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Abstract: Soil treatment and improvement is commonly performed in the field of geotechnical
engineering. Methods and materials to achieve this such as soil stabilization and mixing with
cementitious binders have been utilized in engineered soil applications since the beginning of
human civilization. Demand for environment-friendly and sustainable alternatives is currently rising.
Since cement, the most commonly applied and effective soil treatment material, is responsible for
heavy greenhouse gas emissions, alternatives such as geosynthetics, chemical polymers, geopolymers,
microbial induction, and biopolymers are being actively studied. This study provides an overall
review of the recent applications of biopolymers in geotechnical engineering. Biopolymers are
microbially induced polymers that are high-tensile, innocuous, and eco-friendly. Soil–biopolymer
interactions and related soil strengthening mechanisms are discussed in the context of recent
experimental and microscopic studies. In addition, the economic feasibility of biopolymer
implementation in the field is analyzed in comparison to ordinary cement, from environmental
perspectives. Findings from this study demonstrate that biopolymers have strong potential to
replace cement as a soil treatment material within the context of environment-friendly construction
and development. Moreover, continuing research is suggested to ensure performance in terms of
practical implementation, reliability, and durability of in situ biopolymer applications for geotechnical
engineering purposes.

Keywords: soil treatment; engineered soil; geotechnical engineering; biopolymer;
environmentally-friendly; CO2 emission; soil strengthening

1. Introduction

Geotechnical engineering, especially the treatment and usage of soil (or earth) in construction,
is a long-standing technical field, dating to the beginning of human civilization. In ancient
Mesopotamia and Babylonia, mud was used as a common construction material for various forms
of bricks (i.e., sun-dried and kiln-fired) to create the architecture of the city. Sumerians widely used
bitumen as a binder to enhance the strength and durability of earth walls [1]. In ancient Egypt,
earth engineering methods were developed to create river embankments to control the annual flooding
of the Nile river [2]. Engineers in ancient China used a sticky rice mortar that contained amylopectin
as a construction binder for the Great Wall [3].

As civilization has advanced, the durability and strength of construction materials has improved
as well. The discovery of natural pozzolan materials such as volcanic ash improved construction
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materials, including the well-known concrete of ancient Rome. The representative formula for Roman
concrete was a mixture of volcanic dust with a binder such as gypsum or lime, with added aggregates,
and it was used to create highly durable structures including arches and domes [4]. After the Industrial
Revolution, ordinary cement (i.e., Portland cement) became the most widely used construction and
building material, not only for structural purposes, but also for soil stabilization and strengthening
purposes (Figure 1).

Figure 1. Advancement of engineered soil materials in geotechnical engineering.

The main purpose of soil treatment and improvement (i.e., engineered soil) is to enhance the
engineering characteristics of a particular soil, including its strength (i.e., resistance), hydraulic
conductivity, and durability against repeating wetting and drying, as well as for environmental
revitalization [5]. Two primary methods are conventionally applied to produce engineered soil:
mechanical improvement and chemical treatment. Mechanical improvement is a process of reinforcing
the strength of the soil through physical processes such as compaction, drainage, external loading
(e.g., surcharge), consolidation, or other means. Chemical treatment involves chemical reactions such
as hydration or pozzolanic reactions inside the soil to create artificial binding, such as the use of
calcium silicate hydrate (C-S-H) between soil particles [5].

As an alternative to such traditional soil treatment and improvement techniques, biological
approaches are now being actively investigated in the field of geotechnical engineering, including
microbe injection and byproduct precipitation. In particular, microbial induced polymers—or
biopolymers—have been introduced as a new type of construction binder, especially for soil treatment
and improvement.

To date, most studies on these applications of biopolymers have been experimental efforts that
have produced preliminary findings and analyses, and the number of theoretical explanations and
case studies of practical implementation in the literature are still limited. In response, this paper
provides a detailed review of biopolymer applications in geotechnical engineering including the most
recent studies. In this review, strengthening mechanisms between typical biopolymers and soils
based on microscopic inter-particle interactions are summarized. The advantages and disadvantages
of biopolymer applications are compared with those of existing soil engineering methods. Finally,
the potential for practical implementation is evaluated via an economic feasibility analysis, including
environment-friendly considerations.
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2. Environmental Concerns Affecting Soil Treatment in Geotechnical Engineering

2.1. CO2 Emissions related to Cement Usage in Civil and Geotechnical Engineering

Ordinary Portland cement currently dominates the field of materials used for construction
and civil engineering purposes: 5245 million tons of hydraulic (i.e., ordinary Portland) cement
were produced worldwide in 2012 [6]. Portland cement has multiple engineering benefits, such as
high strength and durability, workability, and hydraulicity, as well as low cost (60~100 USD/ton,
in developed countries), and these factors have contributed to its widespread use in various
applications for ground improvement, concrete structures, and pavement in civil and construction
engineering [7].

In geotechnical engineering projects, cement has been used in numerous formats, including
deep cement mixing (DCM), grouting, soil nails, and soil stabilization, and is now the most favored
material for engineered soil. However, despite cement’s benefits and its numerous applications,
the overdependence on and overuse of cement has given rise to a number of environmental concerns.

In the production of cement, the calcination of calcium carbonate (i.e., 5CaCO3 + 2SiO2 Ñ

3CaO¨ SiO2 + 2CaO¨ SiO2 + 5CO2) liberates 0.55 tons of CO2 per 1 ton of Portland cement, which is
then emitted to the atmosphere. In addition, approximately 0.4 tons of CO2 are emitted due to the
burning of carbon fuel during the production of 1 ton of cement, since calcination requires heat as high
as 1450˝C. The total amount of CO2 emitted per each ton of cement produced is 0.95 tons [8].

