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Abstract
Sand reinforced with hydraulic binder (cement) has played an important role in 
recent decades. However, the natural properties of soil have deteriorated due to pol-
lution resulting from excessive use of cement. Today, the use of biopolymers as a 
soil improvement method has become very popular. However, since biopolymers are 
organic and degradable, their long-term effects are not fully understood.
This study investigates the effectiveness of using xanthan gum as a binding agent to 
improve the shear strength and volume change behavior of Chlef sandy soil. Sam-
ples were prepared with varying xanthan gum percentages (XG = 0.25%, 0.5%, and 
1%) and curing times (7, 14, and 30 days) at a medium relative density (Dr = 50%). 
The samples were subjected to normal stresses of 50 kPa, 100 kPa, and 200 kPa.
Results showed significant improvement in the shear strength, cohesive intercept, 
and friction angle of the treated sand. The study highlights the potential of using 
xanthan gum as a microbiological binding agent and provides insights for the long-
term effectiveness of sand reinforcement.
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1  Introduction

Due to increasing demands for environmentally friendly and sustainable applica-
tions in soil improvement procedures, biological remediation materials such as 
biopolymers have become more widespread (Bağrıaçık and Mahmutluoğlu 2021). 
In addition to increasing shear strength, biopolymers have also been employed 
to improve the hydraulic behavior of soils by filling the voids in a soil medium 
and adsorbing water, thus causing expansion of the soil. While chemical admix-
tures like lime, cement, bituminous materials, fly ash, calcium, and carbide have 
normally been used for construction purposes (Kumar and Sujatha 2021; Suja-
tha et  al. 2020), they leave a permanent and irreversible mark on the environ-
ment. Ecological concerns and the need for sustainable development demand an 
environment-friendly stabilization technique. Biopolymers like chitosan, sodium 
alginate, beta-glucan, and xanthan show great potential for replacing traditional 
admixtures as soil additives (Sujatha et al. 2020).

The main purpose of soil treatment and improvement (i.e., engineered soil) 
is to enhance the engineering characteristics (Stabilization of Soil Using Flyash 
2016). Two primary methods have consisted of mechanical and chemical treat-
ments. Mechanical improvements were obtained by reinforcing the strength of the 
soil through physical processes such as compaction (Ehrlich et  al. 2012; Rein-
forcement 2019; Hejazi et al. 2012; Kumar 2020), drainage (Mujahid et al. 2020; 
Yang et al. 2018; Correia et al. 2021; Kerry Rowe and Lunzhu Li 1999), external 
loading (Hamza et al. 2011; Lo et al. 2020; Lynch et al. 2019; Deng et al. 2019), 
consolidation (Pradhan et al. 2011; Moghaddas Tafreshi et al. 2021), and the use 
of geosynthetics (Benziane et al. 2019; Denine et al. 2016; Barrett 1967; Sympo-
sium on polymer grid reinforcement in civil engineering 1984; Eith and Koerner 
1992). Similarly, chemical treatments involved hydration or pozzolanic reactions 
inside the soil to create artificial binding.

Portland cement has been the primary soil treatment technique due to its high 
strength and durability, workability, and hydraulicity, as well as low cost. However, 
despite the cement’s benefits and its numerous applications, overdependence and 
overuse have given rise to environmental concerns. It has been reported that CO2 
emissions related to the usage of cement in geotechnical applications (e.g., mix-
ing, grouting, soil stabilization) amounted to approximately 2% of the total global 
CO2 emissions (Chen et al. 2018; Plank 2005). Furthermore, the presence of cement 
inside the soil quickly raises the pH up to 12–13, due to the release of alkaline 
hydroxide (OH-) ions as a byproduct of hydration (Taylor 1997). This increase in 
pH has detrimental effects on biological organisms (Hansen 2002). Additionally, as 
the hydration reaction of cement is irreversible, it is difficult to return soil–cement 
mixtures to their original state. To address these problems, the geotechnical industry 
began introducing chemically synthesized polymers as soil conditioners, including 
polyacrylamide (PAM) (Narjary et al. 2012), anionic polyacrylamide (PAM) (Malik 
and Letey 1991; Laird 1997), acrylics, lignosulfonates, and phenolasts, especially 
for sandy soils. However, chemically synthesized polymers and solutions have raised 
concerns about toxicity and water pollution problems (Karol 2003).
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To help counteract these problems, the geotechnical industry began actively investigat-
ing biological approaches as an alternative to traditional soil treatment and improvement 
techniques (Estabragh et al. 2014), including microbe injection and by-product precipita-
tion. In particular, the introduction of microbial-induced polymers or biopolymers as a 
new type of construction binder, especially for soil treatment and improvement.

