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ABSTRACT
Soil improvement is a key issue in geotechnical engineering when the geotechnical
engineering properties of soil are insufficient to be used as structural foundations. The
most general soil improvement materials are chemical additives (e.g. cement, gypsum,
urethane, chemical polymers, etc.). However, chemical additives induce environmental
problems such as huge amount of CO2 emission, ground and stream water pollution,
and ecosystem disturbance. Recently, the bio-soil area has rapidly risen as an
alternative for environmentally-friendly soil treatment. The basic phenomenon of biosoils is inter-particle cementation induced by-products (e.g. biopolymer, biofilms) of
microbes or bacteria. However, the growth and development of microorganisms
strongly depend on the cultivation environment (e.g. temperature, humidity, nutrient
condition) which renders uncertainty on the quantity and quality of excrements.
Meanwhile, the market of artificial biopolymers has been increased rapidly during the
last decade to be used as natural stiffeners or adsorbents in the aim of medical,
medicine, and food applications. Biopolymers have high opportunities to be used as
engineered soil materials according to their strong adsorptivity, high tensile strength,
and pseudoplasticity. In this study, artificial biopolymers are applied for soil treatment to
verify its feasibility to become a new engineered soil material. Soil – biopolymer
interaction is investigated through a series of experimental and microscopic
approaches. The results show that biopolymer application in soil treatment becomes an
attractive alternative to replace the usage of ordinary cement in the aim of
environmentally-friendly development.
1. INTRODUCTION
Soil treatment (i.e. soil improvement or reinforcement) has been a key issue in the
area of conventional geotechnical engineering. Geotechnical engineers made efforts to
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develop new and efficient methods for soil treatment. Ancient engineers discovered the
effect of bitumen and blood for water proofing and prehardening (Woods and Woods
2011). Natural straws were widely used as reinforce fibers in earth (adobe) housing
among various civilizations (McHenry 1989). Moreover, an accidental discovery was
made 26,000 years ago using thermal treatment to metamorphosing natural clay to
hard bricks (Sass 1998). As mentioned above, natural materials and soil treatment
methods had majority in the most time of human civilization.
Meanwhile, an invention in 1824 aroused a great innovation in the field of civil
engineering. According to its high performance and economic efficiency, artificial
cement opened a new era in modern civilization. The last two centuries can be called
as “the age of cement”. Nowadays, cement is the most widely used construction
material for soil strength treatment and environmental barriers (Nataraja and Nalanda
2008; Winograd 1981; Xanthakos et al. 1994; Yoon and Abu-Farsakh 2009).
However, ordinary cement is well known as a high carbon dioxide emitting material
(5% of total global CO2 emission) according to its chemical calcination with high
temperature (almost 1450°C) fuel burning (BP 2007; Worrell et al. 2001). Moreover, the
huge amount of modern cement demolition waste also becomes a possible hazard in
environmental aspects (Guggemos and Horvath 2003; Jang and Townsend 2001).
Therefore, a strong demand on the development of environment-friendly construction
materials that are harmless and having low environmental impacts is strongly rising
nowadays.
Biopolymers are natural polymers produced by living organisms (e.g. bacteria,
microbe) which are widely used in fields of medical, food, and cosmetic engineering
(Van de Velde and Kiekens 2002). In the aim of civil engineering, Welan gum and
Curdlan have been applied as bio-admixtures in cementitious materials as waterretention agents or superplasticizers (Sonebi 2006). In the field of geotechnical
engineering, biopolymers are applied as soil stabilizers to control soil erosion (Orts et al.
2007; Sposito 1989), and used for soil drilling muds (i.e. temporary excavation
supports) (Mitchell and Santamarina 2005).
In this study, beta-1,3/1,6-glucan polymer is used as a soil-treatment material. The
geotechnical engineering behavior of β-1,3/1,6-glucan polymer-treated Korean residual
soil (i.e. hwangtoh) is investigated through a series of laboratory experiments. Finally,
optimized conditions for engineered soil using β-1,3/1,6-glucan polymer are discussed
in terms of environmental aspects (e.g. green growth efficiency).
2. MATERIAL AND METHODS
Series of laboratory tests were performed to investigate the effect of β-1,3/1,6glucan polymer on the geotechnical behavior of soil.
2.1. Beta-1,3/1,6-glucan
Beta-1,3/1,6-glucan is a biopolymer of D-glucose monomers linked by glycosidic
bonds (Bacic et al. 2009). Beta-glucan has various formations in nature such as
cellulose in plants, bran of cereal grains, and cell walls of yeast, fungi, mushrooms, and
bacteria. Especially, β-1,3/1,6-glucan biopolymer has high biological activity which is
used modulators for immune systems in medical engineering (Ooi and Liu 2000). For

