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Abstract: In this study the effect of using a biopolymer soil stabilizer on soil stiffness characteristics
was investigated. Chitosan is a bio-waste material that is obtained by chemical treatment of chitin (a
chemical component of fungi or crustaceans’ shells). Using chitosan solution as a soil stabilizer is
based on the assumption that the biopolymer forms temporary bonds with soil particles. What is
important is that these bonds are biodegradable, so the product does not leave any harmful waste
and has high eco-compatibility. The biopolymer itself is a by-product of many industrial chemical
processes, so its application is compliant with the goals of sustainable geotechnical engineering.
The effect of chitosan on soil shear strength, permeability or surface erosion has already been
investigated in several different studies. In this study specimens of low-cohesive soil stabilized with
two different chitosan solutions were subject to cyclic loading (torsional shearing test) and dynamic
loading (resonant column) to obtain soil shear modulus G as a function of strain values. It has been
shown that chitosan solution added to medium-grained materials improves their shear modulus G
substantially (up to 3 times) even for relatively low chitosan concentration solutions (1.5 g of chitosan
per 1 kg of dry silica sand). The results obtained in this study and the known chitosan properties
suggest that chitosan solutions can be a very effective and eco-friendly short-term stabilizer for
temporary geotechnical structures, e.g., working platforms.

Keywords: soil stabilization; chitosan; non-traditional additives; soil shear modulus; temporary
geotechnical structures

1. Introduction

Geotechnical engineering is a branch of civil engineering that focuses on the behavior
of soil and rock materials near the surface of the earth [1]. It is unquestionable that civil
engineering has a significant impact on the natural environment as it rapidly consumes
natural resources and usually interferes with the local ecosystem functioning. Therefore, it
is of vital importance to promote sustainable development in this branch of industry.

Development of geotechnical engineering is stimulated, in a large part, by advance-
ment of technology and new material solutions that enable realization of construction
projects in difficult geotechnical conditions. One of the main aspects of sustainable geotech-
nical engineering is safe and effective use of soil stabilizers. Soil stabilization is a process of
enhancing mechanical properties of soil. It can alter soil physical and chemical character-
istics like strength, compressibility and permeability. It can also include actions aimed at
limiting soil surface erosion or preventing air pollution by fine-dispersed dust [2].

Ground improvement methods include deep or surface soil stabilization. Surface
soil stabilization usually consists of applying an admixture to the surface layer of soil and
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compacting the resulting mixture. It can be used not only for increasing performance of in
situ subsoils but also for, e.g., soils used in road embankments.

Soil can be stabilized mechanically, chemically, thermally or electrically. Mechanical
methods (compacting) are used most often as they do not alter the soil composition.

For chemical stabilization the following materials can be used

• cement,
• calcium-based stabilizers,
• fly ash,
• bitumen,
• non-standard stabilizers.

Desired performance characteristics and economic aspects often call for using (and
studying) non-traditional additives. Due to ecological reasons, non-standard soil additives
are becoming more and more popular. Especially for forest road construction, bike lanes,
pedestrian ways on protected sites, weak soil protection from excessive water absorption
or working platform construction on weak ground.

Traditional soil stabilizers have been thoroughly studied and their properties and
stabilizing mechanisms are mostly identified. Various non-traditional soil additives are
currently intensively developed and there is still a great need for research in this subject.
Most non-traditional additives can be classified as ionic, enzymes, lignosulfonates, salts,
petroleum resins, polymers or tree resins. Many products contain additional substances,
e.g., surfactants. However, due to commercial confidentiality the exact composition of a
given product is not available to the public.

In [3–5] non-traditional additives were tested. Series of laboratory tests were per-
former on stabilized coarse- and fine-grained soils and the increase in soil strength was
evaluated. The stabilization mechanisms were broadly divided into two types, mechanical
and chemical bonding. However, the experiments were mainly focused on stabilization
effect evaluation and not on the underlying mechanisms.

Tingle et al. [6] conducted research that was specifically aimed at identifying the
chemical and physical bonding mechanisms of non-traditional additives. Series of labora-
tory experiments included macroscopic analysis, physical characterization and chemical
analysis of mineral, soil, stabilizer and soil-stabilizer composites.

The research suggests that stabilization mechanisms that occur in soil-stabilizer mix-
tures cannot be considered separately. The final effect results from a complex interplay
of many different factors. Many chemical stabilizers (ionic, lignosulfonates, salts and
enzymes) can react with soil mineral particles, so the stabilization effect depends on a
particular soil’s mineral composition.

Synthetic stabilizers are mostly vinyl acetates and acrylic copolymers [6]. A polymer
stabilizer covers soil particles, and the bonding effect is created when the water is evapo-
rated from the emulsion, leaving a solidified soil-polymer structure. Therefore, the increase
in soil strength depend mainly on how well are soil particles covered in emulsion.