In the current investigation, direct shear box tests were carried out to evaluate the 
effectiveness of microbiological techniques in improving the shear properties of soil 
using xanthan gum as an eco-friendly biopolymer cement obtained from microbial 
sources. Results were presented and discussed on the effect of xanthan gum content, 
curing time, and normal stress on the shear strength of reinforced soil. We can say 
that the effect of the previous parameters on the efficacy of xanthan gum treatment is 
more effective on the earth’s surface layers.

This paper is structured as follows: in Sect. 2, we provide a detailed description 
of the methodology used in the laboratory testing of the biocemented Chlef sandy 
soil. Section 3 presents the results and discussion of the laboratory testing, including 
the maximum shear strength, cohesion intercept, and internal friction angle of the 
treated sand. In Sect. 4, we have a validation and in Sect. 5, we provide conclusions.

We emphasize that our use of xanthan gum as a biopolymer for soil stabiliza-
tion and investigation of the long-term effectiveness of biocemented sandy soil are 
unique contributions to the field of geotechnical engineering.

2 � Materials and Methods

2.1 � Materials

2.1.1 � Soil

The soil used for this study was collected from the riverbanks of Chlef in northern Algeria 
(see Fig. 1). Durville and Meneroud (1982) reported that the soil in this region liquefied 
during an earthquake in October 1980. The soil was classified as poorly graded sand (SP), 
and its grain size distribution curve is shown in Fig. 2 according to ASTM D-422. The 
engineering properties of Chlef sand are presented in Table 1.

2.1.2 � Biopolymer Additive

Xanthan gum, a polysaccharide that is made by the Xanthomonas campestris bac-
terium, is generally used as a viscosity thickener due to its hydrocolloid rheology 
(Barrére et al. 1986). Xanthan gum has gained great interest in geotechnical engi-
neering due to the variety in strength it adds to soil (Hong et  al. 2019; Bouazza 
et al. 2009; Nugent et al. 2009; Chang et al. 2015). The simplified chemical structure 
of xanthan gum (C35H49O29) is a linear linked b-D glucose backbone with a trisac-
charide side chain attached to each glucose. The trisaccharide side chain and the 
backbone are in alignment, providing stability and conformity throughout the struc-
ture by the formation of hydrogen bonds (Latifi et al. 2016). The xanthan gum was 
obtained from Eurl Pro Lysa company Algiers.
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2.2 � Test Procedures

Thirty-six direct shear box tests were conducted in this study on untreated and treated 
sand with different Xanthan gum contents of 0, 0.25, 0.5 and 1% by dry soil mass 
(see Research Methodology in Fig.  3). The tests were conducted on sand samples 
subjected to three normal stresses of 50, 100 and 200 kPa and prepared at an initial 
relative density of 50% representing medium dense state. It was crucial to maintain 
consistency between the specimens prepared for testing. Therefore, great care was 
taken to have reasonable repeatability during the preparation of the specimens to be 
tested. All the tests were conducted at the Laboratory of Materials Science and Envi-
ronment (LMSE) at University Hassiba Benbouali of Chlef in Algeria. Xanthan gum 

Fig. 1   a General view of the study area, b Chlef natural sand
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treatment tests were conducted using a standard laboratory Shear strength apparatus 
with a box specimen of 60 × 60 mm (see Fig. 3a). The thickness of all samples was 
25 mm. Each test was repeated multiple times to ensure the results reliability. All the 
parameters considered in the testing program are listed in Table 2.

3 � Results and Discussion

3.1 � Effect of Xanthan Gum Content on the Shear Strength

Figure 4 shows the evolution of maximum shear strength τmax (kPa) as function 
of normal stress Ϭn (kPa) of untreated and treated soil samples with Xanthan 
gum with different gum contents by dry sand mass XG (%) for different curing 

Fig. 2   Grain size distribution 
curve of Chlef sand

Table 1   Engineering properties of Chlef sand(Missoum Benziane et al. 2022)

