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ABSTRACT

Desiccation cracking of cohesive soils is the development of cracks on the soil surface as
a result of a reduction in soil water content. The decrease in soil surface area owing to the
desiccation of cohesive soils has an undesirable impact on the mechanical, hydrological, thermal,
and physio-chemical properties. Many efforts have been made to improve the desiccation crack
resistance of cohesive soils, the most being chemical treatment using additives like cement and
lime. Unfortunately, their use raises a number of environmental issues, so the demand for
sustainable and environmentally friendly soil improvement alternatives is rapidly increasing.
Therefore, the main objective of this study is to investigate eco-friendly soil improvement
techniques and their effect on the desiccation cracking behavior of soils.

Improvement of soil crack resistance was studied by conducting desiccation cracking tests
on two types of soils: Piedmont soil and white kaolin clay. Fly ash, recycled carpet fibers,
bioplastic, and xanthan gum were all studied as potential sustainable soil improvement techniques.
Unimproved and sustainably improved soils were compared by utilizing desiccation and
mechanical tests. In addition, two types of image processing were conducted to quantitatively
describe the effect of reinforcement on the geometrical characteristics of crack patterns. The
experimental and image analysis results showed that soil improvement techniques generally
enhanced the soil strength and reduced cracking.

The results from the physical tests were used along with data from other studies to calibrate
a predictive hydro-mechanical numerical-analytical model. The model utilized soil-specific
material properties in order to predict unsaturated water flow. This water flow was then used to
model the strains and stresses that develop in the soil as a result which in turn predicted the

initiation of desiccation crack behavior. Specific soil material properties were altered for the



various soil improvement techniques. The model predicted the development of stresses and radial

displacements as well time of crack initiation for untreated and improved specimens.
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CHAPTER 1 INTRODUCTION
1.1 BACKGROUND

Desiccation cracking is the development of cracks at the soil surface and throughout the depth
of a cohesive soil layer as a result of soil shrinkage due to the reduction of the water content
through solar radiation or vegetation absorption. As the water content drops in the soil layer, the
volume of cohesive soils begins to decrease. As the shrinkage occurs, tensile stress builds on the
surface until that stress matches the tensile strength of the soil. At this point, a crack will occur in
the soil face in order to release the stress that is being experienced. This process repeats until a
complete crack network is formed.

The desiccation of cohesive soils leads to an undesirable impact on the mechanical,
hydrological, thermal, and physio-chemical soil properties. For instance, desiccation cracking can
lead to decreased soil strength, which in turn can cause uneven settlement and catastrophic failures
in structures of all types. Structural damage is most prevalent in geotechnical structures such as
flood dykes, dams, and slopes. As desiccation cracking decreases the strength of these structures,
failure can become much more likely, potentially rendering the structures useless. In addition, this
type of soil cracking results in a dramatic increase in the permeability of clayey soils. The increase
in soil permeability is particularly problematic when the clay is used as a liner for both landfills
and hazardous waste storage. As a result, undesired paths for leachate and gas can form and affect
the quality of the surrounding soil and perhaps most harmfully, the surrounding groundwater.
Increased permeability can also have dramatic agricultural impact where water filters through soil

far too quickly, vacating the root zone of vegetation before the required amount of hydration is
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absorbed. Therefore, the prevention of desiccation cracking is of significant importance to safety,
structural, and environmental issues.

While there are several methods for reducing desiccation cracking in soil, the most popular
current methods possess a series of adverse effects on the environment. Cement and lime are the
most common improvement techniques used for increasing a soil’s tensile strength and crack
resistance. Utilizing these methods comes with various negative side-effects. Both cement and
lime can lead to increased carbon dioxide (CO2) emissions, the reduction of vegetation growth,
and groundwater contamination®. With this in mind, it is imperative to develop and validate

alternative soil improvement techniques.

1.2 RESEARCH OBJECTIVES

This research was performed in order to examine sustainable and eco-friendly soil
improvement techniques that could potentially reduce and/or prevent desiccation cracking from
occurring in cohesive soils. An improvement technique was considered sustainable if it had
originated and been refined from industrial waste, which remains toxic and hazardous to the
environment when left unattended®. While this repurposing does not eliminate all negative side
effects of the material as a waste product, it does prevent the adverse impacts of the use of
alternative solutions®. An improvement technique was considered eco-friendly if it was not
environmentally harmful®. This project also aimed to develop and analyze low-cost alternatives
for image analysis of soil cracking behavior. A model was developed with the aim to predict

cracking behavior in cohesive soils when subjected to soil improvement techniques.
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This thesis details the process of analyzing desiccation cracking data, the use of image
processing techniques, and the development and calibration of a numerical-analytical model. More
detailed objectives of this project are:

« Gain the understanding of desiccation cracking processes and their mathematical description;
« Design and perform methods to measure cracking related physical properties;

« Develop and compare sustainable soil improvements under the same conditions;
« Compare soil improvement effectiveness when exposed to rewetting cycles;
* Develop low-cost image processing alternatives;

» Develop numerical-analytical model that is capable of capturing processes involved in

unsaturated fluid flow in cohesive soils and, in turn, desiccation cracking;
« Conduct critical assessment of the modeling procedure and results;

* Provide recommendations of what techniques and results merit further discussion and research.

1.3 RESEARCH SCOPE

This study seeks to investigate novel eco-friendly soil improvement techniques and their
effect on the desiccation cracking behavior of soils. The two types of cohesive soils that were used
as part of this investigation were residual Piedmont soil and pure white kaolin clay. Four
sustainable soil improvement techniques were tested, including fly ash, recycled carpet fibers,
bioplastic, and xanthan gum. Both recycled carpet fibers and fly ash were considered sustainable
materials under the idea that repurposed industrial waste is a sustainable material. Numerous
studies have been conducted investigating the effects eco-friendly additives have on soil strength
and swelling properties. Yet, their effect on the crack resistance of cohesive soils has been largely
under-investigated. To date, neither recycled carpet fibers nor bioplastics have been examined as
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a potential solution to desiccation cracking, and their effectiveness is presented in this research.
This thesis is also the first study to compare these techniques at two different temperatures and to
subject them to cyclic wetting and drying. Consequently, a comparative analysis of the mentioned
improvement techniques’ effectiveness has not been completed.

A qualitative analysis was conducted by analyzing the geometric characteristics of cracking
patterns in the plain and improved soil samples. The quantitative analysis was completed using
two different image processing techniques. The first was an original code powered by MATLAB’s
image analysis software before performing image matrix operations in a Visual Basic for
Applications (VBA) program. The image analysis process is simple and inexpensive due to the
widespread public familiarity and access to both VBA and MATLAB. The second technique was
through the free use program GOM Correlate. A comparative analysis of the soil improvement
techniques was completed using a combination of the area reduction factor (ARF), average crack
width (Wavg), maximum crack width (Wmax), maximum crack length (Imax), and maximum radial
shrinkage (rsmax) Of the treated and non-treated cohesive soil samples. To corroborate the results
from the physical tests, an analytical model was developed with the goal to project the cracking
behavior of cohesive soils subjected to different soil improvement techniques.

A predictive hydro-mechanical numerical-analytical model was developed in order to better
analyze soil behavior as a function of improvement technique. The model created a field of water
contents across both depth of the soil layer and time. These water contents were then used to
determine shrinkage strain and then the stress conditions with time, depth, and radial distance
changing. Two stress conditions were considered where the radial and hoop stress under a polar
coordinate system were calculated based on whether the soil was still attached to the mold. The

stresses were then used to predict the time of crack initiation as well as radial displacement of the
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clay specimens for each improvement technique. The results of the hydro-mechanical model were

then compared to the experimental results as a way to evaluate the model.

1.4 ORGANIZATION OF THESIS

This thesis was organized as follows:

Chapter 1 - Introduction provides background on the subject matter of this research project.
The objectives for this research are also discussed. In addition, the scope of the research is
addressed with a brief summary of the work completed. Finally, a brief outline of the overall
organization of the thesis is given.

Chapter 2 — Literature Review details the mechanics of desiccation cracking and the
processes involved in their initiation. Also included is an overview of the various physical tests
that have been completed with the aim to measure and analyze cracking behavior. The myriad of
image processing techniques that have been utilized is outlined in this chapter as well.

Chapter 2 also includes a summary of the different soil improvement techniques that have
been used to reduce desiccation cracking, with a focus on those that are sustainable in nature.
Finally, a breakdown of the different modeling methods that have been used to model cracking
behavior is included.

The materials and methods utilized in this research are detailed in Chapter 3 — Materials
and Methods. This includes the two different soil types that were studied as well as the five
different materials that comprised the soil improvement techniques that were utilized. In-depth
walkthroughs of each of the physical testing processes can also be found in this section. Finally, a

comprehensive description of each of the image processing techniques is presented in this chapter.
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In Chapter 4 — Hydromechanical Model, the background and process for developing the
hydromechanical model is described. First, the numerical method utilized for creating the
hydraulic portion of the model. Then, the method used for coupling the hydraulic model and the
mechanical model is addressed. The analytical solution used to create the mechanical model is
discussed afterwards. Finally, the procedure for obtaining each material property used in the model
is addressed.

Chapter 5 — Results and Discussion of this thesis presents both the qualitative and
quantitative results of the desiccation tests for both soil types. The results for the mechanical tests
were also included. The results were used to compare the effectiveness of soil improvement
techniques. Finally, the results from the hydro-mechanical model are detailed and compared to the
experimental results.

Chapter 6 — Conclusions and Future Research Recommendations provides the general
conclusions that were a result of the research completed in this project. Also included are proposals

for future work based on the findings in this research.
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CHAPTER 2 - LITERATURE REVIEW

2.1 INTRODUCTION

This chapter contains background information on desiccation cracking phenomena as well
as the theory behind it. A review of the existing literature on the subsequent additional topics was
conducted as well: physical tests for desiccation cracking, image processing techniques,
sustainable soil improvement types, and numerical modeling of desiccation cracking. The
following information based on previous work related to this research was crucial in the process
of achieving a comprehensive understanding of the necessary information required to complete

this project.

2.2 DESICCATION CRACKING BACKGROUND

In the most widely accepted explanation, desiccation cracks are formed as a result of soil
volume shrinkage due to decreased water content, generally coming in the form of evaporation®.
The shrinkage creates tensile stress within the soil and cracks develop when the tensile stresses
experienced exceeds the tensile strength of the soil. However, the desiccation crack formation is a
complicated process due to the link between the hydraulic and mechanical behavior of soils. Water
loss during evaporation induces a rise in capillary forces, and the water transfer process in drying
soils is basically controlled by the hydraulic properties of the soil mass. This, in turn, affects the
mechanical behavior, because the soil tends to contract under increasing suction®. It has been stated
that desiccation cracking is a coupled suction-contraction process. Suction and compressibility
have been found to increase with the specific surface of the soil particles. Because clay particles
are known to have the greatest specific surface of all soil particles, suction increases with clay

content’. The increase in suction due to the water loss, decreases the volume of the voids in the
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soil mass, introducing tensile stress. Another view on this process is that shrinkage strain is a
function of water content loss®°. As the water content in cohesive soils lessens, the shrinkage strain
increases. The shrinkage strain increase will cause the soil to shrink globally, while being restricted
by boundary conditions and material interfaces®. The restrictions on the shrinkage strain will cause
the tensile stresses in the soil to increase, leading to desiccation cracking when the tensile strength
of the soil is exceeded by tensile stresses in any horizontal direction.

A different approach to desiccation crack mechanics is centered on the air-water interface
membrane. The belief is that the total tensile strength approach mentioned above disregards the
frictional strength of uncemented soils. Initially, the air-water interface membrane resists entering
pores, causing the capillary suction, or the difference between air pressure and water pressure in
the voids of the soil, to increase, along with the effective stress. The soil then consolidates, and the
skeletal stiffness of the soil mass increases. At a certain critical level, the air—water interface
membrane enters the largest pores and causes particle displacement away from the entrance point.
The void ratio increases at that point and facilitates further membrane invasion and crack growth.
In the study exploring this approach, the effective stress at every point in the soil mass remained
in compression®,

Despite these approaches, crack initiation is also affected by the state of the soil surface.®
Flaws in the soil surface can cause cracks to form in positions other than the location of the
maximum tensile stress. Fracture mechanics dictate that the tensile stress required to initiate a flaw
is inversely proportional to the flaw size. Therefore, a flaw large enough positioned away from the
location of maximum stress could still be the location of the initial crack. This phenomenon is

detailed in Figure 2.1, where Flaw 1 would most likely be activated first despite being located
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away from the position of maximum tensile stress. Without any flaws, crack initiation would most

likely occur at the center of the specimen, where the maximum tensile stress is located.

Flaw 3 Flaw 2
Flaw 1 Clay layer

_________
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Figure 2.1 Tensile stress distribution with surface flaws considered®
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2.3 PHYSICAL TESTS FOR DESICCATION CRACKING

Due to the lack of an accepted American Society for Testing and Materials (ASTM) standard,
desiccation tests have been conducted in a variety of ways with different boundary conditions,
specimen geometry, and properties measured™*-24, Free desiccation tests have been used where
wetted clay soil has been allowed to dry with the boundary conditions minimized. This is achieved
by placing a demolded specimen on a surface that prevents adhesion. As a result, crack propagation
does not initiate, and only volume loss due to evaporation occurst. One dimensional (1D)
desiccation testing places a constraint on the bottom of the clay sample'®. This is often done by
molding a bar of clay and placing it on a grooved plate. The grooved plate increases friction along
the bottom of the sample and accelerates the cracking process while also producing cracks that

only propagate in the same direction as the grooves.:.An example of a 1D desiccation test can be
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seen in Figure 2.2. The desiccation cracks are shown to propagate in the same direction as the

grooves that can be seen underneath the samples.

~
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Figure 2.2 Crack patterns in 1D desiccation test?

Two (2D) and three-dimensional (3D) testing function in similar ways and can be considered
simultaneously. The only difference between the two is that the thickness of the layer is such that
crack depth can be variable in a 3D test, whereas in a 2D test, the soil layer is thin enough that all
cracks are the depth of the entire layer. Two-dimensional cracking patterns can be obtained as a
result of a complete horizontal constraint, allowing for crack intersections to be studied®!!. The
results obtained from this type of desiccation test are more akin to those observed in nature and
produce a more complicated cracking pattern. Figure 2.3 displays the complex crack pattern that

occurs when more restraints are added in the 2D or 3D desiccation tests.
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Figure 2.3 Crack patterns in 2D desiccation test®®

Based on the analysis of the types of desiccation tests, a correlation can be seen between the type
of test and crack propagation. Therefore, it can be deduced that the stresses that lead to cracking
are a primary result of the applied restraining boundary conditions. Furthermore, the geometry of
the crack pattern depends strongly on the nature of the boundary conditions and the sample
geometry?.

To quantitatively analyze desiccation and crack geometry, several parameters have been
utilized. The water content is generally recorded over time as a way of measuring the amount of
water loss due to evaporation. Suction is another variable often recorded during desiccation tests.
The geometric characteristics of the cracks can be incredibly useful in evaluating the damage
incurred by the soil. In 1D desiccation tests, the series of parallel cracks can be easily analyzed for
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aperture and spacing®. Additionally, more complex variables have been developed to analyze the
more complex crack patterns that develop in the 2D and 3D tests. A parameter called the crack
distribution frequency (CDF) had been developed to evaluate the change in the area of a sample
relative to a sample’s original surface area'®. A similar measurement, the crack intensity factor
(CIF), has also been developed to analyze the ratio of the area of the cracks to the total specimen
area’?. In addition to the surface crack analysis, the crack depth can be analyzed using either
manual means or more advanced image analysis techniques which will be detailed further in the

following section.

2.4 IMAGE PROCESSING TECHNIQUES

Image analysis has proven to be an incredible tool to quantitatively analyze crack
characteristics in natural and human made geomaterials. To this end, several experimental test
methods have been suggested and developed to assess the desiccation crack initiation and
propagation within the different geomaterials. These include an analysis of images acquired with
a scanning electron microscope (SEM)!*17 a 2D/3D profile laser®*?, and different digital image
acquisition systems!»214 An SEM has been extensively used to analyze micro-cracking in
concrete and rocks!® and to evaluate the effect of sodium chloride on the cracking of bentonite clay
samples!!. SEM has been utilized at the end of a desiccation test to assess the presence and pattern
of desiccation cracking at a scale far smaller than the resolution provided by a digital camera. In
addition, SEM allows the binding nature of different additives to be observed at a microscopic
level. Despite the power of this technique, the main SEM drawback is its destructive nature. In
particular, the specimen needs to be cut into thin slices, and the sample faces need to be polished

to make cracks and material constituents visible before taking high-resolution 2D images.
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Furthermore, due to the destructive and complex specimen preparation, the gradual propagation of
a single crack cannot be studied by SEM alone.