In 1995, for example, 1453 M¨ tons of cement were produced worldwide, accounting for
approximately 5% of the global annual CO2 emissions [9]. By 2003, the amount of CO2 emissions
from cement production had increased to 7% of the global CO2 emissions [10]. This means that the
rate of CO2 emissions related to cement production (Figure 2a) has doubled during the past 30 years,
from 4.2% in 1980 to 9.0% in 2012. Moreover, the annual growth rate of cement related CO2 emission
continues to increase annually—it reached 10% in 2010—in spite of global efforts to reduce CO2

emissions by limiting its annual growth rate to less than 3% (Figure 2b).

Figure 2. CO2 emissions of cement through the years (after [11] (a) and [12] (b)).
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CO2 emissions related to the usage of cement in geotechnical applications (e.g., mixing, grouting,
soil stabilization) amount to approximately 2% of the total CO2 emissions by cement (i.e., 3.05 B¨ tons
in 2011) [11,13]. Thus, replacing 10% of cement usage with low-carbon materials in geotechnical
engineering implementations leads to a reduction of 6.1 M¨ tons of CO2, which is close to 10% of the
annual CO2 emissions from Austria (66.68 M¨ tons) in 2012 [14].

2.2. Other Environmental Concerns from the Use of Cement

The presence of cement inside soil (e.g., mixed into soil) quickly raises the pH of the soil up to
12–13, due to the release of alkaline hydroxide (OH-) ions as a byproduct of hydration [15]. This increase
in pH can affect biological organisms, and could thereby have detrimental effects [16].

The widespread use of cement-based construction also gives rise to several related issues in
the urban environment, such as an increase of urban water runoff, heat islands, and prevention of
vegetation growth. Moreover, as the hydration reaction of cement is irreversible, it is difficult to
return soil-cement mixtures to their original state (i.e., untreated soil), and furthermore demolition
problems arise [17].

Urban runoff is known to be amplified due to the massive use of impervious cement-based
concrete with increasing urbanization. The absence of ground infiltration and severe surface runoff
can produce floods, and they are strongly related to economic and ecological losses such as residential
or infrastructural damage [18,19]. Moreover, surface runoff also degrades overall water quality by
flushing various pollutants and contaminants into waterways from urban sources [20,21].

The urban heat island effect is mainly caused by concrete or asphalt materials, whose specific
heats are lower than that of soil [22]. Urban heat islands can have a number of environmental impacts
such as affecting local wind patterns and humidity and causing the development of urban smog and
localized heavy precipitation [23,24].

Moreover, the presence of cementitious covers also prevents the growth of surface vegetation.
Vegetation such as trees and grass can lower the surrounding temperature via evapotranspiration and
by providing shade. Thus, vegetation can reduce peak summer temperatures in urban areas by 1–5 ˝C,
and can also be used to mitigate urban heat islands [25]. In addition, the presence of vegetation has
other benefits, including increasing the efficiency of cooling systems, enhancing rainwater management
and water quality by absorbing and filtering precipitation, and improving air quality [26].

Cement demolition waste and its management by disposal or recycling has become a significant
environmental concern at the end of the life cycle of cement-based concrete structures [27]. Moreover,
cement used for geotechnical purposes such as deep mixing or grouting is difficult to remove
from the ground.

Concrete dust can be released into the air through various pathways such as concrete structure
demolition or natural disasters (e.g., earthquakes), and can induce lung diseases [28]. For example,
high concentrations of concrete dust, 150 µg/m3, were monitored after the Great Hanshin earthquake
in Japan in 2015, where the alkaline component of the concrete dust in the air was equivalent to an
amount sufficient to neutralize the annual acid rainfall in Japan [29].

2.3. Soil Treatment Methods with Environmentally-Friendly Aspects

While the use of cement creates a number of environmental problems, as mentioned in the
previous section, the construction industry also accounts for approximately 40% of global energy
consumption [30]. In response, environmental-friendly and sustainable approaches involving the
use of alternative materials, including geosynthetics, chemical polymers, geopolymers, or biological
treatment have recently emerged in the field of geotechnical engineering.

Geosynthetics are artificial polymeric products, including geotextiles, geogrids, geonets,
geomembranes, geosynthetic clay liners, geofoam, geocells, and geocomposites, which are implanted
into the soil to strengthen or enhance the soil’s geotechnical engineering properties. Geosynthetics have
high tensile strength, flexibility, and impervious characteristics, and are therefore generally used for soil
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separation, filtering, reinforcement, and drainage purposes across a large range of applications [31–33].
While such materials can provide higher strength, specifically tensile strength, the strengthening is
almost completely dependent on the material itself and not the soil, making them undesirable for
various engineering practices.

