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Xanthan Gum Biopolymer as Soil-Stabilization Binder for
Road Construction Using Local Soil in Sri Lanka
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Abstract: Currently, soil stabilization is used in road construction in Sri Lanka, especially for soft road shoulders. The socioeconomic
demand for sustainable development has raised the necessity of new environmentally friendly soil binders for construction engineering
practices, including road construction. Industrial residues such as fly and bottom ashes are commonly used to reduce the amount of cement
in concrete mixtures or soil stabilization practices, and new biological materials and methods have been introduced by a number of studies to
improve the strength of soils without the use of chemical binders such as cement. Among others, microbial-induced biopolymers have been
experimented with as a new binder material for soil treatment due to their high strengthening efficiency and low environmental impact. This
study verified the feasibility of biopolymer application on local soil stabilization, specifically for road shoulder construction in Sri Lanka,
by comparing the unconfined compressive strength (UCS) of local soil samples treated with cement-ash–based binders and xanthan gum
biopolymer. The xanthan gum biopolymer–treated condition had significant UCS strengthening and high ductility compared with other
treated conditions. Thus, xanthan gum biopolymer shows promising potential as an alternative material for road construction (particularly
for shoulders and subbases) in Sri Lanka and in other nations with similar climates and socioeconomic conditions. DOI: 10.1061/(ASCE)
MT.1943-5533.0002909. © 2019 American Society of Civil Engineers.
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design.

Introduction

Roadway construction is an essential component of modern civi-
lization (Cao et al. 2006). Road infrastructure has brought many
benefits to societies and economies, such as industrial productivity,
employment, business activity, increased property values, and
investment/tax revenues. Road infrastructure enhances accessibility
in terms of access to transportation, education, and goods and serv-
ices, and can lead to a reduction in travel time and cost. Because
transportation networks are still underconstructed in some rural re-
gions, roadway construction (as well as the development of sustain-
able road pavement methodologies) is required for contemporary
construction to progress.

In Sri Lanka, 33% of provincial roads and 87% of local roads
(Road classes C, D, and E) remain unpaved, and the social demand
for road maintenance and rehabilitation is rapidly increasing (Asian
Development Bank 2010). Due to the high demand for asphalt or
concrete pavement for national roads (Road classes A and B), earth
paving (soil stabilization) methods mostly have been used for local
roads in Sri Lanka (Bandara et al. 2017; Dissanayake et al. 2017;
Udawattha et al. 2017). The Sri Lankan government is currently
implementing its Integrated Road Investment Program(iRoad)
(Road Development Authority 2014) to improve rural–urban trans-
port connectivity and to rehabilitate the intercommunity transport
infrastructure in rural regions, building up to 3,000 km of roads as a
consequence. Road shoulder construction has been a major concern
in Sri Lanka due to the low economic feasibility of hard (paved)
shoulder construction. Thus, a soft shoulder system using geoma-
terials offers a reasonable alternative. However, the use of geoma-
terials raises concerns such as surface rutting and extensive edge
drop-off due to the low strength and accompanying settlement
behaviors of geomaterials used in road shoulders. Moreover, severe
erosion due to heavy rainfall can reduce the stability of road should-
ers in Sri Lanka and other countries with similar climates.

Thus, soil stabilization with soil binders is heavily utilized for
road shoulder construction in this region. The current socioeco-
nomic demand requires not only sufficient engineering perfor-
mance (strength) but also environmentally friendly materials from
sustainable development perspectives (Chang et al. 2016b). A num-
ber of studies have introduced new eco-friendly materials for
soil stabilization which contribute to preserving the environment
through soil preservation, sustainable development, and green-
house gas emission reduction (Chang et al. 2015b, d, 2016a, b;
Elchalakani 2015; Miró et al. 2011; Oikonomou 2005).

This study examined cement–ash blended binders and a new
microbial biopolymer type binder for their feasibility. Fly and
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bottom ashes, which are coal combustion residues, are employed to
reduce industrial wastes and the use of high CO2-emitting cement.
Xanthan gum (XG) was selected as the target biopolymer due to its
particle conglomeration effect and accompanying soil strengthen-
ing (Chang et al. 2015a, d, 2016b, 2018; Lee et al. 2017, 2019).
Laboratory tests were performed to investigate the strength behav-
iors of local soil treated with different binder types. Experiment
details are presented in the following sections.