The 2D laser profile imaging has been successfully utilized in studying the propagation and
geometry of desiccation cracking in clay soils'® and the soil curling as a result of soil dehydration®.
The 2D laser scanner works using a triangulation principle for the 2D acquisition of a height profile
along the line of the laser-generated by a special lens. This can be converted into a 3D image by
affixing the laser to frame, which allows horizontal movement in the direction perpendicular to the
length of the laser. The continuous height profile created by this setup allows for a complete profile
of the sample. This setup also allows for tracking crack growth propagation across given cross-
sections over time. Figure 2.4 shows the 3D model replication of samples received from the 2D
laser affixed to a moving frame in comparison to a digital image. The model can then be analyzed
for any cross-section to examine crack depth or crack width. The entire model surface can also be

analyzed to determine surface area parameters.
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Figure 2.4 Soil sample replication using 2D profile laser on moving frame!®

In addition, the 3D model allows for shrinkage to be tracked in terms of area for not just the entire
surface but also each crack. While 2D profile lasers are powerful tools to study desiccation
cracking, their initial high price creates a barrier to entry for the academic and industry
communities. All of these shortcomings can be resolved by utilizing a user-friendly, inexpensive
digital image acquisition system to analyze the cracking behavior of clay soils.

Utilizing a user-friendly, inexpensive digital image acquisition system to analyze the cracking
behavior of clay soils can resolve some of the shortcomings of the aforementioned methods.
Specifically, digital imaging methods can be a powerful alternative for analyzing the surficial
features of cracks!?. The image analysis process for desiccation cracking adheres to three main
steps: image acquisition, image processing, and crack measurement. After taking photos with a

digital camera, images are processed by adjusting the contrast and saturation to either greyscale or
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binary images. Doing this allows for image analysis programs, like ImageJ, GOM, and VIC-2D,
to determine crack measurements such as average crack width, crack spacing, and total cracked

area'?.

2.5 SUSTAINABLE SOIL IMPROVEMENT TYPES

To resolve the safety, structural, and environmental issues caused by desiccation cracking,
chemical additives, such as cement and lime, are used as binding agents to increase a clay’s
strength and resistance to cracking®. However, the current solutions have negative implications
on the environment, such as CO2 emissions, the prevention of vegetation growth, and the
contamination of groundwater, among others!’. To rectify this, several research studies have been
conducted in order to determine the viability of different sustainable soil-strengthening additives.
The soil additives are considered sustainable if they have originated and have been refined from
the industrial waste, which remains toxic and hazardous to the environment when left unattended?.
While this repurposing does not eliminate all negative side effects of the material as a waste
product, it does prevent the adverse impacts of the use of alternative solutions®. The most
commonly used sustainable soil additives are fly ash from thermal power plants®?°2%, furnace slag
from the steel industry?>?3, silica fume from the silicon and ferrosilicon industry*217:2425 and
carpet waste?®28,

Chloride salts, such as ammonium chloride (NH4Cl) and ferric chloride (FeCls), have
demonstrated the ability to stabilize the volume of clays with high swelling potential?*. The cations
in the compounds reduce the swelling of montmorillonite minerals by replacing the interlayer
metallic cations?. Furthermore, bentonite samples treated with sodium chloride (NaCl) developed

cracks with greater lengths, but the overall crack density was significantly lower!’. This was due
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to the effect of salt on the bentonite colloidal interactions that alter the double layer and particle
association in a clay slurry’’. Meanwhile, the increased salt content can lead to a decrease in
evaporation, which in turn, leads to decreased levels of tensile stress. The decrease in tensile stress
and therefore less crack propagation!’. Kalkan?* used silica fume waste material as a sustainable
alternative, and it was shown to significantly reduce desiccation cracking in clay liner systems.
The silica fume works by decreasing the swelling capacity of cohesive soils. As a result, shrinkage
strains are lessened in the soil layer and therefore tensile stresses are decreased?.,

The different types of fibers have also been examined as potential solutions to desiccation
cracking'>1"?%, Recycled carpet fibers have been lightly investigated as a potential soil
improvement technique, with most studies being focused on the improvement of the strength
properties of granular soil?”?8, More recently, they have been examined as a potential method to
reduce the swelling properties of cohesive soils?. It should be noted that the distribution of fibers
is important to their effectiveness in strengthening soils?. If homogeneity is not maintained, cracks
can initiate along the paths of least resistance. Shorter fibers have been shown to be more effective
in establishing a uniform fiber distribution, while longer fibers are more likely to bunch,
diminishing the effect of adding the fibers. Figure 2.5 shows the difference in fiber distribution for

different lengths of fibers.
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Figure 2.5 Fiber distribution when using fibers of different lengths'?

Recycled carpet fibers were shown to decrease swelling pressure, with a 1% fiber content
providing the most significant pressure drop?®. Other unsustainable, fiber reinforcements have
been shown to cause a substantial reduction of desiccation cracking in expanding clay, with crack
width decreasing by 50%72°. Polypropylene fiber reinforcement has been proven to prevent tension
crack growth in soils and stabilize soils against shrinking by increasing the soil’s tensile strength?’.
In addition, polypropylene fibers have been utilized to reinforce clay liners, leading the liners to
be more rigid in compression and more ductile in tension?°. The soils treated with fibers have also
been shown to perform better than unreinforced soils when exposed to wetting and drying cycles?.

Other forms of industrial waste have been examined as potential soil improvement
techniques?®213031 Fly ash has shown the ability to reduce plastic strain in clay soils when exposed
to freeze-thaw cycles??. In addition, fly ash has been shown to increase compressive strength and
produce similar behavioral trends to Portland cement?°, The use of limestone waste has been shown
to reduce the swelling properties of soil, producing a more compact microstructure when examined
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using SEM imaging®. Milled brick debris has also been shown to improve the compressive
strength of soils when tested using the unconfined compression test®!. In recent years, biopolymers
have been examined as an avenue for the strengthening of soils®2-¢, Xanthan gum has been shown
to improve the shear strength and compressive strength of soil®233353¢ The increased strength is
due to the bonding that occurs between particles as a result of the presence of the xanthan

gum®23435 With the use of an SEM, this bonding can be seen at a microscopic level in Figure 2.6.

]

Figure 2.6 Soil bonding as a result of the addition of xanthan gum3*

Along with xanthan gum, guar gum, beta 1,3/1,6 glucan, chitosan, and alginate have been
compared in a study where the benefits of each were determined for four mechanical strength
tests**. Xanthan gum, guar gum, and beta 1,3/1,6 glucan were all shown to be effective in

increasing the strength of soil®*.

2.6 NUMERICAL MODELING OF DESICCATION CRACKING

Numerical models have been used as predictive tools for cracking in several different types
of media. By inputting different materials qualities into the various commercially available
software, models can be produced to predict cracking behavior under a variety of loads over time.
One of the most popular methods is utilizing finite element software such as ABAQUS or ANSYS

to create models to replicate cracking behavior. However, the finite element method, and by
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extension, finite element software does not allow for discontinuities within the model, creating an
additional obstacle when addressing cracking. To handle this issue, a couple of FEM variations
exist in order to provide better modeling options. One of the most popular options is the extended
finite element method or XFEM?®'. This procedure has emerged as a strong option for analyzing
crack growth. Whereas FEM software forces discontinuities or cracks to follow the mesh, there is
no need to track the crack path with a new mesh at each chronological stage. XFEM has been
utilized on a variety of different research topics, including reinforced concrete cracking®’, thermal
reflective cracking®, and soil slope stability®®. It remains a strong option for modeling the
desiccation cracking that occurs in soils.

Another finite element approach is the mesh fragmentation approach*®. This method was
developed primarily to tackle the problem of desiccation cracking. To enact this procedure,
elements with high aspect ratios are inserted between normal elements in a mesh. The new
elements control the interactions between the original elements as well as introduce new nodes
between the original mesh and new elements. With the model altered, the displacements of the
new high aspect ratio elements can be considered the cracks undergone by the soil. After
successfully modeling a soil sample, the model can be used to predict crack geometry as well as
the strains and stresses that drying enacts on the soil*°. Using this approach, crack geometry, as
well as the stresses and strains experienced by the soil, can be determined. A set of heat maps of
the tensile stresses developed in models utilizing the mesh fragmentation approach can be seen in
Figure 2.7 for several soil layer depths. The first image for each sample is at the onset of cracking

and the second displays the stresses at the end of the analysis period.

30



h=4 mm

Si-Stress

0.005
0.0045
0.004
0.0035
0.003

h=8 mm

Figure 2.7 Tensile stresses at time of crack initiation and analysis end using mesh fragmentation

approach®

A different modeling approach that still utilizes finite element software is the cohesive crack
or cohesive segments approach*!. This method inserts cohesive surfaces into finite elements, but
only when the cohesive segments are necessary. The cracks are introduced to the model as jumps
in the displacement field, effectively separating the media in the model. The size of the cracks is
determined by material properties as well as load conditions. Because crack orientation is not

constrained by the mesh, cracks can propagate in any direction.
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Other modeling approaches have also been employed to handle cracking behavior. The
distinct element method has been used to model cracking behavior in various materials, often with
the software UDEC (Universal Distinct Element Code) which creates a continuum of finite
difference elements*>*3, The strength of distinct element programs lies in their ability to model the
breaking up of material. However, fluid flow can only occur through joints in the model and not
through the medium itself. Despite this issue, desiccation cracking can still be modeled if the
progression of moisture content in the soil is known throughout the drying time. Perhaps most
important for modeling the behavior of soil is the bond contact between elements. Because of the
mechanical and physio-chemical interactions between clay particles, the elements are connected
with cohesive bonds related to drying®. For desiccation cracking, this approach has been used to
predict the number of cracks to propagate, the moisture content, crack width, crack length, and
surface area shrinkage**.

The discrete element method (DEM) has proven to be another alternative way to model
desiccation cracking®*-4¢. With DEM models, discrete particles are used to replicate soils on the
aggregate scale. While this works well on smaller scale models, the computational power required
to tackle larger problems provides a limit on its current viability*. In non-cohesive soils, DEM
modeling is simplified, with soil considered to be a medium containing soil aggregates separated
by pores that change in volume based on water content*®. However, while cracking can be easily
simulated at the aggregate scale, clay desiccation presents additional challenges when using DEM
modeling. These issues can be overcome by making the assumption that shrinkage of clay occurs
at the aggregate level and that mechanical properties of clay aggregate varies with water content®®.
The results of this approach can be seen in Figure 2.8, where the DEM model yields crack patterns

similar in scale to the experimental results.
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Figure 2.8 Comparison of experimental results and DEM model results#

2.7 ANALYTICAL MODELING OF DESICCATION CRACKING

Analytical models have also been used as predictive tools for cracking in soil®%%°1 For 1D
desiccation tests, analytical models were capable of predicting not only initial cracking behavior
but also additional cracking that occurred after®. The model treated the clay layer as an elastic
material and shrinkage strains are applied to the clay as the soil dries. The strains are then converted
into longitudinal tensile stresses, with maximum tensile stress occurring at the center of the
specimen due to the boundary conditions associated with 1D desiccation tests. When the tensile
stress exceeded the tensile strength of the soil, a crack would occur. After the crack initiated, the
model would be split into essentially two specimens and the process is repeated until cracking

transpires again. This will repeat itself until the maximum tensile stress between two cracks cannot
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exceed the tensile strength of the soil regardless of the change in water content. The recursive
process allows for crack spacing to be examined at the end of total crack propagation.

One desiccation theory of soft fine-grained soils creates a model that considers the growth
of vertical cracks and desiccation under 3D shrinkage®. The key aspect in this model is the
examination of the effective stress path of a soil layer while undergoing consolidation. Much like
many other crack initiation determinations, cracking occurs when tensile stress surpasses the
tensile strength of the media. In this case, crack propagation is determined with the cracking
function approach where a crack will reach a certain depth when the void ratio at that point reaches
a critical void ratio. While this process allows for the time of crack formation and the depth of
cracking to be examined, crack spacing cannot be determined with this process.

A different model utilizes a similar approach yet provides a method for predicting the
average spacing between primary cracks in conjunction with crack initiation and crack depth®?.
Linear elastic fracture mechanics and a stress superposition concept are used to add crack spacing
as a prediction parameter. Initial cracking occurs when tensile stress is greater than the tensile
strength of the soil. Crack depth is then determined using a trapezoidal stress distribution along
with linear elastic fracture mechanics and an effective stress path which is dependent on soil type.
Finally, a horizontal stress relief distribution is utilized to determine crack spacing with
neighboring cracks existing when 95% of the tensile strength of the soil layer is exceeded. This
model was compared against field observations for China clay with promising results. ~ While
previous models examined 1D cracking, a 2D analytical model is also possible®. A polar coordinate
system was adopted to handle the circular specimen shape of many desiccation tests. A segment
of soil from the circular specimen (Figure 2.9) was analyzed in order to determine the functions

for radial and angular stresses.
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Figure 2.9 Polar coordinate system adopted in 2D analytical solutions

Using the change in water content as desiccation occurs, variable material properties, like Young’s
modulus and tensile strength, and potential shrinkage strain were determined. Stresses were
calculated on the basis of two boundary conditions. The first boundary condition existed when the
soil was still adhered to the mold wall. Here, no displacement occurred and both radial stress and
angular stress were equal and functions of Young’s modulus and potential shrinkage strain. The
second boundary condition took place after soil detachment from the mold wall. In this case, radial
displacement does occur and both stresses are governed inversely by radial distance along the clay
segment, with angular stress always greater than radial stress. The model initiates in the first
boundary condition and switches to the second only when the adhesion between the soil-mold

interface is exceeded by the radial stress. Cracking can occur at any time when either stress is
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greater than the tensile strength of the soil. Generally, the second boundary condition is reached
before cracking occurs, so cracks initiate at the center of the specimen. While this model examines

2D horizontal cracking, it cannot predict crack spacing or crack depth.
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CHAPTER 3 - MATERIALS AND EXPERIMENTAL PROCEDURE

3.1. INTRODUCTION

This chapter contains information on the materials and methods tested in this research
project. Contained are both soil types as well as each of the soil improvement techniques that were
evaluated. In addition, the procedures for each of the physical tests are stated, including each
desiccation test and the two mechanical tests (unconfined compression and indirect tensile tests).

Finally, the image acquisition, processing and analysis programs are described in detail.

3.2. MATERIALS

3.2.1. BASE SOIL

Two types of soil were used throughout the experimental program. The first base soil material
used for experimentation was white kaolin clay. The soil was tested for its Atterberg Limits in
accordance with ASTM D4318 [24], and the Liquid Limit and Plasticity Index were determined
to be 45 and 13, respectively. As the soil is pure kaolinite, a sieve analysis was not performed as
all particles would pass the #200 sieve (<0.075 mm). Therefore, according to the Unified Soil
Classification System (USCS), the kaolin clay utilized in the study classified as CL, or lean clay.
The specific gravity of the clay was assumed to be to be 2.4%2. A photo of the dry kaolinite clay

can be seen in Figure 3.1.
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Figure 3.1 Dry kaolinite clay before alteration.

The second base soil material that was tested was residual Piedmont soil that had been sieved
through the No. 40 sieve (0.420 mm). Piedmont soils have the reputation of not being particularly
well categorized by the Unified Soil Classification System (USCS)®. An image of the dry soil can
be found in Figure 3.2a. The soil behaves almost as a hybrid soil type, exhibiting characteristics
of the fine-grained silt in undrained conditions, and the coarse-grained soil silty sand in drained
conditions when loading is applied®® [13]. Figure 3.2b depicts the grain size distribution curve for
the base soil obtained using a wet sieve analysis. This soil was also tested for its Atterberg Limits
in accordance with ASTM D4318%, and the Liquid Limit and Plasticity Index were determined to
be 49 and 20, respectively. Therefore, according to the USCS, the soil is classified as ML, or silt

with low plasticity.
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Figure 3.2 Dry Piedmont soil sieved through #40 sieve: a) image before alteration; b) gradation
curve for soil before initial sieving.