engineering purposes, beta-glucan is attempted as super-plasticizers or water reducing
agents in concrete (Khayat and Yahia 1997).
A modified liquid type β-1,3/1,6-glucan biopolymer product (PolycanTM; Glucan Corp.,
Busan, Korea) produced by Aureobasidium pullulans SM-2001 is used in this study
(Shin et al. 2007).
2.2. Korean Residual Soil
Korean residual soil (i.e. Hwangtoh) is the most common residual soil type in Korea,
which is a weathering eluvium of granitic rocks. The main minerals of Hwangtoh are
kaolinite (Al2Si2O5(OH)4) and halloysite (Al2Si2O5(OH)4·2H2O), which both of them have
a 1:1 layer of Si-tetrahedral sheets and Al-octahedral sheets (Yang et al. 2007).
Hwangtoh used in this study has a mineral constitution (by mass) as: quartz (8.4%),
kaolinite (45.8%), halloysite (22.7%), illite (14.8), and goethite (8.3%). The natural soil
was oven dried at 110°C (ASTM 2007), and was then grinded (grain size < 75 µm) for
specimen preparation
2.3. Beta-1,3/1,6-glucan Biopolymer and Soil Mixture
Dried soil and β-1,3/1,6-glucan biopolymer solutions were mixed together uniformly
using a laboratory rotator. The original β-1,3/1,6-glucan biopolymer solution used in this
study has a biopolymer content as 8.2 g/L. For a target biopolymer – soil ratio in mass
(g/kg), mixtures were prepared by controlling the mixing ratios of pure biopolymer
solution and additional water. In details, the initial moisture content of every mixing was
set at 60% because the liquid limit (LL) of natural hwangtoh is near 54%. Thus, in the
case of pure solution mixing, the final biopolymer – soil ratio in mass (w/w) becomes
0.5% (60% × 8.2 g/L = 0.492 g/kg), while it can be decreased to 0.1% by diluting the
original solution 5 times with distilled water.

.
Fig. 1 Schematic view of cubic specimen molds

Table 1 Mixing condition and final biopolymer content in soil.
Solution dilution ratio
1:1
1:2
1:10

1:20

1:100

β-1,3/1,6-glucan concentration
[g/L : solid mass/solution volume]

8.2

4.1

0.82

0.41

0.08

β-1,3/1,6-glucan / soil ratio (w/w)
[g of β-1,3/1,6-glucan / kg of soil]

4.92

2.46

0.49

0.25

0.05

After mixing, mixture was placed into cubic molds (Fig. 1). Molded specimens were
cured at 20°C, 60°C, and 100°C, respectively. For comparison, ordinary cement mixed
specimens was prepared with 10% cement/soil ratio and 60% initial water content
mixing. Cement mixed cubic samples were cured at 20°C. The final mixed and curing
conditions of each specimen are summarized in Table 1.
2.4. Unconfined Compressive Test
Unconfined compressive tests were performed using a UTM (universal testing
machine) device. The compressive strength of each specimen was measured
consistently every 7 days (Fig. 2). For comparison, the compressive strength of 10%
cement treated specimens was also measured.

(a) 7 days.

(b) 14 days.

(c) 21 days.
(d) 28 days.
Fig. 2 Compressive strength testing on cubic samples (w/w = 0.5%, room cured)

2.5. Scanning Electron Microscopic Observation
After whole curing (28 days), scanning electron microscope (SEM; Philips
XL30SFEG) images were taken to visualize the inter-particle interaction between soil
particles and β-1,3/1,6-glucan biopolymer fibers.
3. RESULTS AND DISCUSSION
3.1. Compressive Strength of β-1,3/1,6-glucan treated Korean Residual Soil
The curing temperature dependent compressive strength responses of β-1,3/1,6glucan biopolymer treatment on the compressive strength of hwangtoh are shown in
Fig. 3.
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Fig. 3 Compressive strength and stiffness (Young’s modulus) variation of β-1,3/1,6glucan biopolymer treated soil with curing temperature and time.

