3-D matrix between the quartz 

sand particles, changing the micro and macro aggregates and providing a modified 

structure of the sand material. Our findings suggest that the use of the water-soluble 

hydrogel improve the mechanical and hydraulic behavior of coarse quartz sand, 

allowing better soil conservation against climate change related phenomena, but 

also potentially applicable in agricultural systems facing water scarcity.  

 

HIGHLIGHTS 

  Coarse sand strength increased using alginate hydrogel. 

  Hydraulic behavior is modified by bacterial alginate and hydrogel. 

  Aggregate stability is significantly improved by hydrogel application. 

  A new 3-D matrix (hydrogel-sand) was revealed.  

 

Key words: Soil mechanical and hydraulic behavior; bacterial alginate; hydrogel; 

aggregate stability of soils. 

 

1. INTRODUCTION 

Soil erosion and water scarcity are serious threats facing world food 

production (Lal, 2001; Pimentel and Burgess, 2013; Borrelli et al., 2017), and climate 

change trends indicate that this problem will worsen in several agricultural regions 

worldwide (Vicuña et al., 2012; Borrelli et al., 2017; Garreaud et al., 2017). The 

magnitude of these threats is related to soil physical properties, such as soil 

structure, mechanical resistance, and water conductivity (Bronick, 2005; Carminati et 

al., 2009; Rabot, 2018). Thus,  the improvement of soil physical properties is crucial 

in agricultural systems facing climate change; increasing the overall resilience of the 

food production sector (e.g. Barzegar, 2003; Singh, 2018). 

 

Soil functionality is, to a large degree, governed by soil structure (Lal, 2001; 

Schlüter, 2020), which is understood as the arrangement of soil particles forming a 

complex porous material composed of soil aggregates (Hillel, 2003; Aleklett et al., 

2018). Aggregates are the structural unit of soils and their stability constitute a 

cornerstone parameter of soil quality (Menon, 2020). In agricultural systems, the 

process of soil aggregation is crucial since: 1) facilitate the movement of water, gas 
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and solutes in the soil profile; 2) enhance soil aeration; 3) enhance soil infiltration 

and water storage; and 4) reduce evaporation, run-off, and erosion; providing optimal 

conditions for plant growth (Carminati et al., 2009). Mechanical behavior of soils are 

scarcely considered in agricultural research, yet they are important properties in 

agricultural systems since they have an influence on soil compaction and tillage 

(Verruijt, 2018; Ghezzehei, 2012) and they are related to erodibility (i.e. soil 

resistance to erosion; Keersebilck, 1990; Ghezzehei, 2012). Soil compaction as well 

as soil erosion by wind and water are classified as the most harmful processes in 

agricultural systems (Horn and Peth, 2012). Soil deformation as the sum of soil 

compaction and shear processes leads to numerous environmental changes 

affecting soil functions such as: 1) soil infiltration and water storage, 2) trace gas 

emissions, and 3) soil erosion and nutrient loss (Taylor and Ratliff, 1969; Horn and 

Peth, 2012; Alameda et al., 2012).   

 

The effects of the mechanical stresses over the soil strongly depends on the 

configuration and composition of soil particles and, especially, soil aggregates 

(Taylor and Ratliff, 1969; Hillel, 2003; Alameda et al., 2012). For example, sandy 

soils that have a single grain structure and are very important in many agricultural 

regions of the world, can be affected by wind erosion generating   soil losses in situ

(Lyles, 1977; Tatarko, 2001). Besides, soils can be deformed when are subjected to 

compression and tension forces in tillage processes (i.e. contact forces that are 

transmitted among soil particles; Verruijt, 2018). Similar deformation happens in clay 

soils during drying periods when individual clay particles release water in layers, 

generating compression through compaction of the soil aggregates (Stewart et al., 

2016). Therefore, taking care of the configuration and composition of the soil 

aggregates is a key factor to minimize the impacts of mechanical stresses and water 

scarcity, increasing the resilience of agricultural systems. Also, the configuration of 

aggregates (i.e. macro and micropores rates) influence water flow through the soil 

(Radcliffe and Šimunek, 2012). One part of the water that infiltrates in the soil returns 

to the atmosphere trough evaporation, and the other part may be taken by plant 

roots and eventually returned to the atmosphere via plant transpiration (Philip, 1966; 

Radcliffe and Šimunek, 2012; Carminati et al., 2012). However, soil erosion caused 

by the absence of soil aggregates often lead to poor hydraulic conductivity (Tatarko, 
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2001; Hillel, 2003; Radcliffe and Šimunek, 2012), limiting water availability for plants 

(Hillel, 2003; Carminati et al., 2012; Radcliffe and Šimunek, 2012).  

 

To control and improve the mechanical behavior of soils under different 

environmental stresses, several porous materials (i.e. soil amendments) based on 

hydrogels have been developed to mimic some of the physical effect of natural 

polymers (i.e. root mucilage exhibiting glue-like behavior) to bind sand, silt, and clay 

particles together (Hillel, 2003). Some of these hydrogels are based on chitosan 

(Hataf et al., 2018), brown seaweed alginate (Wen et al., 2019), polyacrylamide 

(Kumar and Saha, 2011; Lentz, 2015), and anionic xanthan gum (Chang et al., 

2015). Hydrogels are notable as they have been reported to be capable of modifying 

the mechanical behavior of soils by increasing the water holding capacity by altering 

the mechanics of the fluid phase (Chang et al., 2015; Hataf et el., 2018; Wen et al., 

2019; Benard et al., 2019). In this regard, the remanent stiff filaments of hydrogel-

sand composite materials of drying soils are one of the most important alteration of 

the mechanics in the fluid phase, and the Ohnesorge number elegantly describes the 

phenomenon (Benard et al., 2018). The Ohnesorge number (Oh) describes how the 

viscosity acts like a buffer on the motion caused by surface tension (Benard et al., 

2018). The lower the Oh number (i.e. Oh << 1) the weaker are the friction losses due 

to viscous forces, which means that surface tension is the dominating force. The 

higher the Oh number (i.e. Oh >> 1) the more dominant is the internal viscous 

dissipation, indicating the great importance of viscous forces (Benard et al., 2018). In 

the present work the Oh number helps to understand the persistence of the liquid 

bridges between the alginate and hydrogel treatments and the coarse quartz sand 

particle surfaces (Benard et al. 2018; Benard et al., 2019; Krainer et al., 2019).  