In the late 20th century, geotechnical engineers began introducing chemically synthesized
polymers as soil conditioners to replace the use of conventional binders, such as lime and cement,
for geotechnical engineering and agricultural purposes. Polyacrylamide (PAM) [34] is a simple
linear- or cross-linked polymer synthesized by acrylamide (i.e., CH2CHCONH2) subunits, which
are non-toxic and hydrophilic [35]. Anionic polyacrylamide (PAM) has negative charge density and
induces electrostatic bonding with clay particles [36,37], which results in reduced soil erosion and
runoff control [38]. PAM consequently has been used in various fields such as agriculture, construction,
and military applications (e.g., temporary helicopter landing fields) as a soil erosion reduction
agent [38,39]. Sodium silicate (Na2(SiO2)nO) and other chemicals, including acrylics, lignosulfonates,
and phenolasts, have been widely implemented in soil grouting practices, especially for sandy soils.
However, chemically synthesized polymers and solutions have raised concerns about toxicity and
water pollution problems [40], and this has restricted the usage of chemical solutions near water
conservation regions in particular.

Meanwhile, electroosmotic chemical treatment (ECT) has been attempted in several studies to
improve the strength of soft soils [41,42]. However, the ECT method requires massive injection of
chemical solutions to produce an increase in osmotic pressure, and has not yet been accepted for
practical implementation [43].

Geopolymers are polymers synthesized from either organic or inorganic, such as silicon-based,
origins [44,45]. The geopolymerization process involves initial mixing in an alkaline solution,
which dissolves silicon and aluminum ions (i.e., alkali-activation) from soil or industrial byproducts
such as fly ash or blast furnace slag. Hydroxyl ions (2OH´) remaining in the alkaline solution then react
to form one free water molecule (H2O) and an oxide ion (O2´) [46]. The released oxygens then form
monomers with the dissolved silicon and aluminum ions, which undergo condensation. Geopolymers
require isolated heating (above 60 ˝C) for proper geopolymerization (hardening) [47,48], which can
limit site application for geotechnical engineering purposes. Studies have shown that geopolymers
are highly susceptible to water and show significant degradation in strength when saturated in water,
especially in acid solutions, due to depolymerization of the aluminosilicate polymers and removal of
silicic acid [49].

3. Application of Biological Approaches to Geotechnical Engineering

3.1. Attempts with Bio-Mineralization

Since the beginning of the 21st century, researchers have been seeking more biogenic alternatives
to existing strengthening agents. Recently, environment-friendly approaches that involve the use
of biological materials such as microbes and enzymes have emerged in attempts to improve the
mechanical properties of soil with a remarkably smaller carbon footprint compared to the use of
cement in geotechnical engineering practices. The most common approach is bio-mineralization,
which entails mineral precipitation in soil pores via biological organisms [50]. Another approach,
based on biofilm formation, starts with a weak attraction force between microorganisms that later
develops into a larger attachment that is irreversible [51].

Among bio-mineralization strategies, the most recognized soil treatment method is microbial
induced calcite precipitation (MICP). MICP employs microorganisms including Sporosarcina pasteurii
and Bacillus pasteurii to precipitate calcium carbonate crystals in soil voids and thereby provide
inter-particle bonding [52,53]. MICP occurs through urea hydrolysis, which primes the soil for calcium
carbonate precipitation when calcium is present [54]. Ureolytic bacteria are used to convert urea to
ammonium and carbonate. Calcium carbonate precipitates are then formed from the carbonate and
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calcium ions [55]. The calcium carbonate precipitates bind with the soil grains to increase the strength
and stiffness of the soil [56].

Several studies have been performed to increase the strength and stiffness of soils using urease
positive microorganisms [53,57]. In these studies, the microorganism Sporosarcina pasteurii was injected
directly into the soil to allow for calcite precipitation by the microorganisms themselves.

The use of urea, CaCl2, and urease leads to the precipitation of calcite through enzymatic processes
without microbial activities, which is suitable for soil strengthening and increasing stiffness [58]. MICP
has also been found to be applicable in various other fields, including the remediation of heavy
metals [59], CO2 sequestration [60], and the repair of concrete [61,62].

However, MICP has several shortcomings in terms of field implementation. MICP is most
applicable to coarse sediments, and accompanies difficulties when used with fine grained soils due to
infiltration problems: the pore sizes of fine grained sediments provide an unsuitable environment for
bacteria growth [63]. Moreover, the transport, cultivation, and fixation performance of bacteria is not
consistent. Thus, recent studies have adopted the use of urease enzyme instead of using bacteria to
promote the hydrolysis of urea, for the chemical precipitation of calcite [64]. Furthermore, the use of
MICP results in a highly concentrated ammonium chloride byproduct, which needs to be removed
and treated, generally in the form of soil flushing [65].

Even though the limitations of MICP are problematic, the bio-soil method has been shown to have
several promising features, including high strengthening, low environmental impact, self-proliferation,
and biodegradation. A number of researchers have thus focused on the direct use of biogenic excrement
(i.e., biopolymers) instead of attempting to cultivate the microorganisms in the soil.

3.2. Biopolymers: Definition and Usage

Biopolymers are organic polymers that are synthesized by biological organisms. They consist of
monomeric units that are bonded into larger formations. The use of biopolymers is, in fact, not an
entirely new development in geotechnical engineering. Organic polymers such as natural bitumen,
straw, and sticky rice have been used in ancient civilizations and can also be classified as biopolymers
in a broad sense. In ancient Chinese civilization, sticky rice mortar was used as a binder. Sticky rice
soup mixed with Actinidia chinensis cane juice, lime, loess, and river sand produced a mortar with good
strength, high toughness, and water resistance [66].

Among the three typical types of biopolymers—polynucleotides (e.g., RNA and DNA),
polypeptides (e.g., composed of amino acids), and polysaccharides—polysaccharides have been
the most commonly applied contemporary biopolymer type in various practices [67,68].