Materials and Methods

Materials

Site of Interest and Local Soil
The site of interest is located on Chetty Street (9°40′12.7″N, 80°0′
47.1″E), Jaffna, Sri Lanka (Fig. 1). The annual temperature ranges
from 22°C to 37°C, with 75% relative humidity, and annual precipi-
tation is estimated as 1,380 mm on average; 65% of the regional
population practices agriculture, making rural–urban transport con-
nectivity an important social issue for balanced development in this
region (Kelly 1994; Sutharsiny et al. 2012). The particle-size dis-
tribution of the local soil is shown in Fig. 2. The soil was classified
as inorganic, silty sand (SM) according to the Unified Soil Clas-
sification System (USCS). The local soil has an optimum moisture
content of 9.1% at a maximum dry unit weight of 19.5 kN=m3, and
its California Bearing Ratio (CBR) was evaluated as 14%.

Cement, Fly Ash, and Bottom Ash Binders
In this study, cement-fly ash binders were used to investigate the
effect of fly ash on local soil strengthening. Cement and fly ash
were blended into two different compositions, the details of which
are summarized in Table 1. Fly ash used in this study had a mean
particle size (d50) of 13 μm, specific surface area of 331 m2=kg,
and specific gravity (Gs) of 2.2 g=cm3. Generally, fly ash has a
uniform distribution of spherical grains with smooth surfaces which
contributes to the rapid temperature reduction and following solidi-
fication process among the process captured from flue gases (Argiz
et al. 2017; Pandian 2004). The blended C8F2 (cement 80% and fly

ash 20%) binder had fineness of 4,500 cm2=g, Gs of 2,900 kg=m3,
and hydraulic conductivity of 3.07 × 10−9 m=s. The main strength-
ening mechanism of the C8F2 and C6F4 (cement 60% and fly
ash 40%) binders is attributed to the cement hydration, pozzolanic
reaction, and filling effect of fly ash (Chindaprasirt et al. 2007;
Felekoğlu et al. 2009; Kiattikomol et al. 2001; Mehta and Monteiro
2014; Siddique 2004).

Fig. 1. Site of interest, Jaffna, Sri Lanka. [Map data (b and c) © 2019 Google; (d) image by Ilhan Chang.]

Fig. 2. Particle-size distribution curve of local soil.

Table 1. Binders compositions and detail used in this study

Binder

Composition (%)

Binder to
soil ratio (%)

Initial water
content (%)aCement

Fly
ash

Bottom
ash

Xanthan
gum

C8F2 80 20 — — 3.0, 5.0, 7.0 30
C6F4 60 40 — —
C8F2-B 56 14 30 — 5.0, 7.0
C6F4-B 42 28 30 —
XG — — — 100 1.0, 1.5, 2.0
aWater mixing ratio to mass of (dry) soil plus binder mixture.
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Bottom ash is a physically coarse, porous, glassy, and granular
residue of coal combustion. It has lower Gs than fly ash, varying
from 1.39 to 2.33 g=cm3 (Singh and Siddique 2013). Generally,
bottom ash consists of 15–20% coal combustion products, which
are treated as industrial waste and discarded in landfills or dump-
ing yards (Chindaprasirt et al. 2009; Kim and Lee 2015; Singh
and Siddique 2013). Thus, recent studies attempted to utilize bot-
tom ash to reduce the scale of industrial waste and allay related
environmental concerns (Carlson and Adriano 1993; Singh and
Siddique 2013). Although bottom ash has lower pozzolanicity than
fly ash due to its higher density (caused by larger amount of un-
fused coal residues) many researchers have attempted to utilize
bottom ash in civil engineering practice because it has a similar
appearance and particle-size distribution to natural fine aggregates
(Argiz et al. 2017; Singh and Siddique 2013). Bottom ash used in
this study had d50 of 120 μm, specific surface area of 334 m2=kg,
and Gs of 1.9 g=cm3.

In this study, bottom ash was mixed with C8F2 and C6F4
binders (resulting in C8F2-B and C6F4-B binders, respectively)
to investigate the possibility of utilizing bottom ash for local soil
treatment. Details of the C8F2-B and C6F4-B binders are summa-
rized in Table 1, and the chemical composition of fly ash and
bottom ash is described in Table 2.