 

Up to date, the most used hydrogels are composed of synthetic polymers and 

copolymers, such as polyacrylamide (Xu et al., 2015; Cao et al., 2017) and 

polyacrylates (Narjary et al., 2012; Xu et al., 2015; Liu and Chan, 2015). However, it 

has been suggested that the chemical base of these hydrogels (i.e. acrylamide) is 

potentially harmful to the environment and humans due to the accumulation of these 

chemical compounds in subterranean water bodies or in the surface layers of the soil 

(Konings, 2003; FAO, 2003; Weston et al., 2009; Lai et al., 2017; Lu et al., 2018; 
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Dasari et al., 2018). As an alternative, one strategy is the implementation of 

polymers obtained from plants or microorganisms to create a new type of hydrogels 

with low environmental-health impacts (Guilherme et al., 2015). One of these natural 

polymers is the bacterial alginate that can be produced and obtained through the 

cultivation and bioprocessing of the bacterium Azotobacter vinelandii, (Díaz-Barrera 

and Soto, 2010; Urtuvia et al., 2017). Bacterial alginate is a polysaccharide with a 

linear chain consisting of 1 4 linked -D-mannuronic acid (M) and its C-5 epimer -

L-guluronic acid (G) (Pawar and Edgar, 2012). Improvement of the ionic gel strength 

can be produced by the addition of covalent crosslinking (Pawar and Edgar, 2012) 

using divalent cations reactions with the bacterial alginate in form of chelates, 

generating new junctions` points (Sikorski et al., 2007). Ca+2 is the most commonly 

used cation to create the Ca-alginate hydrogel (Pawar and Edgar, 2012).  This mix 

has been used in construction, biomedical engineering, and food areas (Draget et 

al., 2005; Díaz-Barrera and Soto, 2010; Guilherme et al., 2015; Urtuvia et al., 2017). 

Yet, the effect of this new bacterial alginate-based hydrogel over the mechanical and 

hydraulic behavior of complex porous materials such as coarse quartz sand has not 

been explored in the past. 

 

In this study, we hypothesized that the addition of a new hydrogel based on 

bacterial alginate to coarse quartz sand has positive effects on mechanical (i.e. soil 

strength, aggregate stability) and hydraulic properties (hydraulic conductivity). We 

used coarse quartz sand (i.e. grain diameter between 0.063 – 2 mm) because of 

three main reasons: 1) it is highly susceptible to mechanical compressive stresses; 

2) it is highly porous (i.e. permeable to water), then it has a low water holding 

capacity; and 3) it has no stability of aggregates (i.e. single grain structure)(Hillel, 

2003; Ghezzehei, 2012; Verruijt, 2018). To test our hypothesis, we used unconfined 

uniaxial compression tests, falling head permeability tests, aggregate stability tests, 

and transmission light microscopy. 

 

2. MATERIAL AND METHODS 

2.1 Porous media particle size distribution 

Quartz sand (MIGRIN S.A. non-metallic mining) was used in this study for its 

physical properties (i.e. highly susceptible to mechanical compressive stresses; 
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highly permeable to water; and lack of stability of aggregates; Hillel, 2003; Verruijt, 

2018; Ghezzehei, 2012). The sieve analysis method was used to determine particle 

size distributions following the ASTM C136 (ASTM, 2013; Wen et al., 2019) and 

using a standard U.S. sieve (C-tech Instruments, India). The sand particle 

distribution curve showed that the sand used in this study is mainly made up of 

55.46% of particles with a particle size of 0.5 mm, 37.95% of 0.25 mm, 5.5% of 0.15 

mm, and 1.09% of 0.053 mm (Fig. 1). The coefficient of uniformity (Cu) was 2.36 and 

the coefficient of gradation (Cc) 0.88. The sand was classified as coarse grained and 

poorly graded (SP) according to Unified Soil Classification System (USCS, 1986).  

 

2.2 Bacterial alginate production from Azotobacter vinelandii 

Bacterial alginate was fermented and recovered in several steps. The 

fermentation stage consisted in the cultivation of the bacteria Azotobacter vinelandii 

ATCC 9046 in a culture medium composed of sucrose as carbon source and under 

 The bacterial alginate production was carried out in a atmospheric nitrogen fixation.

30 L bioreactor (Infors HT, Techfors, Switzerland). The 30 L bioreactor operated at 

órdova et al., 300 rpm, 1 vvm, 30ºC and pH 7.0 controlled with NaOH (2N) (Padilla-C

2020). Samples of culture broth (30 mL) were mixed with 6 mL of Na4EDTA (0.1 M) 

and NaCl (1.0 M) and then centrifuged at 7650 × g over 10 min. The obtained pellet 

was separated, and the supernatant was used to recuperate the alginate. A 3:1 

volume of cold propan-2-ol was added to the supernatant, and the resultant 

precipitate was filtered through 0.45-μm Millipore filter paper, dried at 60°C to a 

constant weight, and then ground and weighed. The final product resulted in a solid 

stable product with a molecular weight of 453 ± 42 kDa. (Díaz-Barrera et al., 2017). 