Polysaccharides are polymeric carbohydrate chains composed of monosaccharide units.
Polysaccharides are widely found in nature because they are employed in key biological roles,
as substances forming skeletal structures, assimilative reserve substances, and water binding
substances [69]. The properties of polysaccharides have led to their widespread use as thickening
agents, stabilizers, sweeteners, and gel forming agents in the fields of food production, agriculture,
cosmetics, medical treatment, and pharmaceuticals [70–72].

3.3. Biopolymers in Geotechnical Engineering

Biopolymers mixed with soil, such as sticky rice mortar, promote strengthening of the soil,
including increased cohesion and strength, resistance to erosion, reduced permeability, etc., by acting
as a binder. The direct use of biopolymers in soil has several benefits over pre-existing biological soil
treatment methods [73]. The direct use of exo-cultivated biopolymers for soil treatment overcomes
several shortcomings of other approaches (e.g., microbe injection) such as the need for microbial
and nutrient injection, time for cultivation and excrement precipitation, and inappropriateness with
clayey soils [74]. Moreover, since biopolymers are readily found in nature and many are known to be
harmless and edible, biopolymers can be considered eco-friendly substitutes for soil treatment. Several
polysaccharide group biopolymers recently have been examined for use in geotechnical engineering.
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The characteristics of common biopolymers are summarized in Table 1, and the following sections
review notable case studies in geotechnical engineering.

Table 1. Characteristics of common biopolymers (after [35,75–81]).

Biopolymer Composition Characteristics

Cellulose β-(1Ñ 4)-D-glucose linkages - Hydrophilic
- Properties depend on the chain length

Starch
D-glucose residues linked by
α-(1, 4) glucosidic bonds

- Soluble in heated water
- Viscous, gelatinization

Chitosan P-(1,4)-2-amino-2-deoxy-D-glucose
- Soluble in acidic solvents
- Bioadhesive for (-) charged surfaces
- Biodegradable

Xanthan C35H49O29 - High viscous rheology

Curdlan (C6H10O5)n - Gel formation via heating in aqueous solutions

Beta-Glucan
D-glucose monomers linked by
β-glycosidic bonds

- Capable of immune activation in humans
- Cholesterol absorption capabilities

Polyacrylamide (C3H5NO)n
- Water absorbent, gel formation
- Thickener

3.3.1. Cellulose and Starch

Cellulose (C6H10O5)n is abundantly present in nature. It consists of β-(1Ñ 4)-D-glucose linkages,
and is the main component in the cell walls of plants, and has the longest history of utilization in
engineering (e.g., straw fibers in adobe bricks). Its most notable current uses are in the food industry
where it is used for packaging materials and for thickeners or stabilizers for food [82]. Cellulose
has various potential uses in geotechnical engineering applications due to its gelation properties,
which can be exploited to produce thickeners and stabilizing agents [75]. Natural cellulose-group fibers
significantly increase the tensile and flexural strength of soils [83,84]. Furthermore, cellulose has been
used in open graded friction coarse (OGFC) pavement. OGFC consists of single size coarse aggregates
with large voids, resulting in high asphalt content, and cellulose improves its performance by limiting
coarse aggregate pop-out and reflective cracking [80]. In addition, organic compost containing high
cellulose content has been reported to induce higher soil aggregate stability by increasing water
repellency [85].

Starch is a polysaccharide that consists of D-glucose residues linked by α-(1, 4) glucosidic bonds [86].
It can be naturally found in a variety of plants, such as maize, rice, wheat, potatoes, and cassava [87],
and it has been applied in numerous areas outside of food and agriculture. The major area of starch
application in geotechnical engineering has been in adhesives for drilling fluids [88]. The use of starch
in thermoplastic materials provides two major benefits: (i) it allows for continuously tunable processed
materials; and (ii) because it is an abundant and inexpensive raw material, large scale production can
be economically achieved [89].

3.3.2. Chitosan

Chitosan (P-(1,4)-2-amino-2-deoxy-D-glucose) is the degraded form of chitin, found in the
exoskeletons of crustaceans and the cell walls of fungi. It is typically extracted by alkali sodium
hydroxide treatment. This hydrophilic biopolymer has been used in a variety of applications.
As a biorenewable, biocompatible, biodegradable, and biofunctional biopolymer, chitosan has been
used and researched in the fields of food/nutrition, material science, medical science, microbiology,
and immunology, as well as other fields such as agriculture, wastewater treatment, and degradation
products [81,90,91]. In geotechnical and geoenvironmental contexts, chitosan has been shown to be
capable of decontaminating groundwater containing contaminants such as copper (II) (Cu2+) and
phosphorus (P-) [92,93]. Chitosan coated sand particles have practical implications in filters for
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remediation of contaminated groundwater [81] and can create a suitable plugging effect by reducing
the hydraulic conductivity of sandy soils [94].

3.3.3. Curdlan

Curdlan is a high molecular weight linear β-1,3-glucan biopolymer produced by pathogenic
bacteria (e.g., Agrobacterium biobar, Alcaligenes faecalis) that forms an elastic gel when heated in an
aqueous solution [79]. Curdlan has been used as an additive in concrete mixtures as a superplasticizer
to improve workability and prevent cement-aggregate separation [95]. From a geotechnical perspective,
curdlan has been suggested for use in grouting due to its large scale soil clogging potential [96].

3.3.4. Beta-Glucan

Beta-glucans are biopolymers that consist of D-glucose monomers that are linked by glycosidic
bonds [97]. β-glucan is naturally found in various formations, such as in cellulose, bran, and the cell
walls of yeast, fungi, and bacteria [77].