The compressive strength of 20°C and 60°C cured samples increases conspicuously
after the 1.0 g/L point of β-1,3/1,6-glucan solution concentration. 60°C cured samples
show better improvement results. However, 100°C cured samples show lower
strengthening, moreover, strength degradation with time. Thus, it can be concluded that
100°C temperature decreases and disturbs the strengthening function of β-1,3/1,6glucan polymers, while 60°C temperature optimizes strength revelation.
Meanwhile, Young’s modulus increment, which represents the reinforcement of soil
elasticity induced by β-1,3/1,6-glucan polymers, continuously increases with time under
20°C curing. However, the stiffness of 60°C and 100°C specimens increases initially,
while show diminutions after 14 days. In this case, 100°C specimens show higher
degradability compared to 60°C cured specimens.
3.2. Microscopic image of β-1,3/1,6-glucan treated Korean Residual Soil
Fig. 4 shows the SEM image of natural Hwangtoh and β-1,3/1,6-glucan solution. In
Fig. 4(b), platy Hwangtoh particles are attached on β-1,3/1,6-glucan polymer bundles,
not vice versa. The molecular weight (Mw) of β-glucan is reported to be 20 ~ 3000 × 103
(Cui 2001). As the length of single glucose molecule (Mw = 180) is approximately 1 nm,
the length of β-glucan polymers are derived as 0.1 ~ 16.7 µm.

Fig. 4 SEM images. (a) Natural hwangtoh (oven dried: 110°C). (b) β-1,3/1,6-glucan
solution (8.2 g/L) treated hwangtoh (20°C cured, after 28 days). (c) Polymer chains of
β-1,3/1,6-glucan 28 days cured by 20°C. (d) Polymer chains of β-1,3/1,6-glucan 28
days cured by 100°C.

Then, the size of a single β-glucan polymer becomes similar or even larger than a
single hwangtoh particle (d < 1 µm).
The behavior is clearly observed in the SEM images of 20°C (Fig. 4.c) and 100°C cured
samples (Fig. 4.d). In Fig. 4(c), β-1,3/1,6-glucan polymer chains remain consistently,
while Fig. 4(d) show bended, collapsed and even melted fibrils. Curdlan (β-1,3-glucan)
forms gel by endothermic reaction at 60°C which occurs swelling (Konno and Harada
1991). Meanwhile, β-1,3-glucan fibers heated by 120°C show loose structure and
separated fibrils (Harada et al. 1994). Therefore, the better performance of 60°C cured
samples is expected to be an effect of thermosetting induced by the heat adsorption
during β-1,3/1,6-glucan gel formation at is optimum temperature.
Moreover, it can be concluded that the thermal degradation of β-1,3/1,6-glucan is
promoted above 100°C temperature. Thermal degradation (pyrolysis) is reported to
produce levoglucosan in a sequence: polysaccharides → oligosaccharides →
disaccharides → monosaccharide (Patwardhan et al. 2009).
3.3. Strengthening Efficiency of β-1,3/1,6-glucan treatment Compared to Cement
Fig. 5 represents the strengthening efficiency of β-1,3/1,6-glucan treated and
cement mixed (10%) in practical condition (room curing). The compressive strength, as
well as dry density of non-treated natural hwangtoh increase as a result of drying
shrinkage. The lower broken line in Fig. 4 represents the dry density–compressive
strength relationship of cement mixed (10%) soil, strengthened by CSH or CAH gels
formed inside soil. The dry density and compressive strength data should appear
between the two boundaries. In a dry density range 1.25 ~ 1.35 Mg/m3, β-1,3/1,6glucan treated conditions as w/w = 0.5% and 0.25% (ratio to the soil mass) guarantees
better strengthening behavior of hwangtoh.

Fig. 5 Strengthening results of β-1,3/1,6-glucan and 10% cement treatment.

CONCLUSION
In this study the strengthening efficiency of the β-1,3/1,6-glucan biopolymer was
examined through a series of compressive strength (which is affected by dehydration
and the curing temperature) and microscopic investigation.
The compressive strength of samples cured at 20°C and 60°C increases conspicuously
after the 1.0 g/L point of the β-1,3/1,6-glucan solution concentration. The samples
cured at 60°C show the best improvement in performance. However, the samples
cured at 100°C show lower strengthening and strength degradation over time. Thus, a
temperature of 100°C decreases and disturbs the strengthening function of β-1,3/1,6glucan polymers, whereas a temperature of 60°C optimizes the strengthening.
Compared to cement, the compressive strength results of β-1,3/1,6-glucan treated
hwangtoh show higher performance in low dry density range
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