A similar mechanism is observed in natural polymer (lignosulfonates or natural
resins) stabilization. Laboratory experiments [4,5,7] confirm a clearly physical mechanism
of solidification. For fine-grained soils the stabilization effect is less pronounced as the
coverage of the smallest particles insufficient. Stabilization with polymer emulsions is more
appropriate for coarse-grained soils, also because of the larger specific surface area that
allows for more efficient mixing.

Synthetic polymers have a very high tension and bending strength, and create strong
physical bonding in the soil-polymer composites. Depending on the specific chemical
composition of the stabilizer, an ionic exchange between polymer and soil minerals can
also occur and affect the stabilizing effect. The polymer stabilization mechanisms are
comprehensively described in literature (see [8]).

Due to rapid global climate changes, a strong emphasis is placed on carbon neutral
material production processes. The material research is more and more focused on environ-
mentally neutral materials and possible applications of waste materials that can be used
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as alternatives for traditional solutions (e.g., eggshell-derived lime as an alternative poz-
zolanic material for sandy soil stabilization [9] or clayey soil stabilization [10]). In addition,
biopolymers (synthetically or naturally obtained) are getting more and more attention. In
recent years many review articles concerning the use of biopolymers for soil stabilization
were published [11–16]. Biopolymers are typically produced from gum trees, shrimp shell,
milk, fermentation of glucose, algae, fungi or bacteria that consist of polysaccharides [17].
Chang et al. [18] presented a broad analysis of applications and potential benefits of using
various biopolymers in geotechnical engineering. The review is focused on the results of
the latest studies on biopolymers like agar gum, guar gum, gellan gum, dextran, β-glucan,
xanthan gum, chitosan, starch and casein. The main benefits of using those materials are
increase in soil strength, modification of consistency through increase of water absorption,
erosion reduction, etc. (see Table 1). All of these ground improvement effects are obtained
in accordance with the principles of sustainable development, as the biopolymers are
mostly microbial hydrocarbons with low CO2 footprints compared to conventional soil
binders and promote seed germination and the growth of vegetation in soils [18]. Another
aspect of sustainable development is effective and safe waste management and reuse of
waste materials [19].

Table 1. Biopolymer additives used in geotechnical engineering [18].

Biopolymer Chemical Composition Behavior with Soils

Agar Gum C14H24O9

Strengthening
Pore clogging

Erosion reduction

β-glucan C18H32O16

Grouting
Strengthening

Superplasticizer in concrete

Casein C81H125N22O39P
Strengthening

Water resistance
Hydraulic conductivity reduction

Chitosan C18H35N3O13

Strengthening
Coagulant effects

Removal of heavy metals in water

Dextran H(C6H10O5)xOH
Drilling muds
Conditioners

Erosion reduction

Gellan Gum C24H37O20

Strengthening
Pore clogging

Erosion reduction

Guar Gum C10H14N5Na2O12P3

Dust control
Strengthening

Grouting

Starch C27H48O20

Adhesives for drilling fluids
Strengthening

Erosion reduction

Xanthan Gum C36H58O29P2
Drilling mud thickener

Strengthening

Most of the published studies that concern mechanisms and effects of biopolymer soil
stabilization focus mainly on the composite’s strength parameters, like internal friction
angle, cohesion and compression strength [17,20–24]. There are few studies that focus on
deformation characteristics, stiffness or damping.

Chitosan is a waste product of the sea food processing industry. This cationic polymer
is obtained by deacetylation of chitin, found abundantly in crustacean, insect, arthropod
exoskeletons, and molluscs [25]. Despite its numerous applications in water treatment [26],
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pharmaceutics [27], agriculture [28], winemaking [29] or energy storage [30,31] this nat-
ural resource hasn’t been fully utilized. The biggest advantages of this polymer include
availability, low cost, high biodegradability and ease of chemical modification [32–35].
Polymer blending can also be performed to improve the mechanical properties of the
bioproduct [25,32].

Application of biopolymers in geotechnical and geo-environmental engineering is
relatively new. There are limited studies on the application of biopolymers for soil improve-
ment. These studies were generally related with permeability [36], erosion control [37]
and shear strength of the soils [21,38]. Experimental studies have shown CU Triaxial tests
performed on compacted silt mixed with 1% chitosan solution indicate shear strength
improvement of up to 30 percent within a week [39]. In another study [40], fine silica sand
containing dextran showed 20 times increased critical shear stress (τc) compared to the
untreated condition. Chang and Cho [41] proved, the presence of biopolymers in soil might
enhance shear stiffness (Kirchhoff modulus G).

Various applications of chitosan are still studied. In geotechnical research there are
still few results available that specifically concern soil–chitosan mixtures. Recent studies
focus mainly on soil–chitosan composites shear strength or soil surface erosion prevention.
To the authors’ best knowledge there are yet no studies that focus on soil–chitosan mixtures’
stiffness and dynamic properties.