A small amount (0.25%) of beta-glucan biopolymer (i.e., mass ratio to soil) in soil provides a
compressive strength value of 2650 kPa, comparable to that of a 10% cement mix (2170 kPa), while
0.5% beta-glucan mixing yields soil strength up to 4310 kPa [98]. From a geotechnical perspective,
the presence of beta-glucan in soil increases the Atterberg limit values as well as shear stiffness (G),
while it seems to have minor or even no effects on the constrained modulus (M) of soil [99]. A recent
study showed that beta-glucan treatment promotes vegetation growth in treated soils as well as high
strength, and in particular it promoted vegetation growth on barren soil, indicating its potential for
use as a countermeasure for desertification [100].

3.3.5. Xanthan Gum

Xanthan gum is a polysaccharide that is made by the Xanthomonas campestris bacterium, and is
generally used as a viscosity thickener due to its hydrocolloid rheology [76]. Xanthan gum has been
introduced to geotechnical engineering to reduce the hydraulic conductivity of silty sand via pore
filling [94,101] as well as to increase the undrained shear strength of soil by increasing the liquid
limit [102]. Another recent study has studied possibilities for using xanthan gum as a soil strengthener,
and showed that xanthan gum preferentially forms firm xanthan gum-clayey soil matrices via hydrogen
bonding [103].

3.3.6. Agar Gum

Agar gum is a polysaccharide that is composed of linked galactose molecules, and is extracted
from rhodophyceae [96]. Agar gum has rheological properties that make it useful as a thickener, stabilizer,
and emulsifier. Moreover, agar gum has a thermogelation property that allows the formation of strong
gels when cooled back to room temperature after being dissolved in boiling water [104]. Agar gum
effectively improves the strength of sand (especially cohesion) without environmental risks [105]
Recently, researchers attempted to use agar gum to enhance the strength of soils, showing that the use
of 3% (to soil mass) thermal treated agar gum enhanced the unconfined compressive strength of soil
up to 10 MPa under a dried condition [106].

3.3.7. Gellan Gum

Gellan gum is a high molecular weight polysaccharide fermented from Spingomonas elodea
(formerly known as Pseudomonas elodea) microbes [107]. Gellan gum is usually used as a substitute for
agar gum, with which it shares many properties, including thermogelation properties [108,109].
Gellan gum shows great promise for application as an engineered soil material due to its high
strengthening effect [110]. A recent study showed that 3% of gellan gum dispersed within a clayey soil
exhibited a maximum unconfined compressive strength of 12.6 MPa [106]. Although gellan gum has
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a similar gelation rheology and strengthening effect to agar gum, gellan gum is preferred for future
mass commercialization because it can be easily produced via microbial fermentation, whereas agar
gum has to be extracted from seaweed (i.e., algae).

4. Mechanisms of Soil–Biopolymer Interaction

4.1. How Biopolymers Strengthen Soil

A small quantity (i.e., 0.5%–1% to the soil weight) of biopolymer in soil can produce significant
strengthening effects (Figure 3). In general, biopolymers have high specific surfaces with electrical
charges, which enable direct interactions between the biopolymers and fine soil particles, thereby
providing firm biopolymer-soil matrices with high strength. SEM images of sand-clay-biopolymer
mixtures show that biopolymers directly bond with kaolinite particles, producing accumulated
face-to-face clay layers, while sand surfaces remain clean or only film-type coats form around particles
(Figure 4). Thus, the strengthening is maximized in the presence of clayey particles due to the hydrogen
and ionic bonding between the biopolymers and clay particles, which have electrical charges [103,106].

Figure 3. Compressive strengths of biopolymer-treated soils.



Sustainability 2016, 8, 251 10 of 23

Sustainability 2016, 8, 251  10 of 23 

 

(a) 

(b) 

(c) 

(d) 

Figure 4. Cont. Figure 4. Cont.



Sustainability 2016, 8, 251 11 of 23

Figure 4. SEM images of biopolymer-soil mixtures: (a) Beta-glucan and Korea residual soil;
(b) Beta-glucan and glassbeads; (c) Xanthan gum and kaolin clay; (d) Xanthan gum and sand (Jumunjin,
Korea); (e) Gellan gum and kaolin clay; (f) Gellan gum and sand (Jumunjin, Korea); and (g) Agar gum
and kaolin clay (images from [98,103,106]).

However, this does not mean that biopolymers have a negligible impact in terms of their use with
sand particles, because well-graded soil with coarse particles treated with biopolymers shows higher
strength than that obtained with pure clay, such as kaolinite [103].

Figure 5 shows the inter-particle cohesion and friction angle variation of 1% gellan gum
biopolymer mixed soils, evaluated via direct shear tests. Although the unconfined compressive
strength (Figure 3) and cohesion of biopolymer mixed clay is much higher than that produced in
pure sand, the friction characteristics of sandy soils (i.e., sand-clay mixtures) are more appropriate
for practical applications than those of pure clay. Thus, the strengthening mechanism of biopolymers



Sustainability 2016, 8, 251 12 of 23

in ordinary soils (i.e., those containing both sand and clay) is believed to be a combination of the
formation of biopolymer-clayey soil matrices (i.e., cohesion enhancement) and friction improvement
via coarse particles acting as aggregates (Figure 6). Inter-particle cohesion enhancement depends
on the strength of the biopolymer-clayey soil matrices, which is higher with lower water content.
The friction angles of the soil increase with biopolymer treatment due to improved particle contact.
The stiffer dried gels add a substantial amount of strength with a small increase in the contact radius,
especially at lower water content, as opposed to the softer wet gels, which exhibit almost no increase
in strength with a small increase in the contact radius.