Finally, the bacterial alginate was recovered and allowed to dry in an oven at 60°C 

for 24 hours resulting in a chemically stable product (i.e. lack of chemical reactions 

such as oxidation, polymerization, and hydrolysis) until rehydration. 

 

2.3 Quantification of the contents of mannuronic and guluronic acid in alginate 

by Fourier transform infrared (FTIR) spectroscopy 

The quantification of the content of mannuronic and guluronic acid in alginate 

was carried out using a FTIR with the technique of total attenuated reflectance 

(ATR). Alginate sample was freeze-dried prior to FTIR measurements. FTIR 
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analyses were recorded from 500-4000 cm-1 using a Jasco FT/IR-4600 

spectrometer. 64 scans were collected with a resolution of 4 cm-1 (Leal et al., 2008). 

Supplementary figure 1 shows the obtained IR spectra of bacterial alginate. It was 

possible to identify at 1612 cm-1 and 1392 cm-1 the stretching vibrations of the 

COO- group characteristic of alginate structure. Moreover, the stretching vibrations 

of the CO group than correspond to bond of guluronic (G) and mannuronic (M) acids 

were identified to 1314 cm-1 and 1290 cm-1, respectively (Sartori et al., 1997). 

Finally, the IR data was used to calculate G/M ratio. G/M ratio was calculated by 

dividing the transmittance obtained of the absorption bands in 1320 cm-1 and 1290 

cm-1 (Sartori et al., 1997). The IR data were analyzed using Bio-Rad software 

(version 18.3.1). 

 

2.4 Preparation of Ca-alginate hydrogel 

In this study, we used Ca(OH)2 for its higher solubility (Stephen and Stephen, 

1962). When Ca(OH)2 is mixed with water, the covalent ions of Ca+2 are released to 

the medium, leaving them available to create the Ca-alginate porous complex (i.e. 

hydrogel). The bacterial alginate was solubilized in distillated (DI) water using a 

magnetic stirrer (AccuPlate™ Hotplate Stirrer, Labnet, USA) creating a water-soluble 

solution. Then a solution of Ca(OH)2 at 0.5 M (i.e. 37.04 g/L) were solubilized in DI 

water using a magnetic stirrer (AccuPlate™ Hotplate Stirrer, Labnet, USA) (Wen et 

al., 2019). Finally, the bacterial alginate and Ca(OH)2 solution were added to the 

quartz sand and mixed by hand to accomplish the homogeneity of the Ca-alginate 

. hydrogel

 

2.5 Sample preparation  

All the experiments were carried out at the Soft Matter Biophysics lab in the 

School of Agronomy PUCV, Chile. Four treatments were performed to test the 

individual effects of the components that conformed the hydrogel. The treatments 

were: (I) control consisting on DI water, (II) calcium hydroxide (Ca(OH)2), (III) 

bacterial alginate, and (IV) the mix of calcium with the bacterial alginate (i.e. Ca-

alginate hydrogel). The same treatments were used in every experiment performed 

in this study. The bacterial alginate, the calcium hydroxide, and the mix of them (i.e. 

Ca-alginate hydrogel) treatments were applied independently. The Ca-alginate 
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hydrogel was applied and mixed with the samples to create an in situ effect on the 

coarse quartz sand. 

For the unconfined uniaxial compression and falling head permeability tests, 

the samples were prepared using an adaptation of the following sample preparation 

methodology (Wen et al., 2019): 1) 800 g of coarse quartz sand were weighed on 

plastic pots; 2) the treatments previously prepared were applied in liquid form (i.e. 

water-soluble solutions) over the weighted sand and then mixed by hand for 1 min to 

homogenize the samples (Supporting information Fig. S2). For practical purposes 

bacterial alginate concentration was estimated according to the weight/weight (w/w) 

ratio of the coarse quartz sand. At 800 g of sand, 0.8 g of bacterial alginate was 

applied in a water-soluble solution that equals to 0.1% (w/w). The volume of water 

applied was determined according to the saturation point of the sand (i.e. field 

capacity) which was 150 ml of water. Finally, the curing time was 3 days to ensure 

that the treatments had the same reaction times with the coarse quartz sand (Hataf 

et al., 2018; Wen et al., 2019). 

 

2.6 Unconfined uniaxial compressive testing 

A texture analyzer (Model Ta.XT plusC, Stable Micro Systems Ltd, England) 

equipped with a compression plate of 100 mm of diameter (TMS 100 mm diameter, 

p/100) was used over cylindrical specimens of 70 mm in diameter × 160 mm height. 

Before the compression test, the treatments were compacted in a custom-made 

mold of polyvinyl chloride (PVC)(see supporting information Fig. S3). The texture 

analyzer parameters were set as follows: 1) the trigger threshold (i.e. force) was set 

at 0.05 N, 2) pre-test = 1 mm s-1, 3) speed test = 1 mm s-1, 4) post-test = 10 mm s-1, 

and 5) the compression force was recorded in Newton (N) at 20 mm deformation. 