3.2.2. SOIL IMPROVEMENT TYPES

In this study, the five additives investigated as strengthening agents were fly ash, recycled
polyester carpet fibers, bioplastic, and xanthan gum, as well as a fly ash-fiber combination. The
testing of the white kaolin clay included specimens improved with carpet fibers at two different
volumetric fiber contents as well as xanthan gum. The improvement techniques tested with the
Piedmont soil were fly ash, recycled carpet fibers, bioplastic as well as the fly ash-fiber
combination.

The first tested improvement technique was Class C fly ash, which is the lightweight waste
produced by burning pulverized coal. It has cementitious qualities and is often used as an additive
during the concrete mixing procedure. Fly ash addition was 15% based on the dry weight of the

soil. A photo of the Piedmont soil and fly ash can be found in Figure 3.3.
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Figure 3.3 Dry Piedmont soil with fly ash.

The next soil improvement technique was introducing recycled polyester carpet fibers to the
soil samples. The polyester fibers were short straight fibers manufactured by Beaulieu of America,
USA. They had a length of 50 mm in the Piedmont soil tests and10 mm in the kaolin clay tests
with a consistent diameter of 0.3 mm (aspect ratio of 33). The density of the polyester fibers was
1.38 g/cm?® (20 °C), and the volumetric fiber contents utilized included 0.5%, 1%, and 2% between

the two soil types. A photo of the isolated recycled carpet fibers can be found in Figure 3.4.
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Figure 3.4 Recycled carpet fibers cut to 10 mm.

A combination of Class C fly ash, and the carpet fibers was also tested as an improvement
technique. The base material and fly ash were mixed first, where fly ash addition was 10% based
on the dry weight of the soil. After the initial dry mixture was complete, polyester fiber was added
until the sample contained 0.5% fibers by volume. A photo of the dry Piedmont soil with the

combination improvement technique can be found in Figure 3.5.

Figure 3.5 Dry Piedmont soil with fly ash and carpet fibers.
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Another improvement technique analyzed was a gelatin-based bioplastic. The gelatin-based
bioplastic concentration was 8%. To achieve this, for every 500 grams of base material used, 44
grams of water, 30 grams of vinegar, 7.2 grams of gelatin, and three grams of glycerin were mixed
together. To prepare the gelatin-based bioplastic, the water was boiled on a hot plate, with the
gelatin being slowly added to prevent clumping. The vinegar and glycerin were then subsequently
slowly mixed into the final blend. After thoroughly mixing all of the components, bioplastic was
added to the base material sample soil and mixed again, until the homogenous soil-bioplastic
mixture was achieved. A photo of the bioplastic-improved Piedmont soil before the additional

water was added can be found in Figure 3.6.

Figure 3.6 Piedmont soil with bioplastic before additional water was added.

The final soil improvement technique analyzed was biopolymer xanthan gum. It is produced
through the fermentation of glucose and sucrose®. Molecularly, xanthan gum is a polysaccharide

or a long chain of carbohydrate molecules. Like many other polysaccharides, xanthan gum has
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been used as a thickening agent for a variety of substances and has been used to increase the
viscosity of liquids. In this study, samples with a mass concentration of 1% xanthan gum were

tested. A photo of the isolated dry xanthan gum can be found in Figure 3.7.

Figure 3.7 Xanthan gum before being added to kaolinite clay.

3.3. METHODS

3.3.1. PIEDMONT SOIL DESICCATION TEST AND IMAGE ACQUISITION

To study the effect of temperature and wetting-drying cycles on each improvement
techniques ability to reduce soil cracking behavior, two desiccation soil tests were performed on
improved and non-improved Piedmont soil specimens. These were the standard desiccation test
and oven desiccation test. The detailed procedure and accompanying image acquisition processes

are described in the text below.
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3.3.1.1 PIEDMONT SOIL STANDARD DESICCATION TEST

The standard desiccation crack test was performed on improved and non-improved
Piedmont soil specimens. The purpose of the desiccation test was to study the cracking behavior
of a soil sample as the sample reduces the moisture content and dehydrates due to extreme
temperatures as well as the soil’s response to a rewetting cycle. The samples were prepared by first
collecting 800 grams of dry Piedmont soil in a mixing bowl. Next, the correct amount of dry
improvement material was added to the dry clay. Afterward, all the dry materials were mixed
thoroughly to ensure the distribution was as even as possible. In order to achieve the desired
consistency, 200 grams of water were then added to bring the specimen’s water content to 25%.
The water content was based solely on the amount of dry soil and not additive. The soil was then
spread in a lubricated, metal, cylindrical mold with a diameter of 230 mm and spread by spatula
to achieve a uniform thickness of 20 mm.

A frame was used to place a digital camera at a height of 460 mm to ensure a consistent
field of view. With the specimen prepared, an initial photo was taken of the soil before any
desiccation could occur. Then, the specimen was placed at room temperature of approximately 20
°C for eight hours, with photos being taken every 30 minutes. The sample was then allowed to
continue to dry overnight, and a final photo was taken at the 24-hour mark to determine the

progression of desiccation cracking after one full day of drying.

3.3.1.2 PIEDMONT SOIL OVEN DESICCATION TEST

The oven desiccation crack test was performed on improved and non-improved Piedmont
soil specimens. The purpose of the desiccation test was to study the cracking behavior of a soil

sample as the sample reduces the moisture content and dehydrates due to extreme temperatures as
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well as the soil’s response to a rewetting cycle. The samples were prepared by first collecting 800
grams of dry Piedmont soil in a mixing bowl. Next, the correct amount of dry improvement
material was added to the dry clay. Afterward, all the dry materials were mixed thoroughly to
ensure the distribution was as even as possible. In order to achieve the desired consistency, 200
grams of water were then added to bring the specimen’s water content to 25%. The water content
was based solely on the amount of dry soil and not additive. The soil was then spread in a
lubricated, metal, cylindrical mold with a diameter of 230 mm and spread by spatula to achieve a
uniform thickness of 20 mm.

A frame was used to place a digital camera at a height of 460 mm to ensure a consistent
perspective. With the specimen prepared, an initial photo was taken of the soil before any
desiccation could occur. Then, the specimen was placed in an oven set at 105 °C for two hours,
being removed every 15 minutes in order to take a photo to monitor crack propagation. At the two-
hour mark, 200 grams of water were added to raise the water content back to 25%. The specimen

was then tested for an additional 2 hours, with pictures continuing to be taken every 15 minutes.

3.3.2. KAOLIN CLAY DESICCATION TEST

The desiccation crack test was performed on improved and non-improved kaolin clay
specimens. Like the Piedmont soil desiccation tests, the purpose of the kaolin clay desiccation test
was to study the cracking behavior of a soil sample as the sample reduces the moisture content and
dehydrates. The kaolin desiccation test was also designed with an eventual hydromechanical model
in mind. The samples were prepared by first collecting 750 grams of dry kaolin clay in a mixing
bowl. Next, the correct amount of dry improvement material was added to the dry clay. Afterwards,

all the dry materials were mixed thoroughly to ensure the distribution was as even as possible.
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Then 450 grams of water were added to raise the water content to the desired level of 60%. The
water content was based solely on the amount of dry soil and not additive. This level was decided
upon because it is above the liquid limit and allowed the samples to desiccate in a manageable
timeframe. As a result, the soil was considered saturated. The water was added by slowly mixing
the specimen while continuously adding water by spray bottle until all of the water has been added.
Once thoroughly mixed, the soil specimens were manually placed into the cylindrically-shaped,
transparent plastic molds and lightly smoothed to have a uniform clay thickness of approximately
30 mm. The inner diameter of the mold was 190 mm. After the sample was completely prepared,
black pepper was sprinkled on the surface of the clay samples for the image analysis software.
Black pepper was chosen because it would not affect the hydraulic properties of the clay while
also maximizing the contrast for the image analysis process for the kaolin clay test. The speckle
pattern was not necessary for the image analysis program utilized for the Piedmont soil desiccation
tests.

Once the soil specimens and surface speckles were prepared, desiccation tests were performed
to study cracking. The plain soil and each of the three additive configurations were tested under
similar conditions. The entire experimental setup can be seen below. One trial for each
improvement technique was also had the suction in the sample monitored and recorded. The entire
experimental setup when testing for suction can be seen below (Figure 3.8). An electronic scale
was set up to monitor the change in mass continuously over the duration of the experiment. Two
electric heaters, set to 30°C, were placed on the left and right sides of the specimen in order to
accelerate the drying process of the clay and to keep temperatures as consistent as possible. The
plastic mold was placed upon a metal collar to allow for the tensiometers to be input at the bottom

of the sample without disrupting the surface level cracking.
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When testing for suction, a plastic disk with three holes in the walls was placed underneath
the metal collar in order to allow for the tensiometer’s cords to run to their corresponding data
readers. The METER UMS Miniature-Tensiometer T5 tensiometers was used in these
experiments. These tensiometers are capable of recording suctions in a range of 100 to -85 kPa
which can be done in under five seconds. They can also be installed at any position and orientation,
an imperative quality when being used in conjunction with digital image acquisition

The tensiometers were placed in three consistent locations. The first location was dead in the
center of the sample, the second and third were 10 mm away from the edge, each creating
perpendicular lines with the first tensiometer. This was done to monitor the suction at different
locations in the clay and to see if the distance from the heaters played a substantial role in the

suction developed. A schematic of the tensiometer alignment can be seen in Figure 3.8.

Figure 3.8 Tensiometer schematic
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A dual thermometer/hygrometer was placed next to the sample to monitor both the
temperature and humidity during the experiment. A 25.4 mm thick Styrofoam box was built in
order to insulate the experiment and regulate the environment as much as possible. Finally, a
Canon Powershot ELPH 360 HS digital camera was set up on a tripod to provide an aerial view of
the crack propagation throughout the test. The tripod was set up at a constant height of 900 mm
for each test. A photo of the experimental setup can be found in Figure 3.9.

The sample was allowed to dry under the same constant heating conditions for six hours. The
samples were consistently monitored for the whole six-hour testing period. Every thirty minutes,
the mass, temperature, and humidity were recorded, and a digital photograph was taken. In
addition, the suction level was recorded at the same time increments for the tests where suction
was being monitored. Finally, the height of the samples at the start and the end of the experiments

were recorded in order to determine the height loss due to evaporation.
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Figure 3.9 Setup for desiccation test of kaolinite clay.

3.3.3. UNCONFINED COMPRESSION TEST

The unconfined compression test is the laboratory test used to determine the compressive
strength of a cohesive soil specimen. This test can be performed on untreated soil as well as a soil
with a multitude of improvement techniques applied, including those tested in this project. Thus,
the test was completed on the treated and untreated kaolinite clay with the ASTM standards
(ASTM D2166/D2166M) in mind. The soil was prepared in the same way as the kaolinite
desiccation test, except with a water content of 30% in order for the sample to maintain the integrity
of its shape for testing. After completing the mixing process, the sample was placed into a mold
with a diameter of 33 mm and a height of 71 mm. The specimen was then placed in an oven for

24 hours, heated at 105 °C. The next day, the sample was removed from the oven and was placed
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into a loading device. In order to determine the compressive strength, an axial load was applied
with a strain rate of 1.5%/min, complying with ASTM standards. The compressive strength was
calculated by dividing the maximum load applied in the test by the cross-sectional area of the
cylinder. To obtain Young’s modulus of the sample, the applied load and an axial displacement
were recorded. The increase in compressive stresses of the specimen was computed by dividing
the load recorded during the test by the average cross-sectional area of the specimen. The increase
in the axial strain was calculated as the change in height and the original specimen height. Finally,
Young’s modulus was determined to be the slope of the initial linear potion of the stress-strain
curve that was obtained through this test. A photo of the experimental setup can be found in Figure

3.10.

Figure 3.10 Setup for unconfined compression test of kaolinite clay.

3.3.4. SPLITTING TENSILE TEST

The splitting tensile test, also known as the Brazilian tensile test, is one of the indirect ways to
determine the tensile strength of cohesive soil. The test can be done on an untreated soil as well as

a soil with a multitude of improvement techniques applied, including those tested in this project.
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The test was completed on the treated and untreated kaolinite clay with the ASTM standards
(ASTM D3967-16) in mind. The soil was prepared in the same way as the kaolinite desiccation
test, except with a water content of 30% in order for the sample to maintain its shape for testing.
After completing the mixing process, the sample was loaded into a mold with a diameter of 35
mm. The mold was loaded in three, even lifts, with 25 compaction blows being administered for
each lift. After the last lift was compacted, the collar of the mold was removed and the excess soil
was evenly removed, leaving a cylinder of soil with a height of 18 mm. The specimen was then
placed in an oven for 24 hours, heated at 105 °C. The next day, the sample was removed from the
oven and was placed into a loading device with the lateral, rounded face down for testing. In order
to determine the tensile strength, an axial load was applied with a strain rate of 1.5%/min,
complying with ASTM standards. The tensile strength was calculated by utilizing the maximum

compressive load and the geometric properties of the cylinder:

2Pm Equation 3-1

“=TD

Equation where ot is the tensile strength of the soil; P is the maximum compressive load at
failure; D is the diameter of the cylinder; L is specimen height. A photo of the experimental setup

can be found in Figure 3.11.
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Figure 3.11 Setup for splitting tensile test of kaolinite clay.

3.3.5. DIGITAL IMAGE ANALYSIS PROCESS

Digital image analysis was completed for each of the specimens that were tested in the desiccation
experiment. The series of nine photos corresponding to each data point were uploaded in
chronological order to the image processing software GOM Correlate®™. GOM Correlate functions
by reading a dense speckle pattern on either a video file or a series of photos. Due to the duration
of the time period, it was determined that a series of thirteen photographs would be better suited
than a video of that extensive length. The program tracks the displacement of the speckles as time
passes either by frame in the video or chronological digital still. An example of this process can

be seen in Figure 3.12:
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Figure 3.12 Determining displacement using image correlation®®

Before tracking the displacement, the scale for the photos was determined by measuring an element
of known length and applying that distance to all the photos in the sequence. Then a surface
component is set, which essentially selects the region of importance in all of the images. For this
procedure, this means choosing the clay surface. The sensitivity of the surface component is
determined by adjusting the facet size and point distance with lower levels of increasing sensitivity.
However, if the levels are decreased too much, the entire surface component would not be readable.
With this in mind, for each set of photos, the surface component attributes were set to the lowest
possible level while maintaining the integrity of the overall surface component. When set correctly,
the only discontinuities in the component would be where cracking occurs. At this point, the
overall displacement was mapped on the images as a heat map on each image. The location with

the greatest displacement away from the component edge was used to identify the maximum crack
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width. The maximum crack width was then determined using the measure tool within the software.
The maximum crack length was determined by locating the longest continuous crack path on each
image and measuring it with the measuring tool. Similarly to the maximum crack width, the radial
shrinkage was determined by using the heat map. However, the radial shrinkage was viewed as an
average value and the average of the values found on the edge of the surface component was

recorded. The general process for the GOM Correlate image analysis can be seen in Figure 3.13.

Crack
Geometry

Figure 3.13 Image processing using GOM Correlate.

3.3.6. PIEDMONT SOIL IMAGE ACQUISITION AND PROCESSING

Digital images of the soil samples were taken at fixed time increments using a stand held at a
constant position for image consistency and uniformity. Figure 3.14 provides the schematics of
the experimental setup and soil arrangement. The image acquisition time frame increments were
15 and 30 minutes for the accelerated tests and standard test, respectively. For each image, the

number of cracks in the specimen with a length of at least one centimeter was counted and

recorded.
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Figure 3.14 Experimental setup with a schematic of the camera and sample arrangement for the
Piedmont soil desiccation test.

The digital image acquisition was followed by image processing to identify each constitutive
component (cracks, fibers, and soil matrix) and, finally, quantitative analysis of crack geometric
properties within the sample. In order to do so, the original MATLAB code was developed in this
study using the MATLAB Image Processing Toolbox®’. The image processing steps are described

in more detail in the text below.

3.3.6.1 IMAGE CONVERSION
The extraction of desired information such as crack size, shape, and distribution from the

acquired color digital image (Figure 3.15a) requires reading each color image and scaling it with
the imadjust MATLAB function. The scaled image was further converted to a grayscale image
with the rgb2gray function. Finally, with a sensitivity level set between .65 and .8 depending on
the image, the grayscale image was then further transformed into a binary image with the

imbinarize function (Figure 3.15b).
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a)
Figure 3.15 Image processing using the original MATLAB code: a) original sample photo; b)
original binary image; c) clay surface binary image; d) isolated crack binary image.

c) d)

3.3.6.2 SEGMENTATION
The binary images were analyzed to identify the cracked regions from the surrounding soil

matrix in an image processing step called segmentation. In order to isolate the clay surfaces, the
bwselect function was utilized to select areas of the image to remain white while the rest of the
image was turned black. This was followed by removing blemishes from the image that developed

as a result of uneven drying or divots in the specimen’s surface with the imfill function (Figure

3.15¢).