In this study the effect of chitosan on stiffness and dynamic properties of medium-
grained low-cohesive soil was investigated. Soil–chitosan composited were subjected to
cyclic slow-changing loading (torsional shearing test) and dynamic loading (resonant col-
umn). The specimens were prepared using two different chitosan solution concentrations.
The obtained properties of soil–chitosan composites were compared with the properties of
non-enhanced soil specimens with the same water content.

2. Materials and Methods
2.1. Materials
2.1.1. Silica Sand

Non-cohesive materials have proven to be suitable for soil stabilization with polymer
emulsions (increased mixing efficiency resulting from their large specific surface area) [7].
Therefore, silica sand was chosen for the experiments in this study. Silica sand was originally
used by Wichtmann [42] to perform experiments in resonant column. Numerous tests on
this type of soil are presented in Wichtmann’s dissertation [42] and other studies [43,44].
“Silica sand 1” is classified as a poorly graded sand with a uniformity coefficient CU value
of 1.6 (see Figure 1). Sand with high uniformity of soil particles is appropriate to observe
influence of additives on specimen mechanical properties [45]. Geometrical and physical
parameters of tested soil are presented in Table 2.

The maximum dry density and the optimum moisture content of “silica sand 1” were
determined through the Standard Proctor Compaction Test and the results are presented in
Figure 2. All the specimens were prepared with the optimum moisture content (3.0–3.5%)
to maximize the contact surface between the soil particles, and therefore provide a better
interaction between the soil and the chitosan solution.

2.1.2. Chitosan

Chitosan is biocompatible, biodegradable and non-toxic cationic polymer obtained
by deacetylation of chitin [46]. Chemical structure of chitin is made up of 1–4 linked
2-acetamido-2-deoxy-β-D-glucopyranose. Chitosan, a deacetylated form of chitin to at
least 50% of the free amine form, has a heterogeneous chemical structure made up of
both 1–4 linked 2-acetamido-2-deoxy-β-D-glucopyranose as well as 2-amino-2-deoxy-β-D-
glucopyranose [47]. Chemical structure of chitosan is presented in Figure 3, and chitosan
powder particles are shown in magnification in Figure 4.
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Figure 1. Grains of “silica sand 1” in magnification.

Table 2. Parameters of the tested soil (“silica sand 1”) *.

Soil Type Gs [-] d50 [mm] d60 [mm] d10 [mm] CU [-] emax [-] emin [-] ρdmax [g/cm3]
w

[%]

Silica sand 1 2.65 0.33 0.35 0.22 1.6 0.68 0.41 1.68 3.30

* d, d60, d10—the values of the particle diameter at 50%, 60% and 10% in the cumulative distribution; emax—maximum
void ratio, emin—minimum void ratio, CU—uniformity coefficient, ρdmax—maximum dry soil density, w—moisture
content, Gs—specific gravity.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 5 of 21 
 

 
Figure 1. Grains of “silica sand 1” in magnification. 

Table 2. Parameters of the tested soil (“silica sand 1”) *. 

Soil Type 𝑮𝒔 [-] 
𝒅𝟓𝟎  

[mm] 
𝒅𝟔𝟎  

[mm] 
𝒅𝟏𝟎  

[mm] 
𝑪𝑼  
[-] 

𝒆𝒎𝒂𝒙 
[-] 

𝒆𝒎𝒊𝒏 
[-] 

𝝆𝒅𝒎𝒂𝒙  
[g/cm3] 

w  
[%] 

Silica sand 1 2.65 0.33 0.35 0.22 1.6 0.68 0.41 1.68 3.30 
* 𝑑, 𝑑 , 𝑑 —the values of the particle diameter at 50%, 60% and 10% in the cumulative distribu-
tion; 𝑒 —maximum void ratio, 𝑒 —minimum void ratio, 𝐶 —uniformity coefficient, 𝜌 —maximum dry soil density, w—moisture content, 𝐺 —specific gravity. 

The maximum dry density and the optimum moisture content of “silica sand 1” were 
determined through the Standard Proctor Compaction Test and the results are presented 
in Figure 2. All the specimens were prepared with the optimum moisture content (3.0–
3.5%) to maximize the contact surface between the soil particles, and therefore provide a 
better interaction between the soil and the chitosan solution. 

 
Figure 2. Determination of maximum dry density (g/cm3) and optimum moisture content (%) for 
“silica sand 1”. 

2.1.2. Chitosan 
Chitosan is biocompatible, biodegradable and non-toxic cationic polymer obtained 

by deacetylation of chitin [46]. Chemical structure of chitin is made up of 1–4 linked 2-
acetamido-2-deoxy-β-D-glucopyranose. Chitosan, a deacetylated form of chitin to at least 
50% of the free amine form, has a heterogeneous chemical structure made up of both 1–4 
linked 2-acetamido-2-deoxy-β-D-glucopyranose as well as 2-amino-2-deoxy-β-D-gluco-
pyranose [47]. Chemical structure of chitosan is presented in Figure 3, and chitosan pow-
der particles are shown in magnification in Figure 4. 