Sand Properties Standard test specifications Value

Medium grain size, D50 (mm) ASTM D-422 0.40
Maximum diameter, Dmax (mm) ASTM D-422 2.00
Coefficient of uniformity, Cu (.) ASTM D-422 2.225
Coefficient of curvature, Cc (.) ASTM D-422 0.894
Mean specific gravity, Gs (.) ASTM D854-02 2.668
Maximum void ratio, emax (.) ASTM D4253-00 0.87
Minimum void ratio, emin (.) ASTM D4254-00 0.55
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periods T (Days) at a medium dense state (Dr = 50%). It can be noted from the 
figure that the resistance of sand characterized by the shear stress increased sig-
nificantly with the addition of xanthan gum. This effect was presumably a result 
of the formation of thicker biopolymer films due to the higher xanthan gum con-
tent (Lee et al. 2019). Additionally, curing time had an important consequence 
on the maximum shear strength of the sand-biopolymer mixture. The maximum 
values of shear strength for samples treated with xanthan gum at a normal stress 
of 100 kPa at 7 days of curing were 300.42, 347.44 and 392 kPa compared to 
367.78, 405.11 and 454.17  kPa for treated samples at 30  days of curing for 
xanthan gum contents of 0.25%, 0.5%, and 1%, respectively. This increase in 

Fig. 3   Research Methodology and Sand-Xanthan Gum Mixing preparation Step

Table 2   Experimental program

Relative density,
Dr (%)

Curing time,
T (days)

Xanthan gum content,
XG (%)

Normal stress,
Ϭn (kPa)

50 7; 14 and 30 0; 0.25; 0.5 and 1 50; 100 and 200
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strength was due to the electrically charged nature of clay particles present in 
the soil. Direct interaction between fine particles and xanthan gum occurred and 
increased the attractive forces leading in a growth of cementitious products with 
time that welded the soil particles together (Latifi et  al. 2016). Similar results 
were found by Cabalar et al. (Cabalar et al. 2017) on xanthan gum treated sand 
samples.

3.2 � Influence of Xanthan Gum on Soil Volumetric Behaviour

The vertical displacement as a function of horizontal displacement of untreated 
and treated sand specimens are illustrated in Fig.  5 for different xanthan gum 
contents of XG = 0; 0.25; 0.5 and 1% and curing periods of 7, 14 and 30 days. 
The introduction of xanthan gum affected the soil volumetric behaviour since 
treated sand specimens showed a more pronounced dilation (i.e., expansion) 
compared with untreated specimens. This dilative behavior was amplified with 
an increase in xanthan gum content. In addition, it was noted that an increase 
of curing period had a similar effect to that of xanthan gum content on the dila-
tion of biopolymer treated sandy soil. Samples cured for longer periods of time 
showed a noticeable accentuation in the soil dilatancy. It can be argued that this 
amplification of behavior was mainly due to the formation of a condensed bio-
film that became thicker as the xanthan gum content increased, resulting in a 
more brittle and dilative behaviour. These results agree with (Chang et al. 2020).

3.3 � Effect of Xanthan Gum on the Strength Properties

Figure 6 provides a visual representation of the evolution of maximum shear strength 
for samples of untreated and treated sand with xanthan gum, which were prepared to 
achieve a medium dense state. The data presented in the figure demonstrates that 

(a) (b) (c)

Fig. 4   Evolution of shear strength vs horizontal displacement of untreated and xanthan gum treated sand 
samples at different xanthan gum contents and curing periods of: (a) 7 days, (b) 14 days, (c) 30 days
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the maximum shear strength of the samples increased with increasing xanthan gum 
content, curing period, and normal stress. This suggests that the addition of xanthan 
gum to the sand has a positive impact on its strength, which is an important find-
ing that could have practical applications in various industries. Furthermore, the fact 
that these results are in agreement with the findings of a previously reported study 
(Missoum Benziane et al. 2022) adds weight to the reliability and validity of the cur-
rent study. This further strengthens the scientific understanding of the topic and sug-
gests that the findings presented in this paper are consistent with other studies in the 
field. Overall, the results presented in Fig. 6 provide valuable insights into the poten-
tial benefits of treating sand with xanthan gum and could inform future research and 
development efforts in this area.

The Mohr–Coulomb circle associated with the various tests relating to untreated 
and treated sand results in the following Eq. 1:

where: α is the slope of the line (friction angle) and β is the intercept expressing the 
cohesion of the studied sand.