3.3.6.3 CALIBRATION
To convert all the data derived from the code into realistic values, a calibration factor was

developed for each image. The imdistance line function was used to measure the diameter of the
specimen’s mold in linear pixels. Because the mold had a known diameter of 200 mm, a calibration
factor was established by dividing 20 by the number of linear pixels recorded. This was done for
each image to eliminate the effects of any slight fluctuations in the perspective of the original
images.
3.3.6.4 ARF DETERMINATION

The surface area of each specimen was collected using the bwarea function and multiplying

it by the calibration factor squared. The initial area (Area;) for each specimen was stored using an
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if-then statement and remained a constant for each chronological digital image for that specific
soil improvement technique. Finally, the change in the area at each stage (44rea) in comparison

with the initial area (Area;) was used to determine the ARF:

Equation 3-2

3.3.6.5 CRACK MATRIX DEVELOPMENT

To accurately analyze crack width, the binary image of the crack needed to be isolated (Figure
3.15d). To do this, a circle the size of the specimen mold was overlaid onto the binary image in
MATLAB, meaning the desiccation crack was the only black portion of the image remaining from
Figure 3.15c. Then the bwdistance function was used to determine the minimum distance between
each individual pixel and a pixel that was white. Effectively, this displayed the distance from each

pixel inside a crack to the edge of a crack.

3.3.5.6 CRACK PARAMETERS
To quantitatively analyze the cracks, the crack matrix was exported into a VBA (Visual Basic

for Applications) program. The information of every single cell in the crack matrix was checked.
The maximum crack width (wmax) was determined by finding the cell representing the pixel that
had the greatest distance to the desiccation crack edge. This was the maximum value in the entire
matrix and represented the maximum crack width.

The average crack width (wavyg) was determined in a similar manner. The information of each
cell in the matrix was checked to determine if it was the maximum value between itself and all
adjacent cells. If it was a maximum value, the cell retained its value and if not, the cell’s value was

wiped. The average of the remaining nonzero values was found and used as the average crack
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width of each sample. This approach was validated by matching code-calculated crack geometry

with manual measurements.
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CHAPTER 4 - HYDROMECHANICAL MODEL

4.1. INTRODUCTION

This chapter describes the predictive model for the moisture transfer and desiccation
behavior of kaolin clay. First, the hydraulic modeling was discussed, primarily the modeling of
moisture transfer process in a homogenous saturated and unsaturated material representing soil.
Second, the coupling process between the hydraulic modeling and the mechanical modeling was
explained. To complete the modeling process, the mechanical behavior and analytical approach in
identifying the crack initiation criteria were discussed. Finally, the results of the combined
analytical-numerical hydro-mechanical model are shown and compared to the experimental results

for the kaolin clay physical test results.
4.2. SOIL WATER FLOW MODELING
4.2.1. SOIL WATER FLOW EQUATIONS

The movement of water in saturated and unsaturated soils can be represented with the
Richard’s equation®. It is a nonlinear partial differential equation, which is often challenging to
approximate since it does not have a closed-form analytical solution. The main objective of the
hydraulic modeling process was to develop a numerical solution to head-based Richard’s equation,

which can be seen in Equation 4-1:

oh 9 oh1 0K(h .
C(h)—=—[K(h)— _ 9K (R) ),0 <z<Lt>0 Equation 4-1
at 0z 0z 0z
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where h is pressure head, t is time, z is depth, K(h) is unsaturated hydraulic conductivity, and L is
the soil layer depth. The C(h) is a function describing the rate of change of saturation with respect
the pressure head further and defined as follows:

dao .
= Equation 4-2
Cc(h) T q

where 0 is the volumetric water content.

The van Genuchten®® model which defines the hydraulic conductivity as a function of the

pressure head:

[1— |ah|"e"(1 + |ah|"e)"™a]?

K(h) = KS meg
(1+ [ah|e) 2

Equation 4-3

and describes the SWCC curve:

Hs _Hr

6 = 2}
A+ laheyme

Equation 4-4

was used in this study. In the above equations, K, is the saturated hydraulic conductivity, a is an
empirical constant with units in cm™, 6, is the saturated water content, 6, is the residual water
content, and mg and ng are dimensionless empirical constants where the relationship between the

two must be defined by:

me;=1-—— Equation 4-5

Specific water capacity can then be defined by differentiating Equation 4-3 to yield to:
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nGmGa(Hs B Hr)
(1 + |ah|ng)m6+1

C(h) = |ah|"e~1 Equation 4-6

Because the desiccation phenomena can be simplified as the vertical evaporation of water
from soil with an initially uniform pressure head and a constant flux at the surface throughout the

time of analysis, the initial and boundary conditions are defined as follows:

dh .
q(0,¢) = [—K(h)— + K(h)] = gt >0 Equation 4-7
dz z=0
and
%] =0;t>0 Equation 4-8
aZ z=L
and
h(z,0) =h,;0<z<L Equation 4-9

where hy is the initial uniform pressure head and ga is the constant evaporation flux.

4.2.2. DIFFERENCE APPROXIMATIONS PROCEDURE

Ultimately, the Crank-Nicholson finite difference method®® was selected as an

approximation approach to derive water content as a function of time, pressure head, and depth.
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For this approximation, the source term was assumed to be zero. The first term of the right side of

Equation 4-1 can be approximated by:

K. 1(hiya —h) =K, _1(h; — hi—y)
2 2
Az2

Equation 4-10

0 [K(h) ohy
0z dzl,

Likewise, the second term of the right side of Equation 4-1 can be approximated by:

K. 1 1
oK _ 3 i3 Equation 4-11
oz '" Az
Furthermore, for the Crack-Nicolson approximation of the Richard’s equation, the time
derivative was replaced by a central difference approach centered at (zi, tn+1/2). This is achieved by

taking the average of Equation 4-8 and Equation 4-9 at (zj, tn) and (zi, tn+1), respectively. Combining

the averages for both terms with Equation 4-1 yields:

1 1
[K.n?(h?ﬂ - h?) - K.n+12(h;1 - h?—1)l
l+§ l—z

Cn+% Rt — ! B l
i 2

At (Az)?

Equation 4-12

1 1 1 1
. [K.”? (R = W) = K2 — ] K 2K
1L l+§ l—z _

+ 2 (Az)? Az

1
l+§ l—E

R . . +l +l +l
Because the coefficients of the equation above (Cin 2K 112, K n 2
l+- 1—

2

) are dependent on

1
2
h"1, the Crank-Nicholson approximation is considered nonlinear. To linearize a non-linear

equation, a two-step implicit linearization procedure was used.
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The initial step of this process requires the use of explicit linearization to get estimates of
h™?, identified here as h”. The linearization is completed by replacing C/***, K[}, , and K[\4),

with C*, Ki,,,,and K}, , in Equation 4-12, respectively. This leads to the following equation:

R — B — K™ (BT — R
o h;k _ h? _ llKH%(hHl hl) Ki_%(h’l h’l—l)l
P\ At 2 (Az)?
Equation 4-13
. 1 lKiZ%(h;“ —hy) - Kl.n_%(h? - h?—1)l Kii% - K:i%
2 (Az)? Az

For the computational purposes, the above equation can be written in the following computational

form:
—a;hi_;+ @2+ b/ +a;)h; —b;hj 4 _
Equation 4-14
= (2—a; —b)h + a;hi; + bihy, + 2Az(aj — b})
where:

(At)l(i"_1 (At)l(i’il _
Af=— 2 pr=——_—____ 2 Equation 4-15
Yo(Az)ACct Tt (Az)ACT

The second step requires that Equation 4-12 is evaluated as:

Kn+%
o (R Y T [l = R+ R - R
i At Az 2Az
Equation 4-16
Kn+%
i [(A} = hi) + (WP — hEH 1}
Az 20z
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The computational form for the second step is given by:

—af R 4 2+ b+ R — bR
=2 —at = bMHA + a A, + bRY, + 20z(alt — b

where:

n+s nts

(ADK 4 (ADK 4
a’ = 2 g T2
i g 1
(Az)2C, "2 (Az)%C,"2

Equation 4-17

Equation 4-18

The coefficients in Equation 4-18 are determined by making use of the equations below:

. K'i1+K'
Kn+§_ =3 =35
i-3 2
and
K' i +K"
R N
TES 2
and

Cn+l Clt+C;

Equation 4-19

Equation 4-20

Equation 4-21

After the two-step linearization process was completed, the time iteration was advanced by

the time step, and the procedure was repeated.

64



The internodal conductivities and specific water capacities were calculated using a simple
arithmetic mean. While the actual code to achieve the Crank-Nicholson approximation utilizes
Equation 4-14 and Equation 4-17, it is more convenient to address the boundary conditions of the

problem using the theoretical versions found in Equation 4-13 and Equation 4-16.

While addressing the depth iterations, both the initial and final depth discretization step
must be tackled. Therefore, Equation 4-13 must be evaluated when i =1 and i = m where m is the

total number of distance steps. Doing so yields:

* Kn * *
cn hl_h? =_%(h?_h?)+(h2_h1)_1
T\ At 20z

Equation 4-22

Ki‘ln n n * *
7 (hl_ho)+(h1_ho)_1
Az 20z

and

- <h; 3 h?) [(hmﬂ h,na) + (hm+1 ha) 1}
m
At Equation 4-23
Kn 1 n n * *
_ m-x (hm - hm—l) + (hm - hm—l) 1
20z

Therefore, it follows that the boundary condition at the soil surface (i.e., z = 0) is satisfied by

rewriting Equation 4-22:
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* Kn * *
cn hi — AT\ _ 3 [E =R + (A3 —h) 1l + 92 Equation 4-24
1 At Az 20z Az

or in its computational form:

(2 + b)h; — bihy = (2 — bR} + bjh} — 2Azb; + (22)  Equation 4-25
1

Similarly, the boundary condition at the bottom of soil layer (i.e., z = L) is satisfied by
rewriting Equation 4-23 and by setting h;,,; = h;, and ht, .1 = hyy, -
Kn 1 n

on (M =R\ _ Ty m-3 [ = A1) + (B — hiet) 1| Equation 4-26
t At Az Az 20z

or converted to its computational form:

—amhm_1+ 2+ ap)hy, = 2 —ap)hy + anhy,_1 + 24z(ay, — by,)  Equation 4-27

Utilizing the same process outlined in Equation 4-21 through Equation 4-27 but for the
second step in the linearization process produces Equation 4-28 and Equation 4-29 to satisfy the

boundary conditions where i =1 and i = m respectively in the computational form.

(2 + b{1+1)h?+1 _ b{l+1h§+1 — (2 _ b{z+1)h?+1 +
b{l+1h121+1 _ ZAZb{H-l + ( ZAqal) Equation 4-28

n
2
AzC,
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—athM + (2 4+ aPHRE = (2 — alt)AY, _
Equation 4-29
+a%tihl 4+ 28z(altt — bt

From here, Equation 4-14, Equation 4-25, and Equation 4-27 can be combined to form an
m-number of linear equations to represent the first step of the two-step explicit linearization
process. In a similar fashion, Equation 4-17, Equation 4-28, and Equation 4-29 can be combined
to form an m-number of linear equations to represent the second step of the two-step explicit
linearization process. The formulation of the set linear equations used to address the above process

can be found in Appendix C.

Finally, Equation 4-3 and Equation 4-6 are then applied to the Crack-Nicholson
approximation to return a field of pressure head results for depth and time. Those results are then
input into Equation 4-4 to create a field of volumetric water contents for the same dimensions. The
volumetric water contents were then converted into gravimetric water contents before being used
as an input in the mechanical model. The collection of MATLAB codes used to perform these

operations can be found in the Appendix B.

4.3. HYDROMECHANICAL COUPLING

To fully model the desiccation cracking process, the hydraulic and mechanical behavior
need to be coupled. The one-way coupling was achieved through the use of the hydric constant
(aw)®°. The hydric constant assumes a linear relationship between gravimetric water content loss
(positive during drying) and shrinkage strain (e5,) as a percentage, which can be seen in the

following equation:
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€y = a, A0 Equation 4-30

The value of the hydric constant was obtained by quantifying the relationship between the
two variables from the experimental data. For each time increment, the hydraulic problem is
calculated as described in Section 4.2, and the output corresponding to the water content values
were converted into shrinkage strains to be utilized as an input for the in the mechanical problem.
The hydrological parameters are assumed to be independent of strain. The corresponding results
from the mechanical model are not input into the hydraulic model and therefore model cracking
behavior is only until the time of initial crack formation. One-way coupling is usually sufficient if

the hydrological parameters are not expected to have a large impact on soil mechanical behavior.

4.4. MECHANICAL BEHAVIOR

In order to complete the hydromechanical model and to help with the interpretation of the
experimental results, the following approximate analytical solution was developed and
implemented for desiccation cracking in circular soil layers. During the desiccation and soil
moisture evaporation, material properties and mechanical boundary effects will change®®. Up to
the onset of desiccation cracking, the soil was assumed as a macroscopically homogenous elastic
continuum exhibiting axisymmetry. In this study, the desiccation crack initiation was based on a
simple tensile failure criterion of tensile stress exceeding the material’s tensile strength. All
stresses in the vertical direction due to the self-weight are neglected. In addition, the soil layer is
assumed to be in the plane-stress condition, because it is thin and is subjected to uniform stress

with a stress-free surface at the top. In the analytical procedure described below, absolute stresses
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and strains are used, but all of the equations could be written in incremental form for the non-linear

analysis.

Combining together the equations of equilibrium, compatibility, and linear elastic
constitutive law in plane stress the following boundary value problem of linear elasticity in two-

dimensions can be formulated in polar coordinates® like in Figure 2.9:

(0, + do,)(r + dr)hd® — o.(rd®)h + trdOdr

0ed0® (0o + dog)d® Equation 4-31
—— —hdr - 5 hdr =0

where oy is the radial shrinkage stress; oo Is the hoop shrinkage stress; r is the length along the
radius of the clay specimen, from the center out; h is the specimen thickness; 7 is the shear strength

at the base of the sample due to the soil-mold interface; and d@ is angle differential.

Through rearranging terms in Equation 4-31, the following differential equations of stress

equilibrium can be achieved:

Equation 4-32

It is well-known that water content has significant effects on soil mechanical behavior and
properties. Similarly to the theoretical treatment of thermal stresses in solids®®, some authors have
suggested that the shrinkage in soil layers can be proportional to the change in moisture content® %2
. In this approach, soil suction is not required for the stress—strain constitutive equations, which is
an advantage due to the difficulty and complexity of experimentally measuring soil suction. In

contrast, the evolution of water content with time can be obtained easily in practical engineering.
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However, if needed, the material properties can still depend on the soil suction, as the desiccation

progresses.

Using elastic theory, the radial and hoop stresses can be defined as:

E .
0 =10 (ef + veld) Equation 4-33

1

E ,
0o =12 (€5 + vel) Equation 4-34

1

where E is Young’s Modulus, Vv is Poisson’s ratio, €] is a total radial strain, and eE, is total strain

in the circumferential direction.

Total radial and total circumferential strains are defined as the sum of the actual (or

mechanical) strain (e, and €g), and the shrinkage strain (e, ):

el =€, + €4 Equation 4-35
€o = € + Egp Equation 4-36

where €, is shrinkage strain defined in Section 4.3. Furthermore, €, and €g are actual radial and

circumferential strains, respectively given as:

Equation 4-37
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Ur Equation 4-38
r

where Uris the displacement in the radial direction.

Substituting Equation 4-35 through Equation 4-38 into Equation 4-33 and Equation 4-34

yield to the following expressions for the radial and hoop stresses:

E du, U, )
= — Equation 4-39
oy 1—v2[dr+vr+(1+v)65h] q
E U, dU, )
= | X Equation 4-40
Op 1—v2[r+vdr+(1+v)65h] q

Furthermore, substituting Equation 4-33 through Equation 4-38 into Equation 4-32 gives:

d*U, 1dU, deg, (1 —v?)
~(+v) dr ~ Eh

dr? r dr

Equation 4-41

d
;Sh can be assumed to

T

Because of the assumed isotropic conditions in the clay specimen,

be zero. Therefore, Equation 4-41 reduces to the equation below:

d [1d(rU,) (1 —v?) .
- ;Tl e TE Equation 4-42

As will be detailed later on in Section 4.5, interface shear stress is a function of water

content. Since the water content is a function only of depth and time, the interface shear stress is
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constant in the radial direction. Integrating Equation 4-42 and then differentiating the result yield

Equation 4-43 and Equation 4-44, respectively:

t(1-v¥)r? Ar B .
U = —= —— 4 Equation 4-43
" Eh 31213 a
1,2
av, __ _td-vizr A Equation 4-44
dr Eh 3 2

In the above equations, both A and B are integration constants. From here, two mechanical

boundary condition scenarios are analyzed.