1.60

1.62

1.64

1.66

1.68

1.70

0.0 5.0 10.0

D
ry

 D
en

si
ty

 [g
/c

m
3 ]

Moisture Content [%]

Figure 2. Determination of maximum dry density (g/cm3) and optimum moisture content (%) for
“silica sand 1”.



Appl. Sci. 2022, 12, 5332 6 of 21
Appl. Sci. 2022, 12, x FOR PEER REVIEW 6 of 21 
 

 
Figure 3. Chemical structure of chitosan [47]. 

 
Figure 4. Grains of chitosan in magnification. 

The physical parameters of the chitosan powder that was used in this study are pre-
sented in Table 3. Additionally, in Figure 5 particle size distribution of both materials 
(sand and chitosan) is compared. 

Table 3. Parameters of the tested chitosan *. 𝑮𝒔 [-] 𝒅𝟓𝟎 [mm] 𝒅𝟔𝟎 [mm] 𝒅𝟏𝟎 [mm] 𝑪𝑼 [-] emax [-] emin [-] 
1.47 0.11 0.13 0.044 2.85 3.29 1.73 

* 𝑑 , 𝑑 , 𝑑 —the values of the particle diameter at 50%, 60% and 10% in the cumulative distri-
bution; 𝑒—void ratio, 𝐶 —uniformity coefficient, 𝐺 —specific gravity. 

 
Figure 5. Particle size distribution of used materials. 

0

10

20

30

40

50

60

70

80

90

100

0.0001 0.001 0.01 0.1 1 10

[%]

grain size [mm]

Silt (Si)
0.002−0.063

Clay (Cl)
< 0.002

Sand (Sa)
0.063−2.0

Gravel 
(Gr)

2.0−63

chitosan
d50 = 0.112 mm 
Cu = 2.8        
Cl = 0 %
Si = 17.6 %
Sa = 82.3 %      
Gr = 0 %

medium sand:
MSa
d50 = 0.33 mm 
Cu = 1.6        
Cl = 0%
Si = 1.5 %
Sa = 92.5 %
Gr = 0.0 %

Silt (Si)
0.002−0.063

Clay (Cl)
< 0.002

Sand (Sa)
0.063−2.0

Gravel 
(Gr)

2.0−63

Figure 3. Chemical structure of chitosan [47].

Appl. Sci. 2022, 12, x FOR PEER REVIEW 6 of 21 
 

 
Figure 3. Chemical structure of chitosan [47]. 

 
Figure 4. Grains of chitosan in magnification. 

The physical parameters of the chitosan powder that was used in this study are pre-
sented in Table 3. Additionally, in Figure 5 particle size distribution of both materials 
(sand and chitosan) is compared. 

Table 3. Parameters of the tested chitosan *. 𝑮𝒔 [-] 𝒅𝟓𝟎 [mm] 𝒅𝟔𝟎 [mm] 𝒅𝟏𝟎 [mm] 𝑪𝑼 [-] emax [-] emin [-] 
1.47 0.11 0.13 0.044 2.85 3.29 1.73 

* 𝑑 , 𝑑 , 𝑑 —the values of the particle diameter at 50%, 60% and 10% in the cumulative distri-
bution; 𝑒—void ratio, 𝐶 —uniformity coefficient, 𝐺 —specific gravity. 

 
Figure 5. Particle size distribution of used materials. 

0

10

20

30

40

50

60

70

80

90

100

0.0001 0.001 0.01 0.1 1 10

[%]

grain size [mm]

Silt (Si)
0.002−0.063

Clay (Cl)
< 0.002

Sand (Sa)
0.063−2.0

Gravel 
(Gr)

2.0−63

chitosan
d50 = 0.112 mm 
Cu = 2.8        
Cl = 0 %
Si = 17.6 %
Sa = 82.3 %      
Gr = 0 %

medium sand:
MSa
d50 = 0.33 mm 
Cu = 1.6        
Cl = 0%
Si = 1.5 %
Sa = 92.5 %
Gr = 0.0 %

Silt (Si)
0.002−0.063

Clay (Cl)
< 0.002

Sand (Sa)
0.063−2.0

Gravel 
(Gr)

2.0−63

Figure 4. Grains of chitosan in magnification.

The physical parameters of the chitosan powder that was used in this study are
presented in Table 3. Additionally, in Figure 5 particle size distribution of both materials
(sand and chitosan) is compared.

Table 3. Parameters of the tested chitosan *.

Gs [-] d50 [mm] d60 [mm] d10 [mm] CU [-] emax [-] emin [-]

1.47 0.11 0.13 0.044 2.85 3.29 1.73
* d50, d60, d10—the values of the particle diameter at 50%, 60% and 10% in the cumulative distribution; e—void
ratio, CU—uniformity coefficient, Gs—specific gravity.
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It can be noted (Figure 5) that the particle size distributions make it possible to create a
uniform particle mixture of both materials even when mixing dry ingredients. This aspect
can be beneficial for further physical-chemical processing.