Xanthan Gum
Xanthan gum is a biopolymer produced by the Xanthomonas cam-
pestris bacteria. XG is a polysaccharide which has a repeated com-
position of three different monosaccharides: glucoses (C6H12O6),
mannoses (C6H12O6), and glucuronic acid (C6H10O7). A small
quantity of XG significantly increases the viscosity of water due
to the hydrophilic water adsorption and following hydrogel forma-
tion of XG (Chang et al. 2015d; García-Ochoa et al. 2000; Kadajji
and Betageri 2011). Thus, XG is commonly used as a viscosity
thickening agent in food, cosmetics, agriculture, pharmaceuticals,
and petroleum engineering (García-Ochoa et al. 2000). Because
XG has a viscous-elastic rheology, it has been commonly used for
drilling muds, agriculture irrigation and dust control, and excava-
tion slurries (García-Ochoa et al. 2000; Lee et al. 2017; Rosalam
and England 2006; Talmon and Huisman 2005; Zumsteg and
Langmaack 2017). Moreover, recent studies demonstrated the
promising potential of XG for soil strengthening and stabilization
from geotechnical engineering perspectives (Cabalar et al. 2017;
Chang et al. 2015a, 2016b, 2018; Im et al. 2017; Lee et al. 2017;
Qureshi et al. 2017).

Experimental Program

Experimental Sample Preparation
Binder-treated local soil specimens were prepared by mixing local
soil with C8F2, C6F4, C8F2-B, and C6F4-B binders and XG ac-
cording to the mixing ratios in Table 1. The biopolymer:soil ratio
by mass (mbp=ms) for XG treatment conditions was determined
from the common mbp=ms conditions used in previous studies
(Chang et al. 2015a; Im et al. 2017; Lee et al. 2017). The untreated
condition was prepared as a reference group.

For all samples, dried local soil and binders (in powder
form) were thoroughly mixed, with the exception of the untreated

reference. Then water was added to the dry soil–binder mixtures
with 30% water content (water:soil–binder mixture ratio by mass)
regardless of binder types (including untreated condition) to ensure
homogeneous dissolution. Uniformly mixed treated soils were
molded into 100-mm-diameter and 200-mm-high cylinder molds
according to ASTM D2166 (ASTM 2016). For consistent den-
sity control, gyratory compaction was performed with 600 kPa
stress applied 50 times to achieve unit weight values around
20.6 kN=cm3. After specimen molding, all samples were cured at
room temperature up to the target number of days (3 and 28) for
unconfined compressive strength (UCS) measurement. For un-
treated samples, the specimens were prepared in the same manner
but without any binder treatment. The untreated soil specimens
were also dried at room temperature for 28 days.

Unconfined Compressive Strength Measurement
The UCS of the binder-treated and XG-treated specimens was
measured using a universal testing machine (UTM) [Instron
5583 (Norwood, Messachussets)] with a 1 mm=min (0.5%=min)
axial strain rate according to ASTM D1633 (ASTM 2017). Three
samples were measured to obtain average UCS values for each con-
dition (binder type, content, and curing time).

Results and Analyses

Effect of XG Treatment Varying Dehydration Period
and Effect of Bottom Ash Addition

Fig. 3 presents the stress-strain curves of C8F2-treated [Figs. 3(a
and b)] and XG-treated [Figs. 3(c and d)] soils after 3 and 28 days
of curing. For C8F2-treated soil, the UCS increase with binder con-
tent was more recognizable at 28 days of curing [Fig. 3(b)], despite
a slight UCS increase in higher binder contents at 3 days [Fig. 3(a)].
Moreover, longer curing time resulted in higher stiffness values
[secant modulus at 50% of maximum strength (E50)] and lower
brittleness of C8F2-treated soils.

The representative stress-strain curve of XG-treated soil at
3 days [Fig. 3(c)] shows lower UCS for high XG content (2%)
at 3 days of curing (dehydration). This can be attributed to the re-
tained dehydration of XG hydrogels due to the strong water holding
capacity of XG delaying dehydration of water (Bueno et al. 2013;
Kocherbitov et al. 2010) and subsequent soil-biopolymer matrix
formation (Chang et al. 2018; Chang and Cho 2019). Moreover,
adequate time for dehydration significantly strengthened XG-
treated soils, and both UCS and E50 increased as XG content
increased [Fig. 3(d)].