4.5.1 PRE-WALL CRACK STRESS DERIVATION

The first scenario is when the clay specimen is still attached to the vertical wall of the mold.
At this point, the radial stress is less than the interface adhesion between the sample and the mold.
This adhesion value will be further explained in Section 5.5. Therefore, in this circumstance, U, =
0 when r = 0 and when r = ro or the maximum radial distance. Because no radial displacement
occurs in this environment, z can be assumed to be zero as well. With the above information,
Equation 4-43 and Equation 4-44 are solved for constants A and B and then plugged into Equation
4-39 and Equation 4-40 to obtain the radial and hoop stresses for the attached wall scenario. The

equations for each stress can be seen below:

Equation 4-45
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E :
Op = T Csh Equation 4-46

4.5.2 POST-WALL CRACK STRESS DERIVATION

Once the radial stress evaluated under the previous conditions exceeds the adhesion value
between the mold and clay, the second scenario is evaluated. In this environment, the specimen
edge is free to be displaced in the negative radial direction. This yields new boundary conditions
where Ur= 0 when r = 0 and or = 0 when r = ro. With these new boundary conditions, Equation
4-43 and Equation 4-44 are solved for constants A and B and then plugged into Equation 4-39 and
Equation 4-40 to obtain the radial stress, hoop stress, and radial displacement for the free

movement scenario. The equations for each can be seen below:

G, = 12 +v) (ro—7 Equation 4-47
3h
T
Op = T [+ v)ry— (1 +v)r] Equation 4-48
1-— .
U, = u [+ v)ry— (1 +v)r] —reg, Equation 4-49

3Eh

4.5.3 STRESS STATE DISCUSSION

The equations above provide a reliable avenue for analysis of the stress field under both

sets of boundary conditions. Equation 4-45 and Equation 4-46 show that the radial stress and hoop
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stress are equal at all points, meaning a uniform tensile stress field exists under ideal conditions.
This creates a situation where the first crack will most likely occur along the soil-mold interface
as the tensile strength of the soil is generally higher than the adhesion of soil to the mold. In the
rarer scenario where the tensile strength of the soil is less than the adhesion value, a crack would

be equally likely to occur anywhere in the soil surface.

Once the wall crack has formed, the new stress and displacement distributions are based
on Equation 4-47, Equation 4-48, and Equation 4-49. At this point, the radial and hoop stress
possess an inverse linear correlation along the radius with the max stress occurring at the center of
the specimen. However, they do not decrease at the same rate. Whereas the radial stress will
decrease to zero at the edge of the specimen, the hoop stress will maintain a residual value at the
edge. As a result, the hoop stress is greater than the radial stress at all points in the specimen, aside
from the center. This results in cracks initiating at the center and radiating out to the edge,
perpendicular to the greater hoop stress. Real-life crack patterns, however, will diverge from this

pattern and will be governed by flaws in the soil surface, specifically their size and orientation®,
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CHAPTER 5 - RESULTS AND DISCUSSION

5.1 INTRODUCTION

This chapter contains the data from each of the desiccation tests performed for both
soil types. Also included in this section are the results of the two unique image processing
techniques for both soil types. The results from the mechanical tests performed on the plain and
reinforced kaolinite clay soil are contained within this section as well. Then, a discussion of the
results has been completed. Finally, the results of the combined analytical-numerical hydro-
mechanical model are shown and compared to the experimental results for the kaolin clay physical

test results.

5.2 PIEDMONT SOIL RESULTS

Using the data obtained from the MATLAB image analysis process, the performance of each
of the selected improvement methods for the Piedmont soil was examined. The final crack segment
count, Wayvg, and Wmax Were logged at each time frame during the oven desiccation test. Generally,
the cracks propagated quickly, with the specimens often progressing from no cracks to a complete
crack geometry in one testing interval (15-minute time frame). The progression of the cracking

throughout the primary drying cycle of the oven test can be seen in Figure 5.1.
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Figure 5.1 Desiccation crack test results for accelerated test after two hours of drying.

Figure 5.1 and Figure 5.2 show that the cracking pattern of the untreated, Piedmont soil

sample spread in a three-pronged, letter Y-like pattern.
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Figure 5.2 Desiccation crack test results for accelerated oven desiccation test for untreated soil.
The two 120 minute stages show before and after shots of the rewetting process.

However, the samples altered with the fly ash and carpet fibers would deviate from this geometry
sometimes. Once the soil specimen with the added fiber cracked in the second drying cycle, the
specimen’s crack pattern had a more circular shape, much like the letter C with smaller branches
radiating out to the edge of the soil (Figure 5.3). The reason for this was most likely due to the
fibers’ transverse isotropic distribution, a potential consequence of the soil mixing process.
Because the soil was prepared by mixing in a circular motion, the majority of the fibers likely
became orientated in the same direction. The likelihood of this was increased by the relation
between the length of the fibers and the depth of the clay layer. The clay layer was approximately
20 mm thick and the 50 mm fibers could not be orientated in a vertical direction. As a result, cracks
formed parallel to the carpet fiber alignment due to the absence of reinforcement oriented across
the cracks. The samples improved with fly ash tended to possess a more unbalanced pattern and

spread in a more concentrated manner.
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Figure 5.3 Accelerated test final crack distribution for fiber-aided soil

For the room temperature desiccation test, only the ARF results were documented for each
chronologic digital photograph because the crack progression did not initiate at standard
temperatures during the first eight hours of the testing period. Along with the ARF, Wavg, Wmax, and
the final crack count were recorded the next day after a full 24 hours of desiccation.

The number of cracks was documented so that the crack network morphology could be
quantitatively evaluated. The findings from the standard test can be found in Figure 5.4. The graph
reveals that the improvement techniques did not substantially alter the overall number of crack
segments after a full day of dehydrating at standard room temperature, with the exception of the
gelatin-based bioplastic. Both the sample with fly ash and the sample with the fly ash-fiber

combination developed an extra crack segment over the unimproved soil.
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Figure 5.4 Number of cracks developed in standard desiccation test after 24 hours at room
temperature

The crack count data for the oven desiccation test can be observed in Figure 5.5. The graph
indicates that in the initial drying cycle (Figure 5.5a), no cracks propagated in the samples
improved with the bioplastic or with the carpet fibers by themselves. Interestingly, the additional
fly ash in the specimen improved by the combination treatment did not compensate for the
reduction in fiber content. When cracks did develop, they usually emerged after the first 15-minute
heating period. During the second drying cycle and after the rewetting process (Figure 5.5b), only
the bioplastic-improved soil specimen did not develop any cracks. For each of the other
improvement techniques, cracks propagated at a higher number than the untreated soil at the end
of the entire test. After rewetting, crack formation initiation varied to a much greater extent with
the untreated soil cracking after 15 minutes, the fiber-improved soil cracking after 30 minutes, the
fly ash specimen developing cracks at the 45-minute mark, and the hybrid improvement method

counteracting cracking until 75 minutes after rewetting transpired.
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Figure 5.5 Development of the desiccation cracks in the accelerated test: a) first drying cycle; b)
second drying cycle

The wayg Was computed so that each soil additive’s aptitude in exclusively decreasing crack
progression could be observed. The effect of the different soil improvement techniques on the wayg
for the room temperature desiccation test was recorded in Figure 5.6. The average crack width
after a full day of drying for the untreated soil was found to be 1.59 mm. The sample enhanced
with fly ash displayed almost no improvement over the untreated specimen. Both samples that
included carpet fibers in their method developed cracks with reduced average widths of about 0.9
mm after testing was complete. The sample with the bioplastic had an average crack width of zero

as cracks did not propagate during the standard desiccation test.
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Figure 5.6 Average crack width of soils under standard desiccation test at the 24-hour mark

The influence of different soil improvement techniques on the wayg for the oven desiccation
test is shown in Figure 5.7. The average crack width at the conclusion of the rewetting cycle for
the untreated soil was discovered to be 1.54 mm (Figure 5.7b). The samples with solely fly ash
and carpet fibers respectively showed minimal improvement over the plain Piedmont soil. The
specimen with the carpet fibers-fly ash hybrid treatment method developed cracks with reduced
average widths at the conclusion of testing. The specimen with bioplastic added did not develop
cracks during this test either and, therefore, average crack width of zero. It should be noted that
the crack width after the rewetting process was taken to be zero. Though some soil damage can be
detected, fully realized cracks were not existing at that stage. This can be observed by referring to
Figure 5.2, where the second 120-minute mark displays an outline of a crack that has been filled
in by the rewetting process. In addition, in some intervals, the average crack width was shown to
reduce, imitating the soil repairing itself. In fact, this was not due to the cracks lessening, but as a

consequence of slight image processing inconsistencies where the software reads darker, wet spots
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in the soil adjacent to the cracks as a portion of the actual crack. As the soil desiccated more, the

wet spots vanished, causing the software to process the change as cracks narrowing.
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Figure 5.7 The effect of the soil improvement type on the development of the average crack
width, wayg in the accelerated test: a) first drying cycle; b) second drying cycle

The effect of the tested soil improvement techniques on the maximum crack width, wmax for
the room temperature desiccation test can be observed in Figure 5.8. The motives for obtaining the
maximum crack width in each specimen were twofold. First, broader cracks have a superior
capacity to cause structural damage, indicating the maximum crack width represents the most
significant potential for failure. Second, it provides a framework for the average crack data. For
example, the fly ash sample had a wayg comparable to that of the base soil. Conversely, the Wmax of
the fly ash treated sample was about 2 mm larger than the untreated soil. This implies that the fly
ash treated sample most likely had a section with an unusually large crack with the rest of the
cracks being thinner than the cracks in the untreated soil. The maximum crack width at the
conclusion of the test for the untreated soil was 4.11 mm. The specimen treated with fly ash
developed a crack geometry with a broader maximum crack width than the base soil (6.32 mm).

The samples with solely carpet fibers and the carpet fibers plus fly ash hybrid technique developed
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cracks with considerably reduced maximum widths of about 2.08 mm and 2.38 mm, respectively,
at the conclusion of the testing period. Again, the specimen improved with the gelatin-based

bioplastic never cracked during the entirety of the desiccation test.
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Figure 5.8 The effect of different soil improvement types on the maximum crack width, Wmax at
the 24-hour mark

The maximum crack widths over the two drying cycles in the oven desiccation test for each
soil improvement method can be found in Figure 5.9. Each of the techniques lessened the
maximum crack width at the completion of the testing procedure in comparison to the untreated
soil but to differing degrees. Once more, the specimen with the gelatin-based bioplastic showed
no changes, and no cracking of any kind occurred. The samples with both the fly ash only as well
as the recycled carpet fiber showed roughly the same amount of maximum crack width reduction.
Meanwhile, the specimen with the hybrid improvement technique provided additional crack

reduction. In the second drying cycle, the untreated soil’s maximum crack width displayed the
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same soil drying phenomenon that influenced the average crack width results and gave the

appearance of crack narrowing.
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Figure 5.9 The effect of the soil improvement type on the development of the maximum crack
width, wmax in the accelerated test: a) first drying cycle; b) second drying cycle

The ARF parameter was presented to quantitatively determine the effectiveness of each soil
improvement method in reducing desiccation cracking in addition to the overall soil shrinkage.
The effectiveness of the respective improvement techniques for the room temperature desiccation
test can be found in Figure 5.10. The graph demonstrates that the untreated soil displays the largest
ARF, and the bioplastic shows no measurable shrinkage and does not crack at all, including after
24 hours. Despite the fact that no cracks propagated in any tested samples until the 24-hour mark,
the specimens still had ARF nonzero values as a result of lateral shrinkage of the soil before any
cracking occurred. By examining the digital images, the variations in the short term were

determined to be caused by discoloration in the soil surface as a result of irregular drying patterns.
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Figure 5.10 The effect of the different soil improvement type on the development of the ARF in
the standard desiccation test.

For the oven desiccation test, data from both drying cycles in relation to the rewetting process
was studied. The ARF results for the initial drying cycle and the second cycle after rewetting are
shown in Figure 5.11 a and b, respectively. The figures demonstrate that both specimens
comprising the fly ash provided minor enhancement when exposed to increased temperatures.
Once more, the specimen enhanced with the gelatin-based bioplastic exhibited no alteration in the

surface area even when exposed to increased temperatures.
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Figure 5.11 The effect of the soil improvement type on the ARF in the accelerated test: a) first
drying cycle; b) second drying cycle
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5.3 KAOLINITE TEST RESULTS

5.3.1 KAOLINITE DESICCATION TEST RESULTS

Using the data obtained from the GOM image analysis process, the performance of each of
the selected improvement methods for the kaolinite clay was studied. The Wmax, Imax, and rsmax were
obtained for each time frame during the kaolinite desiccation test. In addition, the water content
was recorded at each stage for every sample, while the suction was recorded at each stage for the
first specimen tested for the untreated soil and each improvement technique. The progression of

the cracking throughout the kaolinite desiccation test can be seen in Figure 5.12.
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Figure 5.12 Desiccation crack test results for kaolinite test after six hours of drying

86



Generally, the cracks appeared at the same time with the exception of the xanthan gum aided
specimens where crack initiation occurred much earlier. Each of the fiber-aided specimens first
began to crack in the 4™ testing period or between the 90 and 120-minute marks, the same as the
untreated kaolinite clay. This suggests that the recycled fibers do not alter the crack formation
process but rather retard the propagation portion of the entire desiccation cracking phenomenon.
Meanwhile, the samples treated with xanthan gum cracked immediately, with each sample
cracking in the first 30-minute heating interval, suggesting that the addition of the xanthan gum
affected the crack formation mechanism of the clay. In general, the xanthan gum aided samples
behaved in a much different fashion than each of the other kaolinite samples. Aside from cracking
at an earlier time, the xanthan gum samples adhered to the sides of the mold to a much greater
degree. This occurred due to the sides of the molds being heavily exposed to the heat source and
the xanthan gum melting to a degree and behaving like a glue between the clay specimen and the
mold.