Commercial chitosan is usually a fine powder of white to slightly yellow color
(Figure 6a). It is insoluble in water, but it is easy to dissolve in solutions of weak acids, e.g.,
in 10% acetic acid CH3COOH (Figure 6b,c). Chitosan solutions in acetic acid are viscous
fluids. The viscosity increases with the increase in chitosan concentration (in this study 4%
solution in 10% acetic acid and 7% solution in 10% acetic acid were used. The increase in
the liquid’s viscosity was easily noticeable but has not been quantitatively measured).
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Laboratory tests were performed on cylindrical specimens of oven-dry “silica sand 1”
and two types of mixtures of “silica sand 1” and chitosan-water-acetic acid solutions. Speci-
mens were compacted with respect to the ASTM standard [48]. In Table 4 the composition
of prepared specimens is presented.
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Table 4. Composition of specimens’ mixtures [in g per 1 kg of dry silica sand].

Dry Chitosan Reversed Osmosis Water 10% Acetic Acid Solution

specimen 1 0 35 0

specimen 2 2.5 0 35

specimen 3 1.5 15 20

2.2. Methods
2.2.1. Resonant Column/Torsional Shearing Device

The laboratory tests were performed using modified Stokoe’s fixed-free type Resonant
Column apparatus with Torsional Shear mode (Wykeham Farrance RC/TS, model WF8500).
The modified version of the device and new procedure of interpretation of results were
presented in recent publication [49]. Standard WF8500 measurement method is based on the
external measurement system of deformation in one plane of the specimen’s cross-section—at
its upper end. In resonant column mode (RC), the device enables dynamic loading with torque
causing shear strain in the tested soil specimen. During a test, torque frequency increases
abruptly or smoothly in the range of 0–300 Hz. In torsional shear mode (TS), the device
generates cyclic, slowly changing torque with a constant frequency in the range of 0.01–50 Hz.
The device is equipped with an aluminum base with a steel plinth equipped with a porous
stone and pipes for water supply and drainage from triaxial compression cell together with
valves. This allows for performing a controlled saturation process and isotropic consolidation.
Pressure control is provided by sensors for cell pressure, pore pressure and backpressure. The
size of plinth allows for the installation of a cylindrical soil specimen with a base diameter of
70 mm and a height of 140–150 mm. The loading is generated by an electromagnetic system
consisting of four coils and neodymium magnets. The magnets are the moving part of the
device and can generate a maximum torque of 1.2 Nm and maximum angle of 10 degrees.
The control of the electromagnetic drive system is correlated with the automatic acquisition
of measurement data from all sensors installed in the device. The device is powered by an
external unit and controlled with a dedicated software “DYNATOR”. Main control parameters
in the RC mode are initial and final frequency, time and amplitude of the voltage that produces
torsional loading (moment of electrodynamic force). In the TS mode, the control parameters
are frequency, voltage amplitude and number of torsion cycles. Static values, characterizing
the mechanical properties of the drive head, are altered due to changes of conditions in the
laboratory and change with time (equipment components’ wear). For these reasons, before
each series of tests, the device is calibrated. Figure 7 presents a schematic drawing of the
RC/TS device.

2.2.2. Specimen Preparation and Experimental Procedure

Dry chitosan powder was dissolved in the 10% acetic acid solution at 20 ◦C. Chitosan
was added in small portions and mixed until completely dissolved. Two different chitosan
solutions were used in this study, 4% and 7% (to obtain 1.5 g and 2.5 g of chitosan per 1 kg
of dry sand respectively for soil specimens with optimum water content). The prepared
solutions were stored in hermetically sealed laboratory glassware at 20 ◦C. The “silica sand
1” was dried to a constant weight at 105 ◦C, then cooled down and stored in a hermetically
sealed container. The chitosan solutions were gradually added to soil portions of a known
mass and mixed with the soil to a homogenous mixture. The prepared mixtures were
stored in hermetically sealed containers for about 1 h.

The specimens were formed using a hollow metal cylinder, weighted and prepared
for installation in the RC/TS device.

The specimen installation includes placing the specimen on the bottom porous stone
and placing the drive head on the top surface of the specimen. The specimen is then
covered with a latex membrane that separates the material from pressurized water in the
testing chamber. For specimens of height 140–150 mm, 235 mm long membranes were used
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to create an additional overlap on the drive head and the bottom base. The membrane
placement was secured with rubber O-rings at the top and bottom.
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The prepared specimen is placed inside a polycarbonate internal cylinder filled out
with water just before starting the testing procedure. The final step of specimen installation
is covering the entire setup with an external cylinder that separates the specimen, drive and
measuring equipment from the external environment. The RC and TS tests were performed
according to the ASTM standard [50]. All of the tests were performed in drained conditions
(the pore water can easily drain out from the soil matrix and the liquefaction is not expected
to occur).