Fig. 4 shows the maximum UCS values of C8F2-treated
[Fig. 4(a)], C6F4-treated [Fig. 4(b)], and XG-treated [Fig. 4(c)]
soils with binder content and curing time variations. All treated
samples had an increase in UCS with increased curing time, regard-
less of binder type; 7% C8F2-treated soil after 28 days of curing
had the maximum UCS [Fig. 4(a)]. In addition, C8F2 treatment
produced a higher strengthening efficiency compared with C6F4-
treated conditions, especially at low binder content (3%) and at
28 days of curing. Because the C8F2 and C6F4 binders had
different cement:fly ash contents, the lower UCS values of the

Table 2. Chemical composition of fly ash and bottom ash used in this study

Material SiO2 Al2O3 Fe2O3 CaO Loss on ignition MgO SO3 Na2O K2O Other

Fly ash 52.5 22.7 7.6 5.6 5.0 1.8 — — — 4.8
Bottom ash 46.4 19.1 18.9 6.2 — — 2.1 1.7 1.5 4.1

© ASCE 06019012-3 J. Mater. Civ. Eng.
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C6F4-treated soils can be attributed to the high proportion of fly
ash (40%). Higher fly ash content is known to reduce the overall
strength of soil–cement–fly ash mixtures (Horpibulsuk et al. 2009;
Kaniraj and Havanagi 1999; Kolias et al. 2005).

Furthermore, the UCS of XG-treated soils was lower than that
of the C8F2-treated soils at 3 days, regardless of binder content.
The strength of the XG-treated soils depends on the water content,
because the dehydration of XG hydrogels accompanies biofilm for-
mation (Chang et al. 2015a, 2016b) or soil–biopolymer aggregation
(Chang and Cho 2019), which results in significant strength in-
crease in the soils. Thus, 3 days of dehydration was insufficient for
XG-treated soils, in which the mxg=ms ¼ 2% soil had UCS of
0.52 MPa at 3 days, only 2 times higher than the UCS of untreated
soil (0.21 MPa). However, XG treatment had a remarkable UCS
strengthening at 28 days of dehydration, when the UCS value
reached 4.19 MPa for themxg=ms ¼ 1% condition, and it increased
with higher XG content [Fig. 4(c)].

Fig. 5 shows the UCS values of C8F2-B–treated and C6F4-B–
treated local soil. The UCS of C6F4-B–treated soils was lower than
that of C8F2-B–treated conditions with the same binder content
and curing period. Curing time had less effect on the strengthening
behavior of C8F2-B and C6F4-B binders, which implies a re-
stricted chemical reaction (cement hydration and pozzolanic reac-
tion) due to the presence of bottom ash (Canpolat et al. 2004).
Moreover, compared with the UCS of C8F2-treated [Fig. 4(a)]
and C6F4-treated [Fig. 4(b)] conditions, adding bottom ash to

cement–fly ash blends seems to be ineffective compared with add-
ing only fly ash in terms of pozzolanic reaction and subsequent
strengthening effect (Canpolat et al. 2004). The reason for UCS
reduction with the presence of bottom ash seems to be that bottom
ash interrupts the pozzolanic reaction and filler effect of fly ash.
Blending bottom ash into a cement–fly ash mixture (C8F2 and
C6F4 in this study) may lower the overall binder fineness and cor-
responding chemical reactivity (i.e., pozzolanicity), which results
in less strengthening behavior (Kiattikomol et al. 2001; Singh and
Siddique 2013).

The C8F2 and C6F4 binder treatment subsequently increased
UCS even at the early stage (3 days) of curing (Fig. 4). In addi-
tion, the strength of C8F2-treated and C6F4-treated soils increased
with curing time. The time-dependent strength increase was less
effective for C6F4-treated soils due to the higher amount of fly
ash in C6F4 (40%) compared with that in C8F2 (20%). In contrast,
XG-treated soil had low UCS values after 3 days of dehydra-
tion, which implies insufficient development of the biopolymer
matrix. XG hydrogels in soil still had high water content con-
ditions due to the high water holding capacity of hydrophilic
XG (Bueno et al. 2013; Chang et al. 2017; Kocherbitov et al.
2010). However, a dehydration period of up to 28 days led
to significant strengthening of XG-treated soils, in which the
UCS values were higher than 4 MPa for all mxg=ms conditions
[Fig. 4(c)]. Thus, it can be concluded that the XG hydrogel dehy-
dration and subsequent biopolymer–soil matrix formation are the

Fig. 3. Stress-strain curves of treated local soils from UTM tests: (a) C8F2-treated soils at 3 days; (b) C8F2-treated soils at 28 days; (c) XG-treated
soils at 3 days; and (d) XG-treated soils at 28 days.
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key factors for local soil stabilization (Chang et al. 2015a; Chang
and Cho 2019).