Furthermore, the cracks themselves developed to possess very different characteristics.
Whereas the untreated kaolinite samples and the fiber-treated samples cracked in similar ways,
albeit with differing magnitudes, the xanthan gum-aided samples cracked in an altogether different
manner. The two pictures in Figure 5.13 contrast the difference between the cracks that formed.
The general form of cracking in plain and fiber-aided clay can be seen in Figure 5.13a. Here, the
cracks have clearly defined edges, with mostly vertical walls. In Figure 5.13b, the cracks for the
xanthan gum samples can be observed. In these samples, the cracks seem to almost have a shallow
shelf and a narrow deeper second phase. Also, the edges of these cracks are not nearly as well

defined and seem to have almost crumbled to some degree.
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Figure 5.13 Comparison of cracks in kaolinite soil in: a) untreated samples b) xanthan gum
aided samples

The water content was determined at time step for each specimen by recording the mass at
every 30 minutes. The change in mass was considered to be the mass of water that was evaporated,
causing a drop in water content. The water content generally decreased to about 40% for each
improvement technique. The average water content for each improvement method can be seen in

Figure 5.14.
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Figure 5.14 Change in the average water content during the kaolinite desiccation test

The suction was measured at each time step at three separate places for the one specimen
tested for each improvement type and plain kaolinite. The change in suction versus time for each
of the techniques and plain soil can be seen below (Figure 5.15 a-d). It should be noted that the
improvement type had a very little if any effect on the development of suction in the samples.
Notably, the placement of the tensiometers had a more significant impact on the suction measured
in the specimens than the improvement technique utilized. The tensiometer in the center position
(T2) generally developed the least amount of suction while the two locations on the outside of the

samples generated suction of a greater magnitude.
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Figure 5.15 Change of suction during the kaolinite desiccation test for: a) untreated soil; b) 0.5%
fiber content; ¢) 2.0% fiber content; d) xanthan gum

The suction and water content results were used to develop a soil-water characteristic curve
(SWCC). This plot can be found in Figure 5.16. Because the water contents and suction levels

were fairly identical throughout the testing process, only the results from the pure kaolinite clay
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were plotted for each position of the tensiometers. The SWCCs from other research projects on
kaolinite clay were plotted as well. Figure 5.16 shows that while the experimental results from this
research produced suction levels slightly lower than other projects®®%4, a general trend can easily
be observed.
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Figure 5.16 Soil Water Characteristic Curve for plain kaolinite. Other data shown for
comparison%364

The effect of the tested soil improvement techniques on the maximum crack width, wmax for
the kaolinite desiccation test can be seen in Figure 5.17. The motive for obtaining the maximum
crack width in each specimen remained the same as for the Piedmont soil, with broader cracks
being the most significant concern due to their superior capacity to cause structural damage.
Because three trials were completed, the average maximum crack width was utilized in order to
minimize the effect of an outlying behavior. The maximum crack width at the end of the test for

the untreated soil was 6.83 mm. The specimen treated with 0.5% fiber content developed a crack
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geometry with a slightly smaller maximum crack width than the plain kaolinite clay (6.53 mm). In
other words, the progression between the untreated kaolinite and the samples treated with a fiber
content of 0.5% was nearly identical, suggesting that the fiber content was not sufficient to alter
the crack width behavior of the kaolinite significantly. Increasing the fiber content added to 2%
had a much more significant effect as the maximum crack width achieved was only .65 mm. Crack
growth in those samples effectively stopped after the four-hour mark, increasing by only .05 mm
after that point. On the other hand, the samples treated with xanthan gum performed far worse than
the untreated soil, with the cracks growing to a maximum width of 10.89 mm. In fact, at the three-
hour mark, the maximum crack width exceeded the final maximum crack width for the other

improvement techniques and the untreated clay.
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Figure 5.17 The effect of different improvement techniques on Wmax

The effect of the tested soil improvement techniques on the average maximum crack width,
Imax for the kaolinite desiccation test can be seen in Figure 5.18. Initially, the maximum crack

length was taken to be the most prolonged individual crack, but once the crack patterns became
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more complex, the longest continuous path in the crack network without intersecting itself was
used to define the Imax. The reason for studying the maximum crack length in each specimen was
to examine the desiccation crack network and each improvement techniques’ aptitude for
preventing new crack initiation. The maximum crack length at the conclusion of the desiccation
test for the untreated soil was 149 mm.

The specimen treated with 0.5% fiber content developed a crack geometry with a slightly
higher maximum crack length (203 mm) than the untreated kaolinite clay. While the addition of
the fibers did not dramatically change the crack width growth, the soils treated with the 0.5% fiber
content promoted a more extensive crack network as seen in Figure 5.12.

Boosting the fiber content added to 2% had a more dramatic effect on the soil’s performance
than the maximum crack width. The introduction of more fibers led to a decrease in maximum
crack width by a factor of nearly 15, i.e., to 13.6 mm. Again, crack growth in those samples
essentially ended after the three-hour mark, increasing by approximately .5 mm after that point.

On the other end of the spectrum, the samples treated with xanthan gum performed perhaps
even worse than it did when considering maximum crack width. With a maximum crack length of
374 mm, an increase of nearly 250% over the untreated soil, the samples treated with xanthan gum
created a far more extensive crack network. Moreover, after two hours, the Imax for the xanthan
gum treated clay was more than double the final maximum crack length of the untreated kaolinite

clay.
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Figure 5.18 The effect of different improvement techniques on Imax

In addition to the cracking characteristics, GOM image processing was used to determine the
effect of the different soil improvement techniques on the maximum radial shrinkage
displacement, rsmax 0n the clay specimens. The results for the kaolinite desiccation test can be seen
in Figure 5.19. The impetus for studying the maximum radial shrinkage in each specimen was to
contrast how the specimens reacted to a loss in water content between global surface area loss and
cracking behavior.

The maximum radial shrinkage at the conclusion of the desiccation test for the untreated soil
was 2.25 mm. The specimen treated with 0.5% fiber content decreased in radius length at a slightly
greater rate with a final maximum radial shrinkage of 3.18 mm. This shows that the inclusion of a
small amount of fibers leads to a more extensive crack network and more significant radial
shrinkage. While the addition of the fibers did not dramatically change the crack width growth,
the soils treated with the 0.5% fiber content promoted a more extensive crack network.

Notably, utilizing the 2% fiber content method and the xanthan gum method yielded opposite

results to the crack geometry results. The addition of the recycled fibers at a rate of 2% increased
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the radial shrinkage of the clay to 4.10 mm. These results, combined with the minimal crack
propagation of the 2% fiber specimens, suggests that the fibers were able to increase the soil’s
tensile strength to overcome the frictional stress on the bottom of the sample and the adhesion of
the sample to the side of the molds, leading to global shrinkage instead of cracking.

Conversely, while the xanthan gum enhanced samples displayed the most expansive crack
network, no radial shrinkage occurred within those specimens. Essentially, the clay in these test
runs maintained contact with the plastic mold at all times and points. Further examination of the

behavior of the xanthan gum-treated samples will occur in Section 5.3.4.
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Figure 5.19 The effect of different improvement techniques on rSmax

5.3.2 KAOLINITE UNCONFINED COMPRESSION TEST RESULTS

In addition to desiccation tests, mechanical tests were performed to determine how the various
soil improvement techniques impacted the tensile and compressive strengths of the kaolinite soil.
The unconfined compression test was performed to analyze the compressive strength of the altered
soil, and the results can be found in Figure 5.20. The untreated soil possessed a compressive
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strength of 239 kPa. The xanthan gum aided samples yielded by far the greatest compressive
strength at 937 kPa. Meanwhile, both improvement techniques containing the recycled carpet
fibers only marginally improved the compressive strength with the 0.5% fiber content yielding a
compressive strength of 324 kPa and the 2% fiber content producing a compressive strength of
255 kPa.

The results of the unconfined compressive test were also used to determine the elastic modulus
for the soil’s improved by each technique. The Young’s modulus for the untreated kaolinite clay
was found to be 32.4 MPa. When adding 0.5% fiber content, the elastic modulus was virtually
unchanged at 31.8 MPa. Adding additional fibers actually lowered the elastic modulus
considerably, with the soil containing 2% fiber content possessing a value of 16.3 MPa. On the
other end of the spectrum, adding xanthan gum dramatically increased the Young’s modulus to

61.4 MPa.
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Figure 5.20 The effect of different improvement techniques on compressive strength for
kaolinite soil
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5.3.3 KAOLINITE INDIRECT TENSILE TEST RESULTS

In addition to the unconfined compression test, the splitting tensile test was performed,
with its aim being to determine the tensile strength of the soil with the various improvement
techniques. The results of this test can be seen in Figure 5.21. The untreated soil possessed a tensile
strength of 123 kPa. The xanthan gum improved samples possessed by far the greatest tensile
strength at 275 kPa. Meanwhile, the two improvement techniques, including the recycled carpet
fibers, significantly reduced the tensile strength with the specimens with 0.5% fiber content
yielding an average tensile strength of 47 kPa and the 2% fiber content specimens producing a

tensile strength of 76 kPa.
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Figure 5.21 The effect of different improvement techniques on tensile strength for kaolinite soil

5.3.4 KAOLINITE TEST DISCUSSION
Two specific results from the kaolinite soil testing process are worth closer examination
considering their deviation from their expected outcomes. First, the addition of the xanthan gum

increasing the cracking behavior of the soil was quite unexpected. This is especially true when
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considering the result from the mechanical testing, where the addition more than doubled the
tensile and compressive strengths of the untreated soil. The reason for this most likely resides in
the residual shrinkage data. While every other soil tested shrunk away from the mold, the
specimens with xanthan gum did not experience any movement away from the mold at any point
along their contact faces. This suggests that the xanthan gum potentially increased the adhesion
between the mold and the soil to the point where the soil cracked rather than moved away from
the mold.

The second set of results worth further analysis is the behavior of the fiber aided samples
in the mechanical tests. While the fibers were expected to increase both compressive and tensile
strength, they yielded little impact on compressive strength and dramatically decreased tensile
strength. When observing the specimens that were tested, it was clear that the fibers actually
created discontinuities in the specimens due to their size in relation to the size of the soil cylinders.
Whereas the fiber’s length was 1/23 of the diameter of the specimen in the desiccation test, the
length of the fibers was closer to 1/3 of the diameter of the mechanical specimens. In addition, the
compaction method could often leave fibers exposed on the outside of the specimen, as seen in
Figure 5.22. This effectively created a failure path in these specimens and pre-existing damage on
the face of the soil. Because of these issues, the results from the mechanical tests for the fiber-
aided specimens were not taken into account when determining the material properties used in the

modeling process.
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Figure 5.22 Example of fiber affecting the structural integrity of the specimen during the
unconfined compression test

5.4. MODEL MATERIAL PROPERTIES AND INPUT PARAMETERS

In order to employ the combined analytical-numerical hydromechanical model detailed
above, several kaolin clay material properties and environmental factors were required. The
following is a description of how these values were obtained for the untreated soil and each
improvement technique. Several of the untreated soil material property relationships were obtained

from the work of Stirling on clay with similar plastic and liquid limits®®.

5.4.1 SOIL SURFACE FLUX CONDITION
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The soil surface evaporation flux was assumed to be constant based on the linear results

from Figure 5.14 across all tests. It was determined by:

AV,
Agt

Ga = Equation 5-1

QU

where AV, is the change in water volume in the soil, A; is the surface area of the soil specimen
face, and t is the test duration in hours. The change in the water volume, AV, was determined by
taking the average mass water loss across all the specimens and averaging it. Doing so returned a

soil surface flux condition of 0.0925 cm/hr.

5.4.2 VAN GENUCHTEN SHAPING CONSTANTS

The van Genuchten empirical constants were determined to be constant for all soil
improvement techniques. The saturated volumetric water content, 8, was determined to be 0.77
from the initial water content in the physical desiccation tests. The residual volumetric water
content, 6, was determined by experimental data on similar soils®*%* and was found to be zero.
The remaining parameters were determined based on the by taking the SWCC curve returned from
the physical experiments and fitting the van Genuchten water content equation to the data. This
yielded a value for « of 0.008478 cm™, ng being 1.4228, and a corresponding mg of 0.29716. The
SWCC curve based on these fitted constants can be seen in Figure 5.23 Fitted SWCC with
experimental data and other research. The fitted curve was converted to gravimetric water content

to match both the experimental data and other research.
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Figure 5.23 Fitted SWCC with experimental data and other research used for regression®64

5.4.3. HYDRIC CONSTANT

The hydric constant is the ratio of radial shrinkage strain and water content loss (Equation
4-30) and was determined by calculating the slope of the experimental data of the radial shrinkage
strain and water content loss relationship. Since the soil additives affect the radial shrinkage, the
hydric constant was different based on the additive. Because the xanthan gum sample did not
separate from the mold wall, a hydric constant for xanthan gum could not be determined and was
assumed to be the same as the untreated soil. The hydric constant for untreated soil was found to
be .1774 (Figure 5.24). Only results for two tests could be used because one trial never separated

from the wall.
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Figure 5.24 Hydric constant derivation for untreated soil

The hydric constants for the 0.5% fiber-aided soil was found to be .1934 (Figure 5.25).
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Figure 5.25 Hydric constant derivation for 0.5% fiber treated soil

The hydric constants for the 2.0% fiber-aided soil was found to be .2665 (Figure 5.26).
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Figure 5.26 Hydric constant derivation for 2.0% fiber treated soil

These figures display varying uncertainty in the linear relationship used to obtain the hydric
constant. The 0.5% fiber content relationship in particular showed significant uncertainty. As a
result, a sensitivity analysis was performed to examine how altering the hydric constant affects

crack initiation and can be found in Section 5.6.3.
5.4.4. YOUNG’S MODULUS

For the untreated soil, the Young’s modulus was considered to be a function water content
based on experiments done in previous work on similar soil®>. The experimental values for

Young’s modulus from previous®® and current research created a piecewise function that can be

seen below:

E = min(300000~°2¢,32.375) MPa Equation 5-2

In this study, it was assumed that the fibers did not affect the Young’s modulus. Experimental data

showed that Young’s modulus is not increased due to addition of fibers®®, while other research®’
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indicate that both the type and volumetric content of fibers only slightly affect Young’s modulus
of cohesive soil. Results obtained in this study (Figure 5.20) indicate that the 0.5 % of volumetric
fiber content does not affect Young’s modulus of kaolinite, while the results of 2% are flawed.
Thus, the same relationship between the Young’s modulus and water content was used (Equation
5-2) for the fiber-reinforced clay samples. The relationship between the Young’s modulus and

water content for the untreated soil can be seen in Figure 5.27.
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Figure 5.27 Young’s Modulus determination for untreated soil with other data used for

regression®

The Young’s modulus for the xanthan gum aided specimens was altered by increasing the values

in Figure 5.27 by 1.896, i.e., by the factor that Young’s modulus was increased on the dry
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unconfined compression test by adding xanthan gum. The relationship for the xanthan gum-

improved specimens is given by:

E = min(5688060~>2%,61.378) MPa Equation 5-3

The graph of Young’s modulus for the xanthan gum-treated soil can be seen in Figure 5.28.
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Figure 5.28 Young’s Modulus determination for xanthan gum treated soil

5.4.5 TENSILE STRENGTH

The tensile strength of soil significantly depends on the water content®®, soil improvement
type and amount. The relationship between the tensile strength and water content of the untreated

soil was determined based on results of tensile tests on similar clays at higher water contents®® and
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the experimental values for tensile strength based on the results from the splitting tensile test done
in this research for lower water contents. Fitting the data produced a relationship between water

content and tensile strength (o,):

oy = 165.28¢ 0860 Equation 5-4

This relationship is based on the trend found in Figure 5.29.
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Figure 5.29 Tensile strength determination for untreated soil with other data for regression®®

For the soils improved with fibers, it has been shown that there is a linear relationship
between fiber content and tensile strength based on dry density®. As can be seen in Figure 5.30,
for a dry density of 1.4 g/cm?, the tensile strength of the fiber-aided soil increases in tensile strength

at a rate of 1.632 kPa per additional percent of fiber content.
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Figure 5.30 Tensile strength determination for fiber treated soil with other data used for

regression®®

For the purposes of this research, the y-intercept for this relationship was considered to be the
tensile strength for the untreated soil obtained in Figure 5.29. This further produces the relationship

between the water content, fiber content (F), and tensile strength (o ¢):

Oif = 269.74F ¢ 0860 Equation 5-5

where F is the fiber content as a percentage.