After the tests were conducted, the fresh soil–chitosan mixtures were cured. The
thermal curing was done at 60 ◦C for 24 h. After the curing process the same experiments
were carried out on the cured soil–chitosan composite specimens.

After the tests the specimens were left at 20 ◦C (relative humidity 50%) and subjected
to observation for 28 days. The last phase of the experiment was the observation of the
composite degradation in water.

2.2.3. Method of Results Interpretation

Standard RC test is performed to measure the propagation speed VS of a transverse
(shearing) wave in a soil specimen.

For material with bulk density ρ, the shear modulus is given by the following formula

G = ρ ·VS
2. (1)
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And the propagation speed VS of a transverse wave is

VS =
2π · fr · L

β
, (2)

where fr—resonant frequency of the system (specimen + drive system), L—specimen’s
height. The parameter β [rad] is obtained using the formula

I
I0

= β · tan(β), (3)

where I—mass moment of inertia of the specimen, I0—mass moment of inertia of the drive
system, determined during the device calibration process.

To find the resonant frequency fr the specimen is subjected to torsional vibrations of
gradually increasing frequency. The resonant frequency would be the frequency value
corresponding to the maximum twist angle that was measured during the test.

Equation (1) takes the following form

G = ρ
4π2 f 2

r L2

β2 . (4)

The amplitude of applied torque and the measured corresponding twist angle can be
converted to shear stress τ and shear strain γ. The shear modulus can then be calculated
using the formula

G =
τ(γmax)

γmax
(5)

considering the fact that the graph of the τ(γ) function forms a characteristic hysteresis loop.
Alternatively, the shear modulus of the specimen can be found using back analysis

and numerically simulated TS test results.
The goal of back analysis is to find a function that accurately describes relationship

between the observed (known) effects and unknown causes. To avoid problems with
solution ambiguity (there may be many sets of causes that lead to the same final result), the
optimization approach is often used

L = Min
X

(|Γ(X)−Y|), (6)

where Γ(·)—cause-and-effect relationship, X—set of unknown causes, Y—set of observed
effects, L—objective function (or error function).

The optimal X parameters for the Γ(·) problem are found through minimization of
the L function, which measures the difference between observed effects Y and the effects
predicted by the Γ(X) model. The following objective function was used in the performed
back analyses

L = ∑
n

w
(

τe
γ − τc

γ

)2
, (7)

where τe
γ—measured (experimentally, during the TS test) τ for specific values of γ, τc

γ—
numerically calculated τ for specific values of γ, w—weights of the computational nodes
(set to 1), n—number of nodes.

It is assumed that Hooke’s law applies, therefore

τ(γ) = Gγ, (8)

where τ—average shear stress, γ—average shear strain, G—shear modulus. This ensures
that the problem solution is stable and unambiguous. However, considering the soil
stiffness degradation in small strain range the following nonlinear relation is used

τ(γ) = G(γ)γ. (9)
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The degree of nonlinearity can only be determined through repetitive G evaluation for
different γ values. Therefore G(γ) can be obtained with iterative back analysis of a dataset
from a single TS test. The τ(γ) relation in numerical simulation is successively fitted to the
τ(γ) from the laboratory experiment. The numerical simulations were performed using
the finite element method (FEM). Particular attention was paid to appropriate modeling of
boundary conditions.

It should be noted that the soil stiffness degradation function is not always monotonic,
although it is usually a nonincreasing function. Therefore, a complete model of soil behavior
under cyclic loading requires numerical recreation of the full loading path that includes
incremental stiffness changes.

This nonlinearity problem is typically addressed using, e.g., tangential stiffness
method, Newton–Raphson method, modified Newton–Raphson method, aided by nu-
merical integration techniques (Euler or Runge–Kutta method).

To perform back analysis of results obtained in this study, a concept of hysteresis loop
modeling based on the Masing’s rules was programed in C language (program TS.exe
developed by the authors). A detailed description of the algorithm can be found in [51].

Determination of the non-linear G(γ) relationship is done through iterative fitting of
FEM-simulated τ(γ) to the τ(γ) from TS tests. The goal is to minimize the value of the
objective function L(·), which measures fitness of the solution. In order to do that some
initial form of the G(γ) function is assumed and modified in a way that minimizes the value
of the objective function L(·). This interpretation method can only be used when the most
probable shape of the G degradation function is known. The optimization process can be
limited to finding the coordinates of data points that are corresponding to the experimental
dataset (computational nodes).

To minimize L(·) function a non-gradient optimization method was used, specifically,
the Nelder–Mead algorithm [52]. The algorithm sequentially generates simplices. For an
n-argument objective function the simplices are defined by n + 1 vertices. The Nelder–Mead
algorithm is implemented in Matlab in the fminsearch(·) function. It is based on concept of
sequential searching of minimum [53]. To find the solution of a back analysis problem a
program developed by the authors (TS.exe) was integrated with Matlab.