The brittleness index (BI) can be used to compare the relative
elasticity or brittleness of cemented geomaterials, where BI is de-
fined as elastic strain/total strain at peak stress. The BI generally
increases with higher reversible strain-energy (Hucka and Das
1974; Zhang et al. 2016). The BI of C8F2-treated soil decreased
significantly with higher binder content, because this soil hardened

with curing time. However, XG-treated soils had a BI increase with
increased dehydration. This implies enhanced elasticity induced by
XG biofilm formation between soil particles (Fig. 6).

Feasibility of XG Treatment for Road Shoulder
Construction: Engineering Performance

Despite the requirement for road shoulder sections to provide stable
surfaces for vehicles and pedestrians, most shoulder design criteria
provide guidelines for width but regard the strength and stability of
shoulder materials to be less critical (William et al. 2007). How-
ever, empirical data indicate that soft shoulders with CBR values
of less than 65% (approximately identical to UCS ¼ 2.0 MPa)
demonstrate insufficient in situ performance in terms of surface
erosion and bearing failure (Sunley 1995; White et al. 2007). Thus,
UCS ¼ 2.0 MPa can be regarded as the minimum strength require-
ment for shoulder construction. The initial (3-day) strength of all
binder types tested in this study did not satisfy this requirement,
whereas the 28-day strength of C8F2-treated and XG-treated con-
ditions was sufficient in terms of UCS (Fig. 4).

The Indian Roads Congress (IRC) recommends that chemically
stabilized subbase materials have UCS ≥ 4.5 MPa for road design
(IRC 2012). Fig. 7 shows the maximum UCS values of C8F2-
treated, C6F4-treated, C8F2-B-treated, C6F4-B-treated, and XG-
treated local soil at 28 days compared with different design criteria
from Australia, the United States, India, and Korea (IRC 2012;
Jung et al. 2012; Main Roads Western Australia 2018; MOLIT
2012). Although UCS requirements for stabilized subbases vary

Fig. 4. UCS values of local soil treated with (a) C8F2; (b) C6F4; and (c) XG.

Fig. 5. UCS values of C8F2-B- and C6F4-B-treated local soil.
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according to different local conditions, a 2% XG treatment was the
only condition satisfying all design criteria.

Flexible design is now common in road design and pavement
engineering practices, and therefore the brittleness or ductility
behavior of stabilized soils is an important consideration. XG-
treated soil had both high UCS (Fig. 4) and ductility (Fig. 3) com-
pared with cement–fly ash–based binder treatment conditions. This
was due to the formation of a flexible and high-tensile biopolymer
matrix among soil particles through the dehydration of biopolymer
hydrogels (Chang et al. 2015c, 2017; Chang and Cho 2019). Thus,
biopolymers show promising potential for use in surface soil sta-
bilization for shoulder construction as well as in subbase materials,
which require high endurance against external forces such as
static load, live load, and natural disasters. In other words, biopol-
ymers can provide the strength to meet the criteria for shoulder

construction in regions such as South Asia and in tropical regions
such as Sri Lanka.

Despite the durability concerns relating to biopolymers, XG is
reported to have significant resistance against enzyme-induced
hydrolysis and biodegradation (Hovland 2015; Liu et al. 2005;
Ruijssenaars et al. 1999). Moreover, gel-type biopolymer–treated
sands have sufficient strength durability against repeating wetting
and drying cycles (Chang et al. 2017; Qureshi et al. 2017). How-
ever, the long-term durability of biopolymer-treated soils needs
to be verified for future commercialization. Moreover, advanced in
situ application methods need to be developed considering the
rheology characteristics of biopolymers and biopolymer–soil mix-
tures to ensure sufficient in situ implementation.