(1)�pic(kPa) = a × �n(kPa) + �

(a) (b) (c)

Fig. 5   Evolution of vertical displacement vs horizontal displacement of untreated and xanthan gum 
treated sand samples at different xanthan gum contents and curing periods: (a) 7 days, (b) 14 days, (c) 
30 days

(a) (b) (c)

Fig. 6   Evolution of maximum shear strength vs normal stress of untreated and xanthan gum treated sand 
samples at different xanthan gum contents and curing periods: (a) 7 days, (b) 14 days, (c) 30 days
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The values of two parameters, cohesion and angle of internal friction, calculated from 
the intrinsic equations, were plotted in Fig. 7 as a function of xanthan gum content and 
curing period. Figure 7a shows a remarkable increase in the cohesion values of xanthan 
gum-sand mixtures since biopolymer-induced soil strengthening was mainly attributed to 
the improvement of inter-particle cohesion (Latifi et al. 2016); (Ayeldeen et al. 2017; Lee 
et al. 2017). The cohesion of xanthan gum-treated sand specimens increased proportion-
ally with an increase in gum percentage in the specimen. For a cure period of 7 days, 
samples prepared at 0.25% gum content had a cohesion value of 260.47 kPa, compared to 
295.4 kPa for a content of 0.5% and up to 333.04 kPa for a content of 1%. It was notice-
able from the results that the addition of xanthan gum changed the characteristics of the 
mixture to make it behave as cohesive soil. The same observation can be made regard-
ing the effect of curing time. It can be noted that an increase in curing period drastically 
increased the cohesion values of the sand-biopolymer mixture. Cohesion values for 
a fixed gum content of 0.5% by dry sand mass and cured for 7 days were found to be 
248.23 kPa, compared to 295.4 kPa for a curing period of 14 days and up to 351.55 kPa 
for a curing period of 30 days.

However, the addition of Xanthan gum to sand did not seem to greatly affect the 
internal friction angle (Fig.  7b). we can say that the effect of the biopolymer on 
the grain surfaces decreases slightly the microscale roughness, thereby reducing the 
asperity interlocking of sand grains, which led to only a slight reduction in the fric-
tion angle (Lee et al. 2019).

3.4 � Effect of Xanthan Gum on the Strength Ratio

The strength ratio (Sr) was calculated for each treated sample to assess the effect 
of reinforcement at different Xanthan gum contents and different curing periods. 

(a)  (b)

Fig. 7   Evolution of the shear strength properties of untreated and xanthan gum treated sand samples at 
different xanthan gum contents and curing periods: (a) Cohesion Intercept (b) Internal friction angle
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According to Latha and Murthy (2007) the strength stress ratio is defined by the fol-
lowing relationship, Eq. 2:

where, �max is the maximum shear strength of treated sand and �u is the maximum 
shear strength of untreated sand.

Figure 8 shows the variation of the strength ratio for treated sand with Xanthan 
gums under different normal stresses (Ϭn = 50, 100, 200 kPa). It was observed that 
the shear strength ratio increased with an increase in Xanthan gum content and 
decreased with an increase in normal stress.

The results indicated that the strength ratio increased with increasing Xanthan 
gum content where specimens reinforced with 1% gum exhibited more strength than 
untreated sand or samples with a lower gum percentage (i.e., 0.25% and 0.5%).

In the case of curing period, it was observed that the maximal strength ratio 
values were recorded at the longest curing periods (Fig. 8). It can be deduced 
that the longer the curing period the higher the shear strength ratio as shown 
in Figs. 8a to 8c where it was observed that specimens reinforced after 30 days 
of curing exhibited greater strength than those with shorter periods (i.e., 7 and 
14 days).

All reinforced specimens presented a strength ratio superior to or equal to 
1, where the greater Sr values were those samples prepared with 1% gum con-
tent for a curing period of 30  days (Sr = 9.87). However, it can be noticed in 
Figs. 8a to 8c, that there was a decrease in strength ratios with increasing nor-
mal stress. For example, the strength ratios of treated samples with 0.5% gum 
at 14 days curing period were 7.35, 4.67 and 2.49 for normal stresses of 50, 100 
and 200  kPa, respectively. From the results, it seemed that the normal stress 
contribution in the soil strength enhancement diminished the contribution of 
the reinforcing agent. Similar findings were reported by numerous researchers 

(2)Sr =
�max

�u

Fig. 8   Evolution of shear strength vs horizontal displacement of untreated and xanthan gum treated sand 
samples at different xanthan gum contents and curing periods: (a) 7 days, (b) 14 days, (c) 30 days
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active in the field of soil reinforcement (Benziane et  al. 2019, 2021; Denine 
et al. 2016).