Numerical model of the specimen was discretized using 167 TH15
10 elements (tetrahe-

dral elements with 10 nodes and 15 Gauss points), 338 nodes in total (Figure 8). Geometrical
parameters and boundary conditions for the numerical model were set to match the physical
parameters of real specimens tested in laboratory experiments (Table 5).
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Table 5. Parameters of the numerical model of the specimens *.

Specimen d [mm] h [mm] N [-] k [-] f [Hz] αmin [mRad] αmax [mRad]

F1-32551 70 140 1 80 0.05 −0.8982 1.0036
C1-30437 70 140 1 80 0.05 −0.5200 0.7550
F2-30608 70 140 1 80 0.05 −0.7751 0.9017
C2-23608 70 140 1 80 0.05 −0.3367 0.3887

* d—specimen diameter; h—specimen height; N—number of TS cycles; k—number of FEM steps per cycle;
f —frequency; αmin, αmax—minimum and maximum twist angle; F, C—fresh and cured composite.

A numerical simulation of one full cycle took about 14 s (Intel Core i7 4790K@4.4 GHz,
RAM 32 GB@1600 MHz). Time of the complete back analysis of one experiment did not
exceed 3 h.

3. Results

The confining pressure p, applied in the RC/TS cell on the sample was equal to 50, and
100 kPa. After applying confining pressure, RC tests were performed. Specimens 1 and 2
were tested directly three times: before mixing with chitosan (pure silica sand, specimen P),
after specimen preparation mixing (fresh specimens, F1 and F2) and after 7 days of chitosan
solution binding (cured specimens, C1 and C2). Figures 9 and 10 present the maximum
shear modulus values for each type of specimen for different confining pressure values.
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Figures 11 and 12 present comparison of RC test results performed on pure silica sand
specimen (P) at different values of confining pressure p.
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Figure 23 presents a cured composite specimen after 14 days of degradation in water
(20 ◦C). The observation confirmed that gradual degradation of bonds between soil particles
and the biopolymer.

4. Discussion

Comparing results presented in Figures 9 and 10, increments of dynamic shear modu-
lus Gmax are noticeable. Maximum shear modulus values of fresh composite specimens F1
and F2 are 1.2 to 1.4 times higher than corresponding values for untreated, pure silica sand
specimen P. Specimens curing resulted in increasing shear modulus values from 1.1 to 1.6
higher than corresponding values for fresh F1, F2 specimens.

Influence of the chitosan binder and curing process on the stiffness of composites is
significant. For cured composite specimens C1 and C2 maximum shear modulus values
are 1.3 to 2.1 times higher than values for untreated, pure silica sand specimen P.

It should be stressed that adding chitosan solution to soil enhances soil dynamic
properties even before specimen curing. The beneficial effect of chitosan solution before
curing was only observed in dynamic (RC) tests. It is an important observation, considering
the fact that optimal curing conditions are easier to provide and control in laboratory, but
might not be possible to provide on a construction site. Another important issue is obtaining
a homogenous soil–chitosan mixture. While it is not a problem in the laboratory conditions,
it can be quite difficult at the construction site. Additional research (including in situ tests
of stabilized soil) should be conducted to propose and test appropriate mixing technology.

In TS tests there was no significant difference between pure soil specimen and fresh
composites’ behavior.

In the TS tests (as can be seen in Figures 13–20) the effect of chitosan on composite
stiffness is substantial. Initial shear modulus G0 of cured specimens (C1 and C2) is 1.9 to
3.1 times higher compared to the fresh specimen (F1 and F2 respectively).

Considering G values at the beginning of each of the four phases in full loading cycle
(see Table 6), the cured specimens’ stiffness is from 1.7 up to 3.3 times higher than for fresh
mixtures (see Figures 21 and 22).

Table 6. Four phases in one full cycle of the TS test.

Phase γ dγ τ dτ Load Direction [-]

1 positive positive positive positive load
2 positive negative positive negative unload
3 negative negative negative negative reload
4 negative positive negative positive re-unload

γ—shear strain; dγ—change in shear strain; τ—shear stress; dτ—change in shear stress.
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Cured soil–chitosan composites exhibit better dynamic properties in response to high
frequency and high amplitude loadings than non-enhanced soil. Is suggests chitosan can be
considered as a soil stabilizer for temporary structures that are often in danger of stability
loss due to, e.g., operation of construction machines.

Stiffness (measured by the shear modulus G) of the composite specimen is several
times greater than stiffness of the non-enhanced soil specimen.