Then, the data were transformed into Mega Pascals (MPa) and percentage of axial 

strain (%). The elastic behavior, the deformation at break, and the maximum strength 

of treated coarse quartz sand (i.e. maximum resistance until the soil breaks) were 

obtained to measure the stress-strain relationship. The Young´s modulus (i.e. 

module that indicates how elastic it is a body) was calculated using the slope of the 

elastic zone of the stress-strain curves (n = 6). Finally, fracture point (i.e. point at 

which the soil breaks) was calculated using the slope angle (θ) of the elastic zone at 
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the point of fracture after the maximum resistance of the samples (Supporting 

information Fig. S4). 

 

2.7 Aggregate stability measurement 

Aggregate stability measurements were based on the work proposed by 

Narjary and Aggarwal (2014), and Le Bissonnais (2016).  The mechanical 

breakdown by shaking after pre-wetting method was used for this test. The objective 

of pre-wetting is to test the wet mechanical cohesion of aggregates independently of 

slaking (Le Bissonnais, 2016). The experimental unit consisted of plastic pots of 250 

g of coarse quartz sand. In addition, the bacterial alginate and Ca-alginate hydrogel 

treatments were applied at a concentration of 0.1% (w/w) ratio of coarse quartz 

sand. Each treatment was performed with six replications. Each experimental unit 

were exposed to 20 cycles of wetting (field capacity) and drying (permanent wilting 

point) for three weeks. Mechanical breakdown by shaking after pre-wetting method 

were applied for each experimental unit. The samples were oven dried (BOV-C30T, 

BioBase Biodustry, Jinan, China) at 60ºC for 24 h and then screened using seven 

sieves (2000 µm, 1000 µm, 500 µm, 250 µm, 125 µm and 53 µm, respectively). 

Mass was recorded after drying. Finally, the mean weight diameter (MWD) was 

calculated as an index of aggregation using the next formula (Le Bissonais, 2016): 

     𝑀𝑊𝐷 =  𝑋iWi𝑛
𝑖=1                                                   (1) 

where MWD is (g/mm), Xi is the weight of dry coarse quartz sand in the sieve i (g), 

and Wi is the average diameter of the pores of the adjacent sieve meshes (mm). 

 

2.8 Hydraulic conductivity test 

The falling head permeability method was implemented following the ASTM 

D5084-16a protocol (ASTM-D5084-16a, 2016). After sample preparation, three 

consecutive falling head experiments (i.e. flushing events) were conducted on 

saturated samples in the head permeability test set (HM-891, Gilson Company INC., 

Ohio, USA). The average of the three flushing events was used to compute 

saturated hydraulic conductivity (K) from falling head by using the Darcy´s law 

equation (Barnes et al., 2014): 

𝐾 = 
𝑎𝐿

𝐴(∆𝑡)
∗ 𝐿𝑛  

ℎ0

ℎ1
                               (2) 
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Where, 𝑎 is the cross-sectional area of standpipe (m), L is the length of specimen 

(m), A is the cross-sectional area of specimen (m), ∆t is time elapsed (s), h0 and h1 

are the initial and final water meniscus heights of the water column (m). To verify the 

flow regime, we estimated the Reynolds number for each treatment as: 

𝑅𝑒 =
𝜌𝑣𝐷𝑝

𝜇
                                                         (3) 

where ρ is the density of the fluid (kg m-3), v is the flow speed (m s-1), Dp is the 

diameter of particles of the coarse quartz sand (mm) and μ is the dynamic viscosity 

of the fluid (Pa·s). When non-Darcy flow was found, we approximated the 

Forchheimer’s equation: 

−
∆𝑃

𝐿
=

𝜇

𝑘
𝑣 + 𝜌𝛽𝑣2                                                 (4) 

where k is the Forchheimer permeability (m2), β correspond to the Forchheimer 

coefficient or non-Darcy flow coefficient (m-1). Then, rearranging the equation (4) as: 

∆𝑃

𝐿𝑣𝜇
=

1

𝑘
+ 𝛽  

𝜌𝑣

𝜇
                                                   (5) 

we created a Forchheimer plot relating 
∆𝑃

𝐿𝑣𝜇
 vs 

𝜌𝑣

𝜇
, obtaining a straight line with slope β 

and 
1

𝑘
 as intercept. We then estimated the Forchheimer number (F0) as 𝐹0 =

𝑘𝛽𝜌𝑣

𝜇
 and 

the non-Darcy effect E as 𝐸 =
𝐹0

1+𝐹0
 (Bear, 1972; Comiti et al., 2000; Zeng and Grigg, 

2006; Huang and Ayoub, 2008). In the present work, the Ohnesorge number (Oh) 

helps to understand the persistence of the liquid bridges between the alginate and 

hydrogel treatments and the coarse quartz sand particle surfaces, and was 

estimated according to equation (6): 

𝑂ℎ =
𝜇

 𝜌𝜎𝐿
                                                        (6) 

where μ dynamic viscosity of the fluid (Pa·s), ρ is the density of the fluid (kg m-3), σ is 

the surface tension (N m-1) and L is the characteristic length scale of the filaments of 

hydrogel between soil particle surfaces (m) (Benard et al., 2019).  
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2.9 Transmission light microscopy imaging 

Transmission light microscopy imaging was used to observe in detail the 

structure formed in the porous matrix by the interaction of the different treatments 

with the coarse quartz sand. The ability of the Ca-alginate hydrogel to swell and 

absorb water allow us to use a blue ink-water solution (e.g. pen ink) to identify the 

structure of the new matrix (Benard et al., 2017). To visualize the treatments under 

the microscope, glass slides were used to hold the samples of the treated coarse 

quartz sand. The blue ink-water solution is absorbed by the Ca-alginate hydrogel, 

adhering to the physical bond of the hydrogel and allowing its visualization under 

transmission light microscopy. The mix of the different treatments with the ink-water 

solution had a gravimetric ratio of 1:2 and was done at free hand (not submerged) 

with a micropipette of 200 µm (Benard et al., 2017). Samples were observed using 

Leica DMIL LED inverted microscope (Leica Microsystems, Wetzlar, Germany). 