Figure 5. Direct shear test result of 1% gellan gum biopolymer mixed soils.

Figure 6. Schematic model for biopolymer treated soils: (a) chain type biopolymers with sandy soils;
(b) gel type biopolymers with sandy soils; (c) chain type biopolymer with clayey soils; and (d) gel type
biopolymers with clayey soils.
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Therefore, to employ biopolymers, specific in-situ characterization must be conducted in advance,
to understand the particular composition of the targeted soil, such as its coarseness and clay ratio,
which is important for determining the proper quantities of biopolymers and the best utilization
methods for geotechnical engineering purposes. For instance, biopolymers have the potential to
reduce aeolian erosion and promote vegetation growth in arid or semi-arid deserts [100]. Since
desert soil mostly consists of coarse grains, biopolymers are expected to show suitable workability
in terms of material rheology and soil structure. Moreover, additional clay-type materials or ionic
chemicals (e.g., Ca2+ and Mg2+) can be applied to sandy soils to enhance the strengthening efficiency
of biopolymers.

4.2. Hydro-Dependency and Clogging Effect of Biopolymers

When soils have increasing amounts of water, dehydrated biopolymer gels (Figure 6a,b) or
biopolymer-clay matrices (Figure 6c,d) will adsorb and transfer water to hydrogels with a resulting
volumetric expansion (i.e., swelling) [111,112]. The elastic properties of biopolymer hydrogels, such as
their tensile strength and stiffness, diminish exponentially with increased water content [113], resulting
in a remarkable reduction in soil strength, to approximately 1/10th of the strength of the dried state in
a fully saturated condition. However, the unconfined compressive strength of re-wetted biopolymer
soil mixtures (i.e., clayey soil ě 200 kPa; sandy soil ě 50 kPa) is much higher than that of untreated
soils, and is immeasurable in most cases [106].

Furthermore, swelled viscous biopolymer hydrogels fill the pore spaces of soils (especially sand)
and induce pore clogging, which reduces the hydraulic conductivity of soils by more than 3~4 orders
of magnitude [94,96,101]. Biopolymers thus have potential to be applied for hydraulic purposes in
geotechnical engineering, such as in slurry walls, (temporary) seepage barriers, and grouting.

5. Discussion

5.1. Opportunities for Biopolymers in Geotechnical Engineering

Table 2 summarizes the features and engineering performance of biopolymer treatments and
the other aforementioned engineered soil methods used in geotechnical engineering. Although
OPC and geopolymers exhibit higher strengthening effects than biopolymer treatments, both OPC
and geopolymers require huge amounts of binders (10%–50% binder content to the weight of soil,
in general), whereas biopolymers only require 0.5%–1.0% of binder content to achieve strength levels
equivalent to those attained by massive cement mixing. Specifically, it has been reported that a 0.5%
biopolymer mix is necessary to achieve strength levels that are equivalent to or even higher than those
for 10% OPC-soil mixtures [98]. In addition, unlike other ground improvement methods, biopolymers
work well in the presence of fine soils [103].
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Table 2. Overview of ground improvement methods (after [7,72,98,103,114–117]).

Properties Cement Chemicals Geosynthetics Geopolymer MICP Biopolymer

Soil
Competitiveness

Course grained soils
Fine grained soils Course grained soils Course grained soils Course grained soils Fine

grained soils Course grained soils Course grained to Fine
grained soils

Method/Construction
Deep mixing, injection,
grouting, direct
mixing spray

Injection, grouting,
spray In-situ installation

Deep mixing, injection
grouting, direct
mixing Spray

Direct microbe and
nutrient injection in
to ground

Direct mixing, injection,
spraying exo-cultivated
biopolymers

Main Materials Cement Water Chemically synthesized
polymers

Various synthesized
materials

Pozzolanic materials,
water, cement

Micro-organisms
urea, starch Biopolymers, water

Major Reactions Hydration Solidification, chemical
bonding Tensile reinforcement Pozzolanic reactions Biological calcite

precipitation
Hydrogen-/ionic-
bonding, gelation

Advantages Strong, durable
Numerous case studies

Strong, durable Quick
isolation Numerous
case studies

Quick, Easy to use
Strong, durable Good
waste sink Lower carbon
footprint than cement

No carbon footprint
Possible use with
material remediation

Environment-friendly
Smaller concentrations
Stronger in fine soils

Disadvantages/
Challenges

Large carbon
footprint Disruption
of local ecosystem.
Disposal Problems

High price
Environmental impacts.
Washout and
durability problems

Heterogeneous
method Use limited
to shallow depths

Similar environmental
problems as cement

Ammonia byproduct
Limitations in
fine soils

High price High
sensitivity (hydrophilic)
to presence of water

Compressive
Strength (MPa)
(average)