The composites exhibit slow degradation in a humid environment, especially when
totally submerged in water. Some observable effects of water degradation were documented
(Figure 23), but a precise determination of the rate of bond degradation is outside the scope
of this study. As it is important to ensure geotechnical structures stability over time, further
research is needed to assess the change in chitosan stabilization effect for large scale use of
chitosan as a soil stabilizer.
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Considering the fact that both soil and chitosan are natural materials, the properties
of the composite can be affected by many factors and can vary noticeably from specimen
to specimen. Large number of tests should be performed to confirm the repeatability of
the enhanced mechanical parameters. It should also be noted that the experiments were
carried out in the controlled laboratory environment. The use of chitosan in geotechnical
structures is a promising solution but it cannot be fully recommended without further
studies on how soil–chitosan behavior is influenced by various environmental factors (e.g.,
seawater exposition). Future research should also focus on understanding the underlying
binding mechanisms of chitosan stabilizer so that optimal conditions for binding can be
clearly identified and recreated in engineering practice.

5. Conclusions

The following main conclusions can be drawn from this study.

1. Medium-grained low-cohesive soils can be effectively stabilized with chitosan solutions.
2. Adding chitosan to the tested soil specimens improves their shear modulus G sub-

stantially (even up to 3 times).
3. Soil–chitosan mixtures show better dynamic properties (dynamic shear modulus) even

before the curing process. Therefore, the soil dynamic characteristics are noticeably
enhanced even when the optimal curing conditions cannot be met.

4. Even relatively low chitosan concentration solutions (1.5 g of chitosan per 1 kg of dry
silica sand) can be a very effective stabilizer.

5. Chitosan can be used as an eco-friendly short-term soil stabilizer. The specimens show
signs of degradation after 14 days of being submerged in water.

The findings presented in this study suggest that chitosan solutions can be successfully
used as a soil stabilizer. It positively affects soil dynamic properties. This, along with the
biodegradability of chitosan makes it a possible solution for stabilizing temporary soil
structures (e.g., working platforms) or for regular slope surface stabilization. Chitosan
stabilization is a low-cost (as chitosan is a waste material) and easy-to-use (does not require
specialized equipment to apply) method for temporary ground improvement. Considering
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high eco-compatibility of the material, its application is compliant with the main goals of
sustainable engineering.

The authors plan to continue their research on chitosan–soil composites. Specifically,
more dynamic tests will be conducted and focused on determining other dynamic prop-
erties (e.g., the damping ratio) and more in-depth analysis of the underlying binding
mechanisms of chitosan solutions will be performed.
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read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author, upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Das, B.M. Principles of Geotechnical Engineering; PWS Engineering: Boston, MA, USA, 1985.
2. Katra, I. Soil Erosion: Dust Control and Sand Stabilization. Appl. Sci. 2020, 10, 8044. [CrossRef]
3. Santoni, R.L.; Tingle, J.S.; Nieves, M. Accelerated Strength Improvement of Silty Sand with Nontraditional Additives. Transp. Res.

Rec. J. Transp. Res. Board 2005, 1936, 34–42. [CrossRef]
4. Tingle, J.S.; Santoni, R.L. Stabilization of Clay Soils with Nontraditional Additives. Transp. Res. Rec. J. Transp. Res. Board 2003,

1819, 72–84. [CrossRef]
5. Newman, J.K.; Tingle, J.S.; Gill, C.; McCaffrey, T. Stabilization of Sand Using Polymer Emulsions. Int. J. Pavements 2005, 4, 1–12.
6. Tingle, J.S.; Newman, J.; Larson, S.; Weiss, C.; Rushing, J. Stabilization mechanisms of nontraditional additives. Transp. Res. Rec.

2007, 1, 59–67. [CrossRef]
7. Santoni, R.L.; Tingle, J.S.; Webster, S.L. Stabilization of Silty Sand with Nontraditional Additives. Transp. Res. Rec. J. Transp. Res.

Board 2002, 1787, 61–70. [CrossRef]
8. Huang, J.; Kogbara, R.B.; Hariharan, N.; Masad, E.A.; Little, D.N. A state-of-the-art review of polymers used in soil stabilization.

Constr. Build. Mater. 2021, 305, 124685. [CrossRef]
9. Consoli, N.C.; Caicedo, A.M.L.; Beck Saldanha, R.; Filho, H.C.S.; Acosta, C.J.M. Eggshell Produced Limes: Innovative Materials

for Soil Stabilization. J. Mater. Civ. Eng. 2020, 32, 06020018. [CrossRef]
10. Bensaifi, E.; Bouteldja, F.; Nouaouria, M.S.; Breul, P. Influence of crushed granulated blast furnace slag and calcined eggshell

waste on mechanical properties of a compacted marl. Transp. Geotech. 2019, 20, 100244. [CrossRef]
11. Choi, S.-G.; Chang, I.; Lee, M.; Lee, Y.-H.; Han, J.-T.; Kwon, T.-H. Review on geotechnical engineering properties of sands

treated by microbially induced calcium carbonate precipitation (MICO) and biopolymers. Constr. Build. Mater. 2020, 246, 118415.
[CrossRef]
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