For the soils amended with xanthan gum, a similar approach to addressing Young’s
modulus for specimens treated with xanthan gum was taken. The tensile strength for the xanthan
gum-improved specimens was altered by increasing the values in Figure 5.31 by 2.08, i.e., the

factor that tensile strength was increased on the dry splitting tensile test by adding xanthan gum.
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The relationship between the tensile strength (o) and water content for the xanthan gum-

improved specimens can be found in the equation below:

Orx = 347.84¢7:0860 Equation 5-6
The graph of tensile strength versus water content for the xanthan gum-treated soil can be seen in

Figure 5.31.
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Figure 5.31 Tensile Strength determination for xanthan gum treated soil

5.4.6 INTERFACE SHEAR STRENGTH

The interface shear strength between the soil and plastic mold was assumed to be constant
for all soil improvement techniques except xanthan gum. The interface shear strength was
determined by shearing the soil specimen across a steel contact plane. Little research has been
done on the interface shear strength between plastic and soil. As a result, steel was used as a
substitute due to its relatively high smoothness. The interface shear strength for a similar clay as a

function of water content in clays has been demonstrated to take the form of %:
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—2.85

T=3154+——<
14.06267% Equation 5-7

Due to the nature of xanthan gum, a different approach was required for the interface shear
strength determination. The elevated temperatures during the experiment have led to xanthan gum
melting, drying, and subsequently adhering to the base of the mold. Other research has shown that
adding 0.5% xanthan gum to cohesive soil increases shear strength to approximately 30 kPa or
nearly 10 times the level measured in the untreated soil®. To account for the additional xanthan

gum content, a linear relationship was assumed and increased further by a factor of 2.
5.4.7 INTERFACE ADHESION

The adhesion at interfaces between two materials is strongly affected by the type of the
adjoining materials. In this study, the interface adhesion was determined to be a function of the
interface shear strength, which is similar to the approach when determining the adhesion to sheet
walls considering soil type and wall type during deep foundations design™. For this clay and mold
wall type, the interface adhesion between the clay and vertical mold wall was obtained by reducing
the interface shear strength by a factor of four’®. The same approach and factor were used for all
specimens treated by fibers as well. Once more, the behavior of the xanthan gum amended soil
was treated in a different manner. The walls had even greater exposure to the heat source, as they
were directly heated, which led to even higher bonding on the walls. Other research has shown
that adding 0.25% xanthan gum to cohesive soil increases adhesion strength to nearly 20 times the
level measured in the untreated soil®®. To account for the additional xanthan gum content, a linear
relationship was assumed and increased further by a factor of 4. Therefore, the interface adhesion

was increased by a factor of 80 over the adhesion of the untreated soil rather than reducing it.
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5.5. HYDROMECHANICAL MODEL RESULTS

5.5.1 HYDRAULIC MODEL RESULTS

With the process described in Chapter 4 and coded into MATLAB, both hydraulic and
mechanical results were obtained for each improvement technique. Figure 5.32 depicts the suction
along the depth of the soil layer, with the time step representing each 30-minute increment shown.
As can be seen in Figure 5.32, the magnitude of the suction experienced in the clay specimen
increases with each time step while decreasing as depth increases. For instance, the suction at the
soil’s surface changed by -9 kPa during six hours, while the change in suction at the bottom of the

layer was only -.96 kPa.
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Figure 5.32 Suction as function of depth and time in hydromechanical model

Creating a water content field across the depth of the clay layer for each time step was the

most valuable result calculated by the hydraulic model due to water content being an input in the
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model coupling process. As such, the gravimetric water content along the depth of the soil layer
was plotted, with the time step representing each 30-minute increment shown. As can be seen in
Figure 5.33, the magnitude of the water content existing in the clay specimen decreases with each
time step while increasing as depth increases. The water content at the soil’s surface changed by -
.33 during six hours, while the change in water content at the bottom of the layer was only -.1. The
observed trend is expected as the water could only evaporate the clay specimen through the top
soil surface, making the water content at that point the lowest at all times. This also reflects the
suction behavior because unsaturated soil mechanics dictates that a decrease in water content

increases the soil suction.
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Figure 5.33 Water Content as function of depth and time in hydromechanical model
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5.5.2 MECHANICAL MODEL RESULTS

After the hydraulic model was executed, the water content at each time and depth was input
into the mechanical model for each soil improvement technique. Doing this allowed for the stresses
at each point in the model’s profile to be calculated during the six-hour time period. The obtained
data was then compared to the soil’s material and interface properties to determine the onset of
desiccation cracking at different points in time, depth, and radial distance. Based on the stress
formulation in Section 4.4, the stresses produced at the center of the soil would always be equal to
or greater than at any other point in the clay profile. As a result, this position in the soil layer was
considered to be the critical one. Figure 5.34 shows how the stresses and governing material and
interface properties progressed with time for the untreated soil at the center of the soil surface. At
the center of the soil specimen, radial and hoop stress are identical and therefore overlaid in the

figure.
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Figure 5.34 Stress progression at center of untreated soil surface over time
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Furthermore, it can be seen from Figure 5.34that at the 115-minute mark, the pre-wall crack
radial stress reaches the adhesion value. This means that the edge crack has formed, and therefore
the specimen has detached from the wall. At this point, the radial and hoop stress calculations
switch to the post-wall crack formulations, resulting in an immediate jump in hoop and radial
stress. This jump increases the stresses to such a degree that the tensile strength of the soil has also

been surpassed, meaning that desiccation cracking will initiate.

The stress distribution at the time of crack initiation across the depth of the center of the
clay layer has been plotted in Figure 5.35. The plot shows that the tensile strength and adhesion
are only surpassed by the stresses experienced in the soil at the very top of the clay layer. Again,

the radial and hoop stress are identical at the center of the specimen and overlaid in the figure
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Figure 5.35 Stress distribution at the time of crack initiation at the center of the untreated soil

layer

The soil treated with 0.5% fiber content behaves in a similar way to the plain soil, with

desiccation cracking behavior occurring 5 minutes earlier, shown in Figure 5.36. This means that
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the added tensile strength from the addition of the recycled carpet fibers did not overcome the
jump when switching stress formulations. In fact, the increase in the hydric constant, and

subsequently, the shrinkage strain caused the stress to exceed the adhesion at an earlier stage.
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Figure 5.36 Stress progression at center of 0.5% fiber soil surface over time

This behavior produces a stress-depth curve nearly identical to that of the plain soil at the
time of crack initiation (Figure 5.37). The main difference displayed is the tensile strength curve

is shifted right to account for the fiber introduction.
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Figure 5.37 Stress distribution at the time of crack initiation at the center of the 0.5% fiber soil

The soil treated with 2% fiber content deviates in its behavior when compared to the
previous two examples, as shown in Figure 5.38. The added tensile strength from the addition of
the recycled carpet fibers vastly overwhelms the jump when switching stress formulations. As a
result, the effect of the increase in the hydric constant is dwarfed by the increase in tensile strength,

meaning that the soil will pull away from the mold wall, but cracks will not form.
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Figure 5.38 Stress progression at center of 2% fiber soil surface over time

116



This previously described behavior also affects the depth-stress plot shown in Figure 5.39.
The tensile strength is shifted far to the right, greatly exceeding the stresses developed in the clay

model.
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Figure 5.39 Stress distribution at the time of crack initiation at the center of the 2% fiber soil

The behavior of the soil improved by xanthan gum strayed even farther from the behavior
from the other samples (Figure 5.40). Whereas all the other improvement methods broke their
bond with the vertical wall of the mold, the increased adhesion lead to the xanthan gum-aided
model never producing a wall crack. However, unlike the other specimens, the stresses from the
pre-wall crack stress formulation exceeded the tensile strength towards the end of the time period,

meaning that the desiccation cracking will occur without separation from the mold.
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Figure 5.40 Stress progression at center of xanthan gum soil surface over time
The stress-depth plot for this model produced a plot similar to that of the 2% fiber content

model (Figure 5.41). The main difference, however, is that the adhesion in this model is shifted

far to the right, rather than the tensile strength.
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Figure 5.41 Stress distribution at the time of crack initiation at the center of the xanthan gum soil
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In addition to the above stress plots, heat maps were generated of the clay profile at
important times to observe the stress and displacement propagation throughout the whole clay
layer, rather than just one point. Figure 5.42 displays the heat map for the hoop stress across the

clay profile at the time of crack initiation for the untreated kaolin clay.
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Figure 5.42 Hoop stress across the clay profile at the time of crack initiation for untreated soil

The stresses vary as a function of depth up until the very top section of clay and then begin
to decrease as a function of radius. This is because as the stress formulation state switches from
pre-wall crack to post-wall crack, the stress also switches from being predominately a function of

time to a function of radial distance.

This trend of behavior continues for each of the fiber-aided soil models, albeit with
increasing stress magnitudes. The stress profile at crack initiation for the xanthan gum model in
Figure 5.43 displays the different pattern of stress propagation along the soil layer in comparison

to Figure 5.42.
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Figure 5.43 Hoop stress across the clay profile at the time of crack initiation for the xanthan gum

soil

On top of the stress propagation heat map, the radial displacement was also examined in
this form. In Figure 5.44, the radial displacement for the untreated sample at the last time step
shows that the greatest radial movement (5.08 mm) occurs on the outside of the clay specimen, in
the top few layers. In fact, the majority of the figure shows no displacement occurring. Also, no
displacement occurs at the center of the profile as all shrinkage occurs in the negative radial

direction, and the center should remain immobile. Figure 5.44
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Figure 5.44 Displacement across the clay profile at the end of analysis for untreated soil
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Figure 5.45 displays the displacement heat map for the 0.5% fiber content model. This
simulation shows a slight increase in overall radial displacement (5.54 mm) and shrinkage, as well

as the number of nodes where shrinkage occurs.
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Figure 5.45 Displacement across the clay profile at the end of analysis for 0.5% fiber soil

Figure 5.46 maps the radial displacement within the soil layer for 2.0% fiber content model.
It shows the greatest amount of shrinkage occurring in terms of magnitude with a maximum
displacement of -7.678 mm in the radial direction. The fiber-reinforced soil model also possesses

the highest number of nodes that experience movement.
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Figure 5.46 Displacement across the clay profile at the end of analysis for 2% fiber soil

Finally, Figure 5.47 displays the displacement within the soil profile for the xanthan gum-
amended soil model. Because wall cracking never occurred, radial displacement always remained

zero, yielding the displacement heat map below.
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Figure 5.47 Displacement across the clay profile at the end of analysis for xanthan gum soil
5.5.3. COMPARISON TO EXPERIMENTAL CRACK INITIATION

In addition to the results from the previous section, the crack initiation data returned from
the model was compared to the kaolin clay experimental results. While the models generally

predict the crack and wall crack to occur simultaneously, this was not always the case for the
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physical experiments. Also, while the model was able to be discretized into smaller time steps, the
experimental results could only return values every 30 minutes. Figure 5.48 displays the internal
crack time for each of the experiments (solid bar) as well as the model results (dashed bar). The

model does fairly well at predicting the crack time for the untreated soil and the 0.5% specimens.

However, the gap between the model and experimental results is wider for the 2% fiber
content and the xanthan gum specimens. For the 2% fiber content specimens, when cracking did
occur, the maximum width that occurred was 1.4 mm and a maximum length of 29.4 mm. In

addition, the cracks showed minor growth and were isolated, suggesting they were more products

of imperfections in the soil surface rather than to soil failure.
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Figure 5.48 Internal crack time for each of the experiments and model results

Figure 5.49 displays the wall crack time for each of the experiments (solid bars) as well as
the model results (dashed bars). With the exception of outliers, the model approximates when the
clay will separate from the mold wall. While one specimen of untreated soil never detached from

the mold, the model predicted the exact time at which the other two specimens would break away.
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In addition, the model predicts that the xanthan gum-aided samples would never separate from the

wall, which was the case for every tested specimen.
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Figure 5.49 Wall crack time for each of the experiments and model results

Figure 5.50 displays water content at crack initiation for each of the experiments as well as
the model results. This figure shows that the model is even more accurate in this predictive
measurement than predicting the time of crack initiation for the untreated soil and the 0.5% fiber
soil, though slightly underestimating the time at which crack formation will occur. This is most
likely because the model cannot take soil imperfections into account which can expedite crack
commencement in the physical experiments. Again, the model performs worse with the 2% fiber

content specimens and the xanthan gum specimen. The reasoning for this deviation remains the

same, however.
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Figure 5.50 Internal crack water content for each of the experiments and model results

Figure 5.51 displays the wall crack water content at wall crack initiation for each of the
experiments (solid bars) as well as the model results (dashed bars). Once again, the model predicts
at which water content will the clay separate from the vertical mold wall, establishing a strong
relationship between the experimental and mathematical data. Except for the untreated specimen
that did not separate from the wall (Plain 2), the model provides a reasonable estimate for the water
content at which this will occur. Going further, the 2% fiber content-aided soil provided a

particularly strong prediction of water contact at crack origination.
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Figure 5.51 Water content at wall crack initiation for each of the experiments and model results

5.5.4. SENSITIVITY ANALYSIS

A sensitivity analysis was performed on several of the material properties in order to
determine their effect on the overall model behavior. The sensitivity analysis was completed by
running the untreated soil model and increasing the selected parameter by 20% and 50% and then
decreasing the same parameters by the same amount. Their effect on the hoop stress was then
plotted along with the adhesion and tensile stress as functions of time. The analysis allowed for a

comparison of crack initiation time as well as stress magnitude.

The first parameter that was tested as part of the sensitivity analysis was the hydric constant
used as part of the model coupling process. Figure 5.52 shows that as the hydric constant increased,
the slope of the hoop stress in the pre-wall crack state increased at a greater rate. This increase in
the hoop stress led to the time of crack initiation decreasing significantly. On the other hand, by

decreasing the hydric constant, the slope of the hoop stress before separating from the wall is
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decreased, postponing desiccation crack time at a greater rate than it was accelerated for an

increased hydric constant.
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Figure 5.52 Hydric constant sensitivity analysis on crack initiation time

The next parameter that was examined as part of the sensitivity analysis was Young’s
Modulus. In terms of stress, Young’s Modulus only appears in Equation 4-45 and Equation 4-46
or the pre-wall crack stress calculation. And because it shares the same relationship with each

stress as the shrinkage strain, Figure 5.53 is identical to Figure 5.52.
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Figure 5.53 Young’s Modulus sensitivity analysis on crack initiation time

Despite this, Young’s modulus also appears in Equation 4-49 or the radial displacement
formula. Figure 5.54 shows how altering Young’s modulus affects radial displacement as a
function of time. As seen in Figure 5.53, an increase in Young’s modulus accelerates wall crack
initiation, which leads to radial displacement occurring at an earlier time. However, Figure 5.54
shows that the rate of radial displacement decreases as Young’s Modulus is increased. In fact,
there appears to be a cross over point near the end of the model’s duration, where the decreased

Young’s modulus will begin to result in a larger displacement.
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Figure 5.54 Young’s Modulus sensitivity analysis on radial displacement

The final parameter that was inspected as part of the sensitivity analysis was the interface
shear strength. Because the interface shear strength affected both the post wall crack stress and
adhesion, each value was plotted for each of the shear stress alterations in Figure 5.55. By
decreasing the adhesion due to the decrease in the interface shear stress, clay separation from the
mold occurred at an earlier time. The opposite occurred when increasing adhesion due to an
increase in interface shear stress, as the wall crack happened at a later time. After the wall crack,
the changes in shear stress acted proportionally with the hoop stress, with the greatest hoop stress
occurring with a 50% increase in shear stress and the minimum hoop stress accompanying the

minimum interface shear stress.
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Figure 5.55 Interface shear strength sensitivity analysis on stress development

5.5.6. MODEL LIMITATIONS

The predictive hydromechanical model has several limitations. First, the one-way coupling
is used to couple moisture transfer and soil deformation. In one-way coupling, the change in the
moisture content is converted into shrinkage strains to be utilized as an input for the in the
mechanical problem. This results in displacement and stresses that are different to those obtained
by simulating dry conditions. However, the hydrological parameters are assumed to be
independent of strain. The corresponding results from the mechanical model are not input into the
hydraulic model and therefore model cracking behavior is only until the time of initial crack

formation. In two-way coupling, the moisture change is used to determine the shrinkage strain,
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and in turn desiccation cracking (and possibly other parameters such as stress and dilation) are
then used to calculate updated hydrological conductivity for the next model iteration’. One-way
coupling is usually sufficient if the hydrological parameters are not expected to have a large impact
on soil mechanical behavior.

Second, the mechanical crack behavior is only valid through the moment of initial crack
initiation. This is because the energy associated with the desiccation crack formation as well as the
increased avenue of evaporation via cracks were not taken into consideration. The analytical
solution described in the Section 4.4 treats the desiccation cracking as a purely tensile failure
problem, without taking into account the development of partially penetrating cracks, and the
subsequent crack propagation. Thus, the analytical model may be used to predict the hoop and
radial stresses that develop in the clay layer for a given reduction in the moisture content as long

as they do not exceed the tensile strength of the soil.
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CHAPTER 6 - CONCLUSION

6.1 INTRODUCTION

A brief overview of the research conducted in this thesis can be found in Section 6.2. The
main overall observations and conclusions from this research are presented in Section 6.3.
Recommendations made based on the findings in this project for future research are given in
Chapter 6.4.
6.2 RESEARCH SUMMARY

This study was undertaken in order to investigate novel eco-friendly soil improvement
techniques and their effect on the desiccation cracking behavior of cohesive soils. With current
soil improvement techniques for desiccation cracking consisting mostly of cement, eco-friendly
options are of great importance and necessity. The investigation was completed by conducting
physical experiments and then analyzing the results of those tests using image analysis software.
In addition, the data from the physical tests were then compared to the results from a
hydromechanical model.

The two types of cohesive soils that were studied throughout this investigation were residual
Piedmont soil and pure white kaolin clay. Four eco-friendly soil improvement techniques were
tested, including fly ash, recycled carpet fibers, bioplastic, and xanthan gum. Both recycled carpet
fibers and fly ash were considered sustainable materials under the idea that repurposed industrial
waste is a sustainable material. Three types of desiccation tests were performed. The first test was
a room temperature test at 20°C on the Piedmont soil utilizing the fly ash, carpet fibers, and
bioplastic. The next test was an accelerated test on the same materials at 105°C that included a
rewetting cycle. The final test was performed on the kaolin clay at a temperature of 30°C using the

recycled carpet fibers and xanthan gum as improvement methods.
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The quantitative analysis of the desiccation test was completed using two different image
processing techniques. The first was an original code powered by MATLAB’s image analysis
software before performing image matrix operations in a VBA program. The MATLAB image
processing technique was used on the tests on the Piedmont soil. The second technique was through
the commercially available program GOM Correlate and was used on the samples from the kaolin
desiccation tests. A comparative analysis of the soil improvement techniques was completed using
a combination of crack geometry parameters.