Images were acquired with a Leica MC170HD digital camera. 

  

3. Statistical analysis 

Analysis of variance (ANOVA) was performed using R version 4.0.0 statistical 

computing environment (R Core Team, 2020) with the aid of the CAR software 

package (Fox & Weisberg, 2011). The Shapiro–Wilk and Levene tests were used to 

check for normality and homogeneity of variance, respectively. Tukey’ honest 

significant difference test was used to determine significant differences among 

treatments. 

 

4. RESULTS 

4.1 Unconfined uniaxial compressive testing (UUCT) 

We used unconfined uniaxial compressive testing to quantify the effects of the 

different treatments (i.e. (I) control, (II) calcium hydroxide (Ca(OH)2), (III) bacterial 

alginate, (IV) Ca-alginate hydrogel) on the stress-strain relationship, the elastic 

behavior, and the deformation at break of treated coarse quartz sand (Fig. 2A, B, C) 

(Leite and Ferland, 2001). Coarse quartz sand under control treatment displayed 

stress-strain curves with higher Young´s modulus (173  46.2 MPa SE) reaching 

almost 2-fold compared with Ca-alginate hydrogel treatment (73.7  5.3 MPa SE) 

and bacterial alginate (64.2  7.2 MPa SE) (Fig. 2A, B). The Young´s modulus of the 
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coarse quartz sand treated with calcium hydroxide (156.9  14.5 MPa SE) was 

similar to the one observed in the control. During data collection, axial deformation 

progressively increased until reaching the point of deformation at fracture (see Fig. 

2C). The mean axial deformation (%) was 1.9, 3.8, 4.1, and 5, respectively for 

treatments control, calcium hydroxide (Ca(OH)2), bacterial alginate, and Ca-alginate 

In the present study, the maximum compressive stress reached more than hydrogel. 

3.0 MPa, exceeding 5% of axial deformation. Significant differences were found 

among treatments in percentage of axial deformation at fracture (%; p = 0.0019) 

where the Ca-alginate hydrogel treatment showed fracture at 6.4% axial deformation 

while control and calcium hydroxide treatments displayed fracture at 3.7% and 3.5% 

axial deformation respectively (Fig. 2C). The bacterial alginate treatment showed 

fracture at 4.2% axial deformation, having an intermediate effect between the Ca-

alginate and control - calcium hydroxide treatments (Fig. 2C). Overall, the resistance 

to fracture of the coarse quartz sand cylinders increased by 74% in Ca-alginate 

treatment compared to control treatment.  

 

4.2 Aggregate stability test 

We used the aggregate stability test to quantify the mechanical disruption of 

coarse quartz sand treated with the different Ca-alginate hydrogel compounds. The 

analysis was done accordingly to the classes of stability proposed by Le Bissonais 

(2016). In this study, to control confounding factors, only the first three meshes were 

used (i.e. 2000 µm, 1000 µm, and 500 µm) to perform the aggregate stability test 

since most of the particles diameters were located in the 500 µm and 125 µm sieves. 

In this way, we recorded the generation of macroaggregates, avoiding the particles 

size fraction (i.e. 500 µm, 250 µm, 125 µm, and 53 µm) that the coarse quartz sand 

already has. Coarse quartz sand under Ca-alginate hydrogel treatment shows a 

prominent aggregate stability (1.5  0.4 mm/g SE) compared to the control treatment 

(0.1  7.0 e-3 mm/g SE), calcium hydroxide treatment (0.1  4.0 e-3 mm/g SE), and 

bacterial alginate treatment (0.2  6.0 e-2 mm/g SE). Significant differences of 

aggregate stability were found among treatments (p = 0.0003179) (Fig. 3).   
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4.3 Hydraulic conductivity test 

We used the falling head permeability test to quantify the effects of the 

different Ca-alginate hydrogel compounds over the coarse quartz sand saturated 

hydraulic conductivity (K). As shown in Fig. 4A, bacterial alginate and Ca-alginate 

hydrogel treatments lay into the Darcy’s model’s regime of the flux density-hydraulic 

gradient relation displaying relatively low Reynolds numbers (Re ≈ 0.02) while the 

control and calcium treatments showed a non-Darcy flow regime with Re ≈12.0, F0 ≈

2.46 and E ≈ 0.7. Saturated hydraulic conductivity was significantly reduced in the 

Ca-alginate hydrogel and bacterial alginate treatments compared with the control 

and calcium treatments (p = 0.0001482; Fig. 4B). The Ca-alginate hydrogel 

treatment achieved to reduce the saturated hydraulic conductivity by 32% compared 

to the control treatment. Coarse quartz sand mean K values were separated in two 

groups, (1) control and calcium hydroxide treatments showed higher values (2.7  

1.7 e-3 SE m s-1 and 2.4  1.6 e-3 SE m s-1), and (2) bacterial alginate and Ca-

alginate hydrogel treatments showed lower values (1.5  1.0 e-3 SE m s-1 and 1.8  

1.8 e-3 SE m s-1). Finally, the Oh numbers estimated for control and calcium 

treatments were ≈ 0.2, and for the bacterial alginate and Ca-alginate hydrogel 

treatments ≈ 83.1 – 83.3 respectively.  