2 a 0.8 (acrylic
polymer-treated sand) - 10 c 1.8 (shear strength) d 4.3 f

Price for Soil
Treatment (average) 45.5 USD/ton a 200 USD/ton b 2 USD/m2 30 USD/ton c 90 USD e 28 g – 250 f USD/ton

a Compressive strength of cement mixed soil (10% cement content to the weight of soil); b Acrylic grouting cost 4.4 times higher than cement treatment for the same 10% content to the
soil mass (Anagnostopoulos and Hadjispyrou 2004); c Clay : fly-ash geopolymer = 100 : 30 mixing ratio in mass (Sukmak et al. 2013); d Microbial induced calcite precipitated sand;
e Cost of 100 L of nutrient solution with 10 mM urea/min activity; f β-glucan biopolymer (0.5% to the mass of soil) mixed residual soil; g Xanthan gum (0.5% to the mass of soil) mixed.
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Moreover, biopolymers can be introduced into the soil by various practical modes of application
including mixing, injection, spraying, and grouting, and they can be used for building materials,
earth pavement, and farmland erosion prevention (Figure 7). Furthermore, biopolymers form a stable
gel matrix inside soil that does not damage the local ecosystem. Combined with their water retaining
properties in soil, biopolymers are thought to be capable of promoting vegetation growth.

Figure 7. Schematic impression of biopolymer applications in geotechnical engineering practices
in field.

The largest advantage of direct biopolymer implementation compared to other bio-soil methods
is that biopolymers can be produced ex-situ (i.e., exo-cultivation) and applied in-situ with a higher
degree of quality control, whereas MICP requires time-consuming in-situ cultivation. Moreover,
biopolymers can be commercially mass produced, and react with soil particles immediately after
mixing, which allows them to be utilized for temporary or rapid supporting purposes.

5.2. Economic Feasibility of Biopolymers: Global market of Biopolymers

Biopolymers are expected to be an effective, environment-friendly, and promising substitute
to replace or reduce the use of OPC in soils for geotechnical engineering purposes. However,
while biopolymers are effective at smaller concentrations compared to OPC, the current market
price of biopolymers is significantly higher than that of OPC. The introduction of mass production and
expanded utilization is expected to produce a significant cost reduction of biopolymers, as was the
case with the considerable price reduction of xanthan gum following its commercialization (Figure 8).

Figure 8. Global market price trend of xanthan gum.
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The material cost for 0.5% xanthan gum biopolymer for soil treatment has decreased from $250 to
$28 during the last three decades.

While the majority of biopolymers are currently quite expensive, the actual cost of their use
in geotechnical engineering largely depends on the choice of biopolymer. Additionally, the present
market prices of most candidate biopolymers are for food grade quality with very high purity, and that
standard results in significantly higher production cost. For geotechnical applications, edible grade
purity is unnecessary, and thus the price of biopolymers can be reasonably expected to be lower when
they are produced specifically for construction and geotechnical engineering applications.

5.3. Biopolymer Competitiveness in Global Carbon Emission Trading

Various raw materials are available for the production of biopolymers. For the first generation
in the 1960s to the 1980s, edible biomass such as corn and sugarcane was widely used. Non-edible
sources including food wastes and agricultural wastes were employed for the 2nd generation of
biopolymer production in the 1990s. CO2 is now effectively being used as an alternative source in
various biopolymer production strategies [118]. For instance, the production of xanthan gum is known
to consume approximately 4.97 kg of CO2 for 1 kg of biopolymer [119,120].

Meanwhile, cement production emits 1.25 tons of CO2 per 1 ton of cement, as a combined result
of chemical reactions (52%) and fossil fuel burning (48%) during the calcination process [9] . For soil
improvement in geotechnical engineering, treatment with a 0.5% ratio of xanthan gum to the weight
of soil provides an equivalent or greater strengthening effect than that of a 10% cement mix [103].
However, for an equal unit (1 ton) of soil treatment, the material cost at current prices of employing
xanthan gum becomes uneconomical compared to conventional cement mixing, being 37% more
expensive (xanthan gum treatment: 13.5 USD/ton of soil; cement: 9.85 USD/ton of soil), as shown
in Table 3.

Table 3. Economic feasibility of biopolymer (xanthan gum) implementation in geotechnical engineering
applications with environmental considerations.

Soil Treatment Material Cement Xanthan Gum

Market price of material 98.5 USD/ton a 2,700 USD/ton b

Required amount for 1 ton soil treatment (ě 2.5 MPa) 100 kg (10% to soil 1 ton) 5 kg (0.5% to soil 1 ton)
Material price for 1 ton soil treatment 9.85 USD 13.50 USD
CO2 emission per 1 kg material production (kg CO2) +1.25 ´4.97
CO2 emission related to 1 ton soil treatment (kg CO2) +125 ´24.85
CO2 emission trade related to 1 ton soil treatment c +2.75 USD ´0.55 USD
Total cost for 1 ton soil treatment (with carbon trade
exchange considerations) 12.50 USD 12.95 USD

a Depicts the price of cement in the United States, in 2014 (www.statista.com); b Depicts the average price of
xanthan gum (market price: www.alibaba.com), in 2014; c EU ETS (European Union Emission Trading Scheme)
carbon emission trade: 22 USD/ton of CO2, in 2012.