Nonetheless, the study concluded that the use of xanthan gum as a bio-treatment 
can improve the shear strength of soils at shallow depths. (Lee et  al. 2019) (Mis-
soum Benziane et al. 2022).

3.5 � Effect of Xanthan Gum on Soil Stiffness

The brittleness index was used in this study to investigate the influence of biopol-
ymer treatment on the stiffness of soils. Brittleness index values were calculated 
using Eq. 3:

where, BI is the brittleness index, τmax and τres are the peak and residual shear 
strengths respectively.

Figure 9 shows the changes in the brittleness index of biocemented Chlef sand at 
different xanthan gum contents and different curing periods. The results indicated 
that the brittleness index of bio-cemented sand samples increased with the increase 
of curing period due to the growth and thickening of cementitious products with 
time that weld the soil particles together consecutively increasing the soils stiffness.

(3)BI =
�max

�res
− 1

Fig. 9   Evolution of the brit-
tleness index of untreated and 
treated sand samples as function 
of curing period
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4 � Validation

To validate the results obtained in this study on the shear behavior of bioce-
mented Chlef sandy soil, several steps were taken to ensure the accuracy and reli-
ability of the data.

First, the samples were prepared and tested according to standard protocols and 
procedures. The testing equipment was calibrated before each test, and the tests 
were performed by trained technicians to ensure consistency and repeatability.

To check the accuracy of the test results, we conducted multiple tests on each 
sample under different conditions. For example, we tested the samples at different 
normal stresses and biocement concentrations.

In addition, we validated the results by comparing them to those obtained 
from previous studies on the shear behavior of sandy soil. We used data from 
established studies to verify that the results obtained in this study were consist-
ent with the trends observed in previous research. Few studies have been con-
ducted to investigate the effect of xanthan gum content on the strength properties 
of the sand. In this section, a comparative study will be conducted to compare the 
results of this research with those presented in the literature. It has been noted 
that the results of the present study are in good agreement with those found by 
Misoum Benziane et al. (Missoum Benziane et al. 2022) and Berkane et al.2022 
(Berkane et al. 2022), which adds further support to the potential use of xanthan 
gum as a reinforcement material for sand.

Figure 10 provides a visual representation of the evolution of maximum shear 
strength for samples of treated sand with xanthan gum, which were prepared to 
achieve a medium dense state. The data presented in the figure demonstrates that 

Fig. 10   Evolution of the shear 
strength properties vs normal 
stress of xanthan gum treated 
sand samples at different xan-
than gum contents (0.25%,0.5% 
and1%)
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the maximum shear strength of the samples increased with increasing xanthan 
gum content and normal stress.

Overall, the validation steps taken in this study demonstrate the accuracy and 
reliability of the data presented in this paper. The results are consistent with the 
expected behavior of biocemented Chlef sandy soil, and the statistical analyses sup-
port the conclusions drawn from the data.

5 � Conclusions

In this study, laboratory tests were conducted on untreated and xanthan gum-treated 
Chlef sand at different curing periods and xanthan gum contents to investigate their 
influence on the shearing behavior of Chlef sandy soil. Based on the findings of this 
study, the following conclusions can be drawn:

Firstly, the maximum shear strength of Chlef natural sand treated with xanthan 
gum increased significantly with an increase in xanthan gum content, curing period, 
and normal stress. However, the reinforcing effect of biopolymer treatment was 
found to be less effective with an increase in normal stress. The cohesion intercept 
was considerably increased by biopolymer treatment, but no significant impact was 
observed on the internal friction angle.

Secondly, the treated sand showed a more dilative behavior with increasing xan-
than gum content due to the formation of thicker biofilms. The bio-cementation pro-
cess of treated mixtures led to a decrease in the composite’s ductility. Moreover, the 
brittleness of xanthan gum-treated sand samples increased at longer curing periods.

Overall, these findings provide valuable insights into the long-term effectiveness 
of sand reinforced with hydraulic binder cement. However, there are certain limita-
tions to this study, such as the fact that it was conducted on a specific type of sand in 
a laboratory setting. Therefore, further investigations are required to verify the find-
ings of this study and to explore the potential of xanthan gum treatment in enhanc-
ing the mechanical properties of other types of soils.

In conclusion, this study has contributed to the understanding of the behavior of 
xanthan gum-treated sandy soil and has provided a foundation for future research in 
the fields of biology and geotechnical engineering. The findings of this study could 
potentially lead to the development of new techniques for improving the strength 
and stability of soils, thereby benefiting various industries that rely on soil stability, 
such as construction and agriculture.
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