 

4.4 Transmission light microscopy imaging 

We obtained 90 transmission light microscopy images to observe in detail the 

effects of the different treatments over the structure and particle configuration of 

treated coarse quartz sand. A representative image was selected for every 

treatment. The control and calcium treatments showed direct contact between the 

quartz sand particles, but without external connections of any kind (Fig. 5A, B). On 

the other hand, the bacterial alginate treatment displayed new links (i.e. hollow 

cylinders) at interparticle level in the coarse quartz sand (Fig. 5C). Finally, our 

images revealed that the structures of Ca-alginate hydrogel treatment were larger, 

because instead of filaments (i.e. hollow cylinders), a three-dimensional network was 

created, generating a new matrix of Ca-alginate hydrogel-coarse sand particles (Fig. 

5D). 
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5. DISCUSSION 

In this study, mechanical and hydraulic behavior of coarse quartz sand treated 

with bacterial alginate-based hydrogel were evaluated for potential application in 

agricultural systems facing climate change related phenomena such as wind erosion, 

heavy rainfall, flooding, and drought. The results from unconfined uniaxial 

compression test (UCS) showed that the strength of the sand treated with the Ca-

alginate hydrogel increased by 94.5%, while the hydraulic conductivity decreased by 

33%. The Ca-alginate hydrogel and bacterial alginate treatments displayed a Darcy 

flow regime while control and calcium lay on the non-linear part of the flux density-

hydraulic gradient relation displaying a Forchheimer flow regime (i.e. water flow more 

easily in the macropores inside the coarse quartz sand particles). Also, Oh number 

of the Ca-alginate hydrogel and bacterial alginate treatments (Oh>>1) indicates that 

viscous forces dominates over inertia and surface tension forces, helping to maintain 

the hydraulic connection through the filamentous network created by the alginate 

and Ca-alginate hydrogel treatments in the coarse quartz sand. The aggregate 

stability tests showed that sand aggregates were greatly improved with the Ca-

alginate hydrogel displaying larger mean weight diameter (MWD) of 1.5 mm/g. Such 

improvement on the stability of soil aggregates could play a key role in agricultural 

systems facing the effects of climate change (e.g. soil erosion and low water 

availability). Finally, transmission light microscopy imaging of the Ca-alginate 

hydrogel treatment revealed a new 3-D  matrix between the polymer chains of the 

bacterial alginate hydrogel and the quartz sand particles surfaces, changing the 

micro and macro aggregates and providing an improved structure of the coarse 

quartz sand. The results presented here provide evidence that use of this new Ca-

alginate hydrogel based on bacterial alginate improve the mechanical and hydraulic 

behavior of coarse quartz sand, a poor-quality coarse quartz sand in term of 

structure and hydraulic behavior; highlighting that this amendment may be 

particularly beneficial in agricultural systems facing climate change and their related 

phenomena (i.e. soil erosion and low water availability). 

 

 The stress-strain relationship defines the coarse quartz sand strength (i.e. 

maximum amount of stress a solid can withstand before it fails) and elasticity 
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behavior. These two variables are key mechanical determinants of whole coarse 

quartz sand functionality and quality in agricultural contexts (Hillel, 2003; Horn and 

Peth, 2012). Changes in mechanical behavior of sandy soils mixed with different 

hydrogel types have been studied in the past (Chang and Cho, 2012; Chang et al., 

2015; Chang et al., 2016; Hataf et al., 2018; Wen et al., 2019). In those previous 

studies, the percentage of axial strain and the maximum compressive stress did not 

exceed 5% and 2.5 MPa, respectively (Chang et al., 2015; Hataf et al., 2018; Wen et 

al., 2019). Our data, however, showed that the maximum compressive stress 

achieved more than 3.0 MPa exceeding 5% of axial strain (Fig. 2a). Also, the 

mechanical behavior of the coarse sand treated with Ca-alginate hydrogel revealed a 

change in the elastic modulus compared to the control (See. Fig. 2A, B). The 

Young’s modulus in our control treatment was consistent with previous reported data 

for granular material such as coarse sand (Obrzud and Truty, 2012). In here, the 

application of bacterial alginate and Ca-alginate hydrogel treatment reduced the 

Young’s modulus in almost 2-fold compared to the control treatment; meaning that 

the treated sand became more flexible, changing its shape considerably compared 

to the control when applying the same stress load.  

 

When a mechanical stress is applied, soil deformation occurs first at the 

weakest point in the soil matrix. Then, further increases in stress result in the 

formation of failure zones (Horn and Peth, 2012; see supporting information Fig. S4). 

In here, axial strain at fracture (%) of the Ca-alginate hydrogel treatment doubled the 

strain fracture resistance of quartz sand compared with the other treatments, 

suggesting an improvement in the soil strength. This could be explained by the 

effective cohesion/adhesion effect of the Ca-alginate hydrogel with the sand particles 

(Fig. 5D), creating a new soil porous matrix (Fig. 5C). Our results are consistent with 

previous studies where chitosan fibers were observed to form bridges among soil 

particles (Hataf et al., 2018). Also, previous studies showed that root mucilage (e.g. 

hydrogel-like material from plant roots exudates) between soil particles changed soil 

structure (Benard et al., 2017; Benard et al., 2018). In this case, where there was low 

mucilage concentration, the bridges presented 1D isolated filaments (i.e. hollow 

cylinders) and, when mucilage concentration increased, the filaments created 2D 

structures that modified the hydraulic behavior of the soil-root interface, maintaining 
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the continuity of the liquid phase across the rhizosphere (Benard et al., 2017; Benard 

et al., 2018). Our results from microscopy images from the bacterial alginate 

treatment (Fig. 5C) are similar to those found previously about the formation of dried 

chitosan fibers and drying mucilage (Benard et al., 2018; Hataf et al., 2018). Drying 

conditions generate the evaporation of water contained in the links of the hydrogel-

sand interface, shrinking the liquid bridges and increasing the surface to volume ratio 

and finally modifying the hydrogel-sand particles interactions (Benard et al., 2018). 