Economic Feasibility of XG Treatment for Road
Shoulder Construction

Table 3 compares the strengths of C8F2, C6F4, and XG treatment
conditions with different binder contents and material (binder) pri-
ces for corresponding binder:soil contents by mass. The strength
enhancement (increased UCS strength compared with reference
UCS value) per unit cost (USD) of C8F2 and C6F4 binders was
ΔðþÞ0.28 MPa=USD and ΔðþÞ0.24 MPa=USD for 5% binder
treatment, respectively, whereas that of 1% XG treatment is
ΔðþÞ0.13 MPa=USD. Although the global market price of XG
substantially decreased during recent decades and is currently
USD3=kg on average (Chang et al. 2015b, 2016b; Yegin et al.
2017), the material cost of XG for a unit weight (1 ton) of local
soil treatment is still more expensive than C8F2 and C6F4 binders.
However, the life-cycle cost of XG treatment may be lower
than that of cement treatment due to fewer concerns relating to
demolition waste of biopolymer-treated soils according to the
biodegradability of biopolymers (Niaounakis 2013; Plackett 2011).
Moreover, although XG is biodegradable, several studies suggest
that this occurs very slowly (Hovland 2015; Liu et al. 2005;
Ruijssenaars et al. 1999) and indicate sufficient strength durability

Fig. 6. BI values of XG- and C8F2-treated soils at 3 and 28 days after
mixing.

Fig. 7.Maximum UCS values of treated local soil with different binder types and comparison with strength requirements for road (subbase) design.
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against severe repetitive wetting and drying processes (Chang et al.
2017; Qureshi et al. 2017). Thus, it can be concluded that XG
may be both competitive and feasible for use in road shoulder
construction.

Moreover, reducing the usage of cement and industrial by-
products and substituting these with biopolymers in geotechnical
and pavement engineering practices is anticipated to have promis-
ing potential for reducing global CO2 emission and environmental
loads (Chang and Cho 2012; Pandey and Singh 2010). Thus,
biopolymers including XG are expected to be used in various
civil and construction engineering practices due to their adequate
strengthening behavior and the increasing social demand for sus-
tainable and environmentally friendly development (Ayeldeen et al.
2016; Chang and Cho 2012; Latifi et al. 2016; Lee et al. 2017).

Conclusions

This study investigated the feasibility of xanthan gum biopolymer
as a new earth stabilization material for road shoulder construction
in Sri Lanka. The strengthening effect of XG was compared with
conventional cement, fly ash, and bottom ash blended binders
(C8F2, C6F4, C8F2-B, and C6F4-B) in terms of unconfined com-
pressive strength with binder content and curing time variations.

Although XG has lower UCS than other binders 3 days after soil
treatment, the UCS of XG-treated soil was remarkably higher than
others after 28 days of dehydration due to the firm biopolymer–soil
matrix formation. Moreover, XG-treated conditions had higher
ductility than cement-based-binder–treated soils; this is another
distinctive feature of XG soil treatment.

Therefore, XG biopolymer shows promising potential as a new,
environmentally friendly binder for earth stabilization and road
construction practices due to its high strength and ductile character-
istics. It is important to apply a sufficient drying period in order to
induce adequate biopolymer soil–matrix formation via dehydra-
tion. Economic feasibility appears to be the main challenge to prac-
tical implementation of the XG biopolymer, because its price is
uncompetitive compared with that of cement-based binders. Never-
theless, the XG biopolymer is expected to be used in various civil
and construction engineering practices due to its low environmental
impact (including low CO2 emissions) and the substantially in-
creasing demand for sustainable and environmentally friendly
development.
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gum: Production, recovery, and properties.” Biotechnol. Adv. 18 (7):
549–579. https://doi.org/10.1016/S0734-9750(00)00050-1.

Horpibulsuk, S., R. Rachan, and Y. Raksachon. 2009. “Role of fly ash
on strength and microstructure development in blended cement stabi-
lized silty clay.” Soils Found. 49 (1): 85–98. https://doi.org/10.3208
/sandf.49.85.

Hovland, B. 2015. “Assessment of the biodegradability of xanthan in
offshore injection water.”Master’s thesis, Dept. of Biological Sciences,
Univ. of Bergen.

Hucka, V., and B. Das. 1974. “Brittleness determination of rocks by differ-
ent methods.” Int. J. Rock Mech. Min. Sci. Geomech. Abstr. 11 (10):
389–392. https://doi.org/10.1016/0148-9062(74)91109-7.