With global greenhouse gas reduction efforts and carbon emission trading (considering a rate of
22 USD/ton CO2) [121], the CO2 emission trade imposed on soil-cement mixtures (with 10% cement)
has been estimated to be 2.75 USD, while 0.5% xanthan gum treatment would secure 0.55 USD CERs
(Certified Emission Reductions) for 1 ton of soil treatment, respectively. When this CO2 emission
trading is considered, in economic terms xanthan gum soil treatment becomes remarkably competitive,
being only 3.6% more expensive than cement, as seen in Table 3. Thus, especially when considering
the aim of environment-friendly construction and development, biopolymers have high potential to
replace high carbon emitting soil treatment materials.
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5.4. Further Challenges for Practical Implementation of Biopolymer Technology

In addition to the challenges related to market price, the use of biopolymers in soil engineering
also raises concerns about durability. First, since biopolymers are organic materials, there are concerns
about whether these biopolymers will biodegrade with time. Moreover, biopolymers are highly
sensitive to the presence of water, and therefore durability concerns involving wetting and drying
cycles, as well as overall soil strength in the presence of water, must be addressed. However, a recent
study shows consistent strengthening performance of xanthan gum biopolymer-treated soils up to
two years after mixing [103]. Thus, it is expected that the degradation characteristics of biopolymers
would be acceptable when they are used for temporary or short-term practices. They would also
be advantageous in certain applications because they would make further remediation processes or
removal unnecessary, since the biopolymers are expected to naturally decompose with time.

To address other durability concerns, various types of biopolymers and/or practical
implementation methods can be utilized together to improve the overall quality and reliability
of biopolymer treated soils. Because most biopolymers exhibit high sensitivity to water, viable
methods for increasing the effectiveness of biopolymer treated soils in water will greatly improve
the reliability of these soils for ground improvement and stabilization. Several methods have been
studied and conceived to resolve this issue, such as the use of biopolymers with thermo-gelation
properties. As previously noted, gellan gum and agar gum are among the biopolymers that possess
such thermo-gelation properties. These biopolymers become highly soluble in water at around
85–90 ˝C, and hardening of the gel solution occurs as the gel is cooled to room temperature [108,109].
Such thermo-gelating biopolymers retain considerable strength even when subjected to water.

Another plausible solution is the use of protein based biopolymers. Protein based biopolymers,
such as casein proteins, have been employed in a wide variety of fields such as in the manufacturing
of adhesives. Since such proteins have lower hydrophilic properties than their polysaccharide
biopolymer counterparts, soils that are stabilized by such proteins may provide higher resistance to
water. A recent study showed that 6% casein mixed with lime and loam was suitable for use in ceramic
manufacturing [122].

In addition to these methods, the use of cross-linking for biopolymers may provide a more
powerful soil stabilizing method. Cross-linking is a technique used to greatly improve the properties
of a specific material by introducing an agent that promotes interactions between separate polymer
chains, thereby enhancing their overall strength. One common application of cross-linking is the
use of sulfur in rubber polymer to greatly enhance the strength and stiffness of the rubber, a process
also known as vulcanization [123]. Cross-linking has also been used to enhance the properties of gel
solutions. A double network hydrogel composed of two different biopolymers with a cross-linking
agent was used to create a hydrogel with high mechanical strength. The resulting hydrogels showed
extremely high strength and durability, and one case study showed that the hydrogel, which could
easily be sliced at 0.2 MPa prior to cross-linking, exhibited a strength of 25 MPa at a strain of over 80%
after cross-linking [124,125].

Overall, a wide variety of methods can be applied to improve the mechanical properties of
biopolymer treated soils, and as such, the use of biopolymers is emerging as a possible eco-friendly,
sustainable method for soil improvement and stabilization. However, various further studies focusing
on practical implementation methods and the development of suitable equipment are required
to ensure desired construction performance and reliability of biopolymer applications for in situ
geotechnical engineering purposes.

6. Conclusions

Ground enhancement methods have been intensively studied and developed over centuries.
The use of cement in geotechnical engineering could be considered the beginning of modern ground
enhancement methods, and numerous studies have since been performed to enhance the properties of
cement. However, in the late 20th century, environmental concerns gave rise to increasing demand for
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environment-friendly construction methods. The development of green cement and several possible
cement substitutes, including the direct use of biopolymers in the soil layer, have been proposed.

Recent studies have shown that biopolymers can strengthen soils, and they offer several
advantages in such applications, including being environment-friendly and effective at low
concentrations. Several studies have shown that the strengthening induced by biopolymer treatment
is maximized in the presence of fines, especially clay particles. For polysaccharide-type biopolymers,
hydroxyl groups on the polymer surfaces induce hydrogen bonding with water molecules, making
them hydrophilic, and enabling the formation of firm (i.e., viscous) hydrocolloids or hydrogels.

Meanwhile, when water is scarce, as in conditions of drought or dry soils, biopolymers can form
direct hydrogen bonds with clay particles, or indirect ionic bonds with these particles, in the presence
of intermediate ions such as alkali- or alkali earth- metal ions in the soil. Direct and indirect bonding
leads to the formation of a firm biopolymer-clay matrix, which provides a significant increase in soil
cohesion. Proper mixing of coarse particles, clay particles, and biopolymers is thus expected to provide
optimal strengthening effects, due to the combination of increased mechanical friction between coarse
particles, and a cementation effect between biopolymer-clay matrices.

In contrast to cement, biopolymers have strong potential to reduce carbon dioxide emissions.
Moreover, some biopolymers show functionality to support vegetation growth and stabilization,
which can be applied as countermeasures for farmland preservation and anti-desertification and
against other threats to environmental conservation.

Although their benefits are numerous, several challenges related to the use of biopolymers remain
to be addressed, including sensitivity to water, market costs, and possible biological degradation.
Overall, given the wide variety of available biopolymers, the flexibility of their modification,
and the numerous advantageous properties that they possess, the use of biopolymers in geotechnical
engineering appears to have a promising future.
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