Nevertheless, we found clear differences in the Ca-alginate hydrogel treatment 

compared with our bacterial alginate treatment and previously reported dried 

chitosan, fibers, and dried mucilage (Fig. 5C and Fig. 6B; Hataf et al., 2018; Benard 

et al., 2018). The results presented here showed not only 1D or 2D dehydrated 

bridges linking the particles (Benard et al., 2018; Hataf et al., 2018), but a new 3D 

matrix that creates new pores at inter-particle level, capable of creating micro and 

macro aggregates (Fig. 6C). This new finding could be comparable with the 

exudates of plant roots that modifies the soil mechanical and hydraulic behavior of 

the rhizosphere (Ahmed et al., 2014; Carminati et al., 2016; Benard et al., 2017; 

Galloway et al., 2018; Benard et al., 2018; Ahmed et al., 2018).  

 

 Hydraulics data revealed that treatments Ca-alginate hydrogel and bacterial 

alginate reduced almost in half the hydraulic conductivity compared to the control; 

improving the water retention capacity of the coarse quartz sand (Hataf et al., 2018; 

Wen et al., 2019). High hydraulic conductivity was shown in the control and calcium 

hydroxide treatments (Fig. 4), mainly because of the grain size diameter of coarse 

quartz sand (Fig. 1), defined as a coarse grained and poorly graded (SP) according 

to Unified Soil Classification System (USCS,1986). Quartz sand is not aggregated 

since the ratio of macro and microaggregates is unbalanced (i.e. more macro 

aggregates than micro aggregates) and it is well known that aggregates affect 

significantly the hydraulic behavior of soils (Huang, Li, and Summer, 2012; Carminati 

et al., 2012; Galloway et al., 2018; Benard et al., 2019). In here, this coarse quartz 

sand displayed a non-linear Forchheimer flow regime with relatively high Reynolds 

and Forchheimer numbers (i.e. Re ≈12.0, F0 ≈2.5) and a non-Darcy effect of E ≈ 0.7 

(Bear, 1972; Comiti et al., 2000; Zeng and Grigg, 2006; Huang and Ayoub, 2008). 

The Ca-alginate hydrogel and bacterial alginate was found to have an effect on the 
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mechanics of the fluid phase of treated coarse quartz sand by shifting the flow 

regime from non-linear where inertial forces dominate to linear where viscous forces 

dominate. This relates well with our estimation of the Oh number that indicates that 

the sand treated with Ca-alginate hydrogel and bacterial alginate increase the 

viscous forces, helping to maintain the hydraulic connectivity across the soil. This is 

particularly important during soil drying, since having a large Oh number (Oh >> 1) 

allows the hydrogel filaments in the soil to be kept more rigid due to the considerable 

increase in their viscosity, maintaining the water stored within the filamentous 

network; water that can be beneficial in agricultural contexts facing low available 

water capacity (Bernard et al., 2018; Benard et al., 2019). Previous studies have 

documented changes in the arrangement of soil particles and aggregates due to 

plants and microorganism activity that release exopolysaccharides (EPS) to the 

surrounding soil; providing a gluing effect and modifying the soil matrix (Zhao, 2014; 

Benard et al., 2018; Galloway et al., 2018; Benard et al., 2019). The results 

presented here are consistent with previous research where different hydrogel 

concentration were used, showing a significant reduction in the hydraulic conductivity 

of sand with different sodium alginate content (i.e. seaweed alginate; Wen et al., 

2019). Our research shows that Ca-alginate hydrogel and bacterial alginate 

treatments reduce the water movement between 2.7-3.7 times. On the other hand, 

the data suggest that the hydraulic behavior of the coarse quartz sand can be 

modified by the incorporation of bacterial alginate and Ca-alginate hydrogel 

treatments, which could simulate the effect of natural polysaccharides excreted by 

microorganisms, and mucilage from root plants (Ahmed et al., 2014; Ahmed et al., 

2015; Galloway et al., 2018; Benard et al., 2018; Benard et al., 2019).  

 

The stability of soil aggregates plays a key role on the soil storage and 

movement of water (i.e. hydraulic conductivity), soil aeration, soil erosion, soil 

microbiological activity, and root growth of plants (Kramer and Boyer, 1995; 

Amézketa, 1999; Carminati et al., 2008; Carminati and Flühler, 2009; Carminati et 

al., 2012; Heinse et al., 2015; Le Bissonnais, 2016; Galloway et al., 2018). In this 

study we used coarse quartz sand to quantify the real effect of the Ca-alginate 

hydrogel on the aggregate stability of soil. The quartz sand used in this investigation 

showed no soil aggregates, and the grain size diameter were composed mainly in 
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the range from 500 m to 125 m (see Fig. 1). Nevertheless, our results showed a 

significant improvement in the MWD (mm/g) measurement with the Ca-alginate 

hydrogel treatment (1.5) compared with the control, calcium, and even bacterial 

alginate treatments. According to the classes of stability and crustability presented 

by Le Bissonnais (2016), the control, calcium, and bacterial alginate treatments used 

here display very unstable stability (< 0.4 MWD). Soils in this class (i.e. very unstable 

stability of soil aggregates) are more susceptible to physical-disruptive environmental 

phenomena such as erosion and runoff and have higher water permeability (i.e. high 

hydraulic conductivity and low water holding capacity; De Ploey and Poesen, 1985; 

Amézketa, 1999; Carminati et al., 2008). On the other hand, the Ca-alginate 

hydrogel treatment presented a MWD (mm/g) value classified as stable stability (1.3-

2.0); providing strong evidence that Ca-alginate hydrogel helped to create 

aggregates in coarse-size sand. We think that these results are explained by the 

new 3-D matrix created between the coarse quartz sand particles (Fig. 5D, 6C). The 

3-D matrix modifies the physical contact between the coarse quartz sand particles, 

altering the macro and micro-pores, air pockets, and water held between them (Fig. 