Im, J., A. T. P. Tran, I. Chang, and G.-C. Cho. 2017. “Dynamic properties of
gel-type biopolymer-treated sands evaluated by Resonant Column (RC)
tests.” Geomech. Eng. 12 (5): 815–830. https://doi.org/10.12989/gae
.2017.12.5.815.

IRC (Indian Road Congress). 2012. Guidelines for the design of flexible
pavements. IRC-37. New Delhi, India: IRC.

Jung, Y. S., D. G. Zollinger, B. H. Cho, M. Won, and A. J. Wimsatt. 2012.
Subbase and subgrade performance investigation and design guide-
lines for concrete pavement. College Station, TX: Texas Transportation
Institute, Texas A&M Univ.

Kadajji, V. G., and G. V. Betageri. 2011. “Water soluble polymers for phar-
maceutical applications.” Polymers 3 (4): 1972–2009. https://doi.org/10
.3390/polym3041972.

Kaniraj, S. R., and V. G. Havanagi. 1999. “Compressive strength of cement
stabilized fly ash-soil mixtures.” Cem. Concr. Res. 29 (5): 673–677.
https://doi.org/10.1016/S0008-8846(99)00018-6.

Kelly, E. D. 1994. “The transportation land-use link.” J. Planning
Literature 9 (2): 128–145. https://doi.org/10.1177/08854122940090
0202.

Kiattikomol, K., C. Jaturapitakkul, S. Songpiriyakij, and S. Chutubtim.
2001. “A study of ground coarse fly ashes with different finenesses
from various sources as pozzolanic materials.” Cem. Concr. Compos.
23 (4–5): 335–343. https://doi.org/10.1016/S0958-9465(01)00016-6.

Kim, H. K., and H. K. Lee. 2015. “Coal bottom ash in field of civil
engineering: A review of advanced applications and environmental
considerations.” KSCE J. Civ. Eng. 19 (6): 1802–1818. https://doi
.org/10.1007/s12205-015-0282-7.

Kocherbitov, V., S. Ulvenlund, L.-E. Briggner, M. Kober, and T. Arnebrant.
2010. “Hydration of a natural polyelectrolyte xanthan gum: Comparison
with non-ionic carbohydrates.” Carbohydr. Polym. 82 (2): 284–290.
https://doi.org/10.1016/j.carbpol.2010.04.055.

Kolias, S., V. Kasselouri-Rigopoulou, and A. Karahalios. 2005. “Stabilisa-
tion of clayey soils with high calcium fly ash and cement.” Cem. Concr.
Compos. 27 (2): 301–313. https://doi.org/10.1016/j.cemconcomp.2004
.02.019.

Latifi, N., S. Horpibulsuk, C. L. Meehan, M. Z. A. Majid, and A. S. A.
Rashid. 2016. “Xanthan gum biopolymer: An eco-friendly additive for
stabilization of tropical organic peat.” Environ. Earth Sci. 75 (9): 825.
https://doi.org/10.1007/s12665-016-5643-0.

Lee, S., I. Chang, M.-K. Chung, Y. Kim, and J. Kee. 2017. “Geotechnical
shear behavior of xanthan gum biopolymer treated sand from direct
shear testing.” Geomech. Eng. 12 (5): 831–847. https://doi.org/10
.12989/gae.2017.12.5.831.

Lee, S., J. Im, G.-C. Cho, and I. Chang. 2019. “Laboratory triaxial test
behavior of xanthan gum biopolymer-treated sands.” Geomech. Eng.
17 (5): 445–452. https://doi.org/10.12989/gae.2019.17.5.445.

Liu, H., C. Huang, W. Dong, Y. Du, X. Bai, and X. Li. 2005.
“Biodegradation of xanthan by newly isolated Cellulomonas sp. LX,
releasing elicitor-active xantho-oligosaccharides-induced phytoalexin
synthesis in soybean cotyledons.” Process Biochem. 40 (12): 3701–
3706. https://doi.org/10.1016/j.procbio.2005.05.006.

Main Roads Western Australia. 2018. Specification 501: Pavement, 60.
Perth, Australia: Main Roads Western Australia.

Mehta, P. K., and P. J. M. Monteiro. 2014. Concrete: Microstructure,
properties, and materials. New York: McGraw-Hill.
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