6C). It is important to note that the bacterial alginate treatment did have an important 

effect in enhancing the mechanical and hydraulic behavior of coarse quartz sand. 

Our schematic illustration summarizes the presence of bacterial alginate filaments 

and bacterial alginate hollow cylinders (Fig. 6B) that might be enough to have an 

impact and change the situation observed in the control and coarse quartz treatment 

(Fig. 6A). However, further experiments should focus on more complex and reactive 

soil matrices, expanding the results from this work. Finally, in further studies at field 

level, different concentrations of bacterial alginate with different molecular 

composition (e.g. molecular weight, acetylation degree, and G/M ratios) should be 

considered.  

 

6. CONCLUSSION 

We studied the effects of a new hydrogel based on bacterial alginate on the 

mechanics and hydraulics of coarse-sized sand. Mechanical (i.e. soil strength, 

aggregate stability) and hydraulic behavior (hydraulic conductivity) were modified 

and improved by creating a new hydrogel sand porous material. Our results suggest 

that bacterial alginate-based hydrogel applied to sandy soils might be useful in 
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mitigating the negative impacts of climate change in agricultural contexts (i.e. wind 

erosion, flooding, drought). However, future experiments should investigate changes 

in the mechanical behavior of soils with different textural classes, and organic 

components (i.e. organic matter), including the dynamics of hydraulic behavior under 

different load stresses. Furthermore, the interaction of the bacterial alginate-based 

hydrogel with biological material systems (i.e. root plants) and the hydraulics 

involved in the soil-hydrogel-root interface are still poorly understood and should be 

further investigated. To assess the suitability of these composites as a soil improver, 

further work should include biophysical studies in this complex coarse quartz sand. 

Filling these gaps of knowledge about the effects of the bacterial alginate-based 

hydrogel on the soil-plant-atmosphere continuum (SPAC) might help to better 

understand how to manage agricultural systems subjected to the negative effects of 

climate change, allowing to mitigate major droughts and help in soil conservation 

efforts. 
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FIGURE LEGENDS 

 

FIGURE 1. Particle distribution curve of coarse quartz sand (MIGRIN S.A. non-

metallic mining) used in the study. The coefficient of uniformity and gradation are 

2.36 and 0.88, respectively. The sand belongs to a coarse grained and poorly 

graded (SP) type. 
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FIGURE 2. (A), Representative Stress-Strain diagram showing the unconfined 

uniaxial compression test of the coarse quartz sand treated with water (Control), 

calcium hydroxide (Ca(OH)2) (Calcium) 0.5 M, bacterial alginate (Alginate) at 0.1% 

(w/w), and a mix of bacterial alginate and calcium hydroxide (Hydrogel). (B) The 

slopes show the representative Young´s elastic modulus in MPa of the coarse quartz 

sand under the four treatments. (C), Fracture of the sand cylinders (presented as % 

of axial strain at the final breakdown) were calculated with the slope angle (θ) of all 

experimental units. Data are mean ± SE (n = 6). Mean followed by different letters 

are significantly different at P<0.05. 
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FIGURE 3. Effect of the different treatments on the aggregate stability of the coarse 

quartz sand. The response variable is shown as mean weight diameter (MWD). Data 

are means ± SE (n = 6). Mean followed by different letters are significantly different 

at P<0.05. 
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FIGURE 4. (A), Flux density-hydraulic gradient relationship showing that the 

bacterial alginate and hydrogel treatments lay on the linear part of the relation 

displaying low Reynolds numbers (Re~0.006) while the control and calcium 

treatments show a non-linear flow regime. (B), Hydraulic conductivity (k) of sand 

treated with water (Control), calcium hydroxide (Calcium) 0.5 M, bacterial alginate 

(Alginate) at 0.1% (w/w), and a mix of bacterial alginate and calcium hydroxide 

(Hydrogel) was obtained with the falling head permeability test. Data are means ± 

SE (n = 6). Mean followed by different letters are significantly different at P<0.05. 
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FIGURE 5. Transmission light microscopy images of treated sand with (A) control, 

(B) calcium, (C) bacterial alginate, and (D) hydrogel. Samples were covered with a 

mixture of the different treatments with a blue-ink solution to generate contrast. (a, b) 

arrows indicate the contact of the porous media particles and macropores formed 

between them. (c) arrows indicate the bacterial alginate links or “bridges” joining the 

sand particles. (d) arrows indicate the three-dimensional hydrogel matrix created 

among the sand particles. Bars = 500 µm. AP, air pocket; SP, sand particle; AL, 

bacterial alginate; HG, water-soluble hydrogel. 
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FIGURE 6. Schematic illustration model of coarse quartz sand particle interactions 

showing (a) the interaction of sand particles with DI water (Control), (b) interaction of 

sand particles with bacterial alginate modulated by the creation of alginate filaments 

and hollow cylinders, and (c) interaction of sand particles treated with hydrogel. In 

(c), the hydrogel creates a new porous matrix that can modify the macro and micro-

pores and the mechanics of the fluid phase.  

 

 