A predictive hydromechanical model was created in order to further analyze the cracking
behavior of the soil. Using Richard’s equation and van Genuchten model, the water content across
the depth of the soil layer for a given number of time steps was modeled. The hydraulic portion of
the model was then coupled to a mechanical model where the water contents were converted into
shrinkage strains and subsequently into a field of stresses along time, depth, and radial distance.
The stresses were then used to predict cracking behavior for each of the specimens tested in the

kaolin clay desiccation tests.

6.3 RESEARCH CONCLUSIONS

From the tests that were completed in this study, adding 2% fiber content was the most
effective soil improvement technique. Even when cracking did occur, they were the smallest of
the cracks that occurred in both length and width. The cracks that formed in the specimens aided
with 2% fiber content did not propagate or form large crack networks. Instead, crack growth
leveled out and were isolated incidents. This suggests that the cracking in these samples was a
result of imperfections in the soil surface rather than stresses exceeding the unaltered tensile

strength of the kaolin clay.
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The xanthan gum-aided samples were the most difficult to model as the behavior of the xanthan
gum in the sample was not entirely a function of water content. Based on the results of the splitting
tensile test on the completely dried xanthan gum specimens, the tensile strength should have been
increased. However, these specimens cracked at a lower stress level than the untreated soil samples.
As a result, the hydromechanical model severely over-estimated the cracking time and water content
for these samples. In addition, the cracks did not deepen as the water was removed from the soil. While
the cracks in the other untreated specimens would eventually grow to reach the bottom of the mold,
the cracks in the samples with xanthan gum would reach a certain depth and then stop. This behavior
suggests there is a time element to maximizing the strengthening behavior of the xanthan gum.

Following this line of thinking, xanthan gum has been shown to strengthen kaolin clay when
completely dry and unrestrained, most notably in the unconfined compression test and splitting tensile
test. This suggests that the soil preparation for the xanthan gum-aided specimens in the desiccation
tests was not optimized. The benefits of xanthan gum were not harnessed in the controlled preparation
environment that was necessary for a comparative analysis for soil improvement techniques.

In terms of analyzing cracking behavior, the model was effective in explaining crack pattern
behavior for different soil improvement techniques. The radial direction of the cracks in the samples
where wall cracking occurred can be explained by the hoop stress always exceeding the radial stress
in that situation. As a result, cracking occurred in the direction perpendicular to maximum stress,
leading to the common crack pattern of cracks initiating centrally before radiating to the edge of the
specimen. On the other hand, the samples treated with xanthan gum displayed a far more varied crack
pattern, correlating to the stress conditions in the pre-wall crack stage, with hoop stress and radial stress
being equal in all lateral positions.

The model tended to underestimate the water content at crack initiation compared to the water
content at crack initiation measured experimentally. For the untreated and 0.5% fiber content

specimens, the underestimation was approximately 3-4%. This can be explained by the modeling
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predicting cracking to occur based solely on tensile strength versus stress, whereas natural cracking
behavior is a function of soil surface conditions as well as stress conditions. The imperfect soil surface
conditions could not be modeled. It is likely that the existence of soil surface imperfections leads to

crack initiation occurring at greater water contents in the tested specimens.

6.4 RECOMMENDATIONS FOR FUTURE RESEARCH
Based on the results and observations in this research, it is clear that recycled carpet fibers are the
most effective sustainable soil improvement technique for slowing desiccation cracking. However, the
findings in this research suggest several topics that are worthy of future research. These topics include:
e Evaluation of the scalability of recycled carpet fibers and the relationship between fiber length,
specimen size,
e Evaluation of xanthan gum as an improvement technique individually where soil preparation
can be optimized,
e Examination of the long-term viability of the improvement techniques,
e Examination the impact of temperature fluctuations on improvement techniques, and overall
desiccation,
e Improvement of the hydromechanical model so that crack behavior after the initial crack can
be evaluated, and
e Creation of an extended finite element or discrete element model for desiccation cracking in

improved soils.
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Abstract: Desiccation cracking of cohesive soils is the development of cracks on the soil surface
as a esult of a reduction in the soil moisture content  The decrease in soil surface area owing
to the desiccation of cohesive soils has an undesirable impact on the mechanical, hydrological,
thermal, and physico-chemical properties. Many efforts have been made to improve the desiccation
crack resistance of cohesive soils, but the curment solutions raise a number of erwvironmental issues,
increasing the demand for sustainable soil improvemnent alternatives. Therefore, the main objective
of this study is to investigate novel eco-friendly soil improvement techniques, such as recyded
carpet fibers and a gelatin-based bioplastic, and their effect on desiccation cracking in cohesive soils.
The improvement of soil crack resistance was studied by conducting desiccation cracking tests on
plain and improved soils. In addition, image processing was conducted to quantitatively describe
the effect of soil improvement type on the geometrical characteristics of arack patterns. Each soil
improvement technique enhanced the soil strength and reduced cracking at room tenyperature, atan
elevated Eemperature, and when subjecting to cyclic wetting and drying. The addition of bioplastics
proved to be the most effective solution, thus demonstrating a viable option to advance future
sustainable engineering practices.

Keywords: sustainable materials; ground improvement; image analysis; desiccation cracking

1 Introduction

Desiceation cracking is the development of cracks at the soil surface and throughout the depth of
a cohesive soil layer as a result of soil shrinkage due to the reduction of the water content through solar
radiation or vegetation absorption. The desiceation of cohesive soils leads to an undesirable impact on
the mechanical, hy drological, thermal, and physico-chemical soil properties. For instanee, desiccation
cracking can lead to decreased soil stength which in turn cam cause uneven ssttlemsent and catastrophic
failures in structures of all types. In addition, this type of soil cracking results in a dramatic increase in
the: permeability of clayey soils. The increase in soil permeability is particularly problematic when the
clay is used as a liner for both landfills and hazardons waste storage [1]. Therefore, the prevention of
desiccation cracking is of significant importance to safety, structural, and environmental issues.

D to the lack of an accepied American Society for Testing and Materials (ASTM) standard,
desiceation ests have been conducted inavariety of wayswith different boundary conditions, specimen
geomery, and properties measured [1-5] By utilizing a bar of day seated on a grooved plate, the cracks
only propagate in that same ditection, creating a series of parallel cracks that can be easily analyzed for
aperture and spacing [3] More realistic two-dimensional (20 cracking patterns can be obtained as a
result of a complete horizontal constraint, allowing for crack intersections to be studied [1]. Themefone,
it can be deduced that the geometry of the crack pattemn depends strongly on the nature of the boundary
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conditions and the sample geometry [3]. A parameter called the crack distribution frequency has been
developed to evaluate the change in the area of a sample relative to a sample’s original surface amea [5].
A similar measurement, the crack intensity factor, has also been developed to analyze the ratio of the
area of the cracks to the total specimen area [2]. In addition to the surface crack analysis, the crack
depth can be analyzed using either marual means or mome advanced image analysis techniques.

Image analysis has proven to be an incredible tool to quantitatively analyze crack characteristics
in natural and humanmade geomaterials. To this end, several experimental test methods have been
suggested and developed to assess the desiceation crack indtiation and propagation within the different
geomaterials. These include an analysis of images acquired with a scanning electron microscope
{SEM]) [6,7], a 2D profile laser [4,5] and difierent digital image acquisition systems [1,2,5]. A SEM has
been extensively used to analyze micro-cracking in concrete and rocks [6] and to evaluate the effect of
sodium chloride on the cracking of bentonite day samples [7]. Despite the power of this echnique,
the main SEM drawback is its destructive natume. In particular, the specdmen needs to be cut into
thin slices and the sample faces need to be polished to make cracks and material constituents visible
before taking high-resolution 2D images. Furthermaore, due to the destructive and complex specimen
preparation, the gradual propagation of a single crack cannot be studied. The 200 laser profile imaging
has been successfully utilized instudying the propagation and geometry of desiccation cracking in clay
soils [£] and the s0il curling as a result of soil dehydration [5]. While 21 profile lasers are powerful
tools to shedy desiceation cracking, their initial high price creates a barrier toentry for the academic and
industry communities. All of these shortcomings are resolved by utilizing a user-friendly inexpensive
digital image acquisition system to analyze the cracking behavior of clay soils.

To resolve safety, stroctural, and environmental issues cansed by desiceation cracking, chemdcal
additives, such as cement and lime, are used as binding agents to increase a clay's strength and resistance
to cracking [9]. However, the current solutions have negative implications on the environment such
as 00y emissions, the prevention of the vegetation growth, and the contamination of groundwater
among others [7]. To rectify this, several research studies have been conducted in order ko deermine
the viability of different sustainable soil-strengthening additives. The soil additives are considered
sustainable if they have originated and have been refined from the industrial w aste which remains
tonde and hazardous to the environment when left unattended [10]. While this purposing does ot
eliminate all negative side efiects of the material as a waste product, it does pevent the negative effects
of the use of allernative solutions [10]. The most commonly used sustainable soil additives ame fly ash
from thermal power plants [10-12], furnace slag from the steel industry [13,14], silica fume from the
silicon and ferrosilicon industry [2,7,15,16], and carpet waste [17-19].

Chiloride salts, such as ammonium chloride (WHyCl) and ferric chloride (FeCl;), have demonstrated
the ability to stabilize the volume of clays with high swelling potential [15]. The cations in the
compourds reduce the swelling of montmorillonite minerals by replacing the interlayer metallic
cations [16]. Furthermone, bentonite samples meated with sodium chloride (WaCl) developed cracks
with greater lengths, but the overall crack density was significantly lower [7]. This was due to the
effect of salt on the bentonite colloidal interactions that alter the double layer and particle association
in a clay slurry [7]. Kalkan [15] used silica fume waste material as a sustainable alternative, and it was
shown to significantly reduce desiccation cracking in clay liner systerns.

The different types of fibers have also been examined as potential solutions to desiccation
cracking [2,7,20]. Recycled carpet fibers have been lightly investigated as a potential soil innprovement
echnique, with most studies being focused on the improvement of the strength properties of granular
soil [15,19]. Mome recently, they have been examined as a potential method to reduce the swelling
properties of cohesive soils [17]. The recycled carpet fibers were shown to decrease swelling pressure,
with a 1% fiber content providing the most significant pressume drop [17]. Other unsustainable, fiber
reinforcements have been shown o cause a significant reduction of desiceation eracking in expanding
clay, with crack width decreasing by 50% [20]. Polypropylene fiber einforcement has been proven to
prevent tension crack growth in soils and stabilize soils against shrinking by increasing the soil's tensils
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strength [7]. In addition, polypropylens fibers have been utilized to reinfore clay liners, leading the
liners to be more rigid in compression and mome ductile in tension [11]. The soils reated with fibers
have also been shown to perform betier than unreinforced soils when exposed to wetting and drying
cyeles [20].

(dther forms of industrial waste have been examined as potential scil improvement
techniques [11,12,21,22]. Fly ash has shown the ability to reduce plastie strain in clay soils when
exposed to freeze-thaw cycles [12]. In addition, fly ash has been shown to increase compressive
strength and produce similar behawvioral trends to Portland cement [11]. The use of limestone waste
has been shown to reduce the swelling properties of soil, producing a mome compact microstrscture
when examined using SEM imaging [21]. Milled brick debris has also been shown to improve the
compressive strength of soils when ested using the unconfined compression st [22].

This study seeks to investigate novel eco-friendly soil improvemnent techniques and their effect
on the desiccation cracking behavior of soils. Thmee sustainable soil improvernent techniques were
tested, including fly ash, recycled carpet fibers, and bioplastic. Both recyded carpet fibers and fly ash
weme considered sustainable materials under the idea that repurposed industrial waste is a sustainable
matetial. Numerous studies have been conducted investigating the efiects eco-friendly additives have
on s0il strength and swelling properties, yet their effect on the crack resistance of cohesive soils has
been largely under-investigated. To date, neither recyded carpet fibers nor bioplastics have been
examined as a potential solution to desiccation cracking and their effectiveness is pressnted in this
research. This is also the first study to compare these echniques at two different temperatures and to
subject them to cyclic wetting and drying. Consequently, a comparative analysis of the mentioned
improvement technigues” effectiveness has not been completed. A qualitative analysis was comducted
by analyzing the geometric characteristics of cracking patterns in the plain and improved soil samples.
The quantitative analysis was completed using an original code powered by MATLAB's image analysis
softw are before performing image matrix opetations in a Visual Basic for Applications (VBA) program.
The utilized image analysis process is simple and inexpensive due to the widespread public familiarity
and access of both VBA and MATLAB. A comparative analysis of the soil improvement echniques
was completed using the area mduction factor (ARF), average crack width (wmg) and maximum crack
width (U ) of the meated and non-treated cohesive soil samples.

2 Materials and Methods
21. Materials

21.1. Base S0il

The base soil material used for experimentation was residual Piedmont soil that had been sieved
through the Mo, 40 sieve (0425 ). Piedrnont soils have the reputation of not being particularly
well categorized by the Unified Soil Classification System (USCS) [23]. The soil behaves almost as a
hybrid soil type, exhibiting characteristics of the fine-grained silt in undrained conditions and the
ooarse-grained soil silty sand in drained conditions when loading is applied [23]. Figure 1 depicts the
grain size distribution curve for the base soil. The soil was tested for its A tlerberg Limits in accordance
with ASTM D431E [24] and the liquid limit and plasticity Index were determined to be 49 and 20,
respectively. Themefore, according to the USCS, the fine particles are classified as siltwith low plasticity.
The overall classification of residual Piedmont soil that was wsed in this study was well-graded sand
with silt (SW-SM).
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Figure 1. Grain size distribution curve of the base soil used in this study.
21.2. Soil Improvement Types

I this study, the three additives investigated as strengthening agents were fly ash, recyded
polyester carpet fibers, and bioplastic, as well as a fly ash-fiber combination. The first tested
improvement technique was Class C fly ash. This is the light weight waste produced by burning
pulverized coal. It has cementitious qualities and is often used as an additive during the concrete
mixing procedure. The fiy ash addition was 15% based on the dry weight of the soil

The next soil improvement technique was introducing recycled polyester carpet fibers to the soil
samples. The polyester fibers were short straight fibers manufactured by Beaulieu of America, USA,
and had a length of 50 rm and a diameter of 007 mm (aspect ratio of 714). The density of the polyester
fibers was 1.38 giem?® (20 *C), and the volumetric fiber content was one per ent

A combination of the Class C fly ash and the carpet fibers was also tested as an improvement
echnique. The base material and fiy ash wene mixed first, wheme the fly ash addition was 10% based on
the: dry weight of the soil After the initial dry mixtume was complete, polyester fiber was added until
the: samiple contained 0.5% fibers by volume. All the addition rates of fly ash and carpet fibers were
determined by a critical and extensive meview of the existing literature, and preliminary laboratory mix

The final soil improvement technique analyzed was a gelatin-based bioplastic. The gelatin-based
bioplastic concentration was 8%. To achieve this, for every 500 g of base material used, 44 g of water,
30 g of vinegar, 7.2 g of gelatin, and three grams of glycerin were mixed together. To prepare the
gelatin-based bioplastic, the water was boiled on a hot plate, with the gelatin being slowly added to
prevent clumping. The vinegar and glycerin weme then subsequently slowly mixed into the final blend.
After thoroughly mixing all of the components, bioplastic was added to the base material sample soil
and mixed again, until the homogenous soil-bioplastic mixiure was achisved.
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2.2 Methods
2121 Desiccation Test

The desiccation crack test was performed on improved and non-improved soil specimens.
The purpose of the desiccation st was to study the cracking behavior of a soil sample as the sample
reduces the moisture content and dehydraies The samples were prepared by first mixing all the dry
components (base soil, fly ash, fibers) together for a few minutes and then water was added to raise the
water content to the desited level of 25%. The bioplastic-treated sample was prepamed in the manner
described in the materials section. Onee thoroughly mixed, the soil specimens were manually placed
into the cy lindrically-shaped, lubricated stainless-steel molds and lightly smoothed to have a uniform
clay thickness of 20 mm. The irmer diameter of the mold was 230 mm.

In order to study the temperature effect on the desiccation crack cracking and soil-improvement
type, two different ty pes of desiccation tests were performed: standard and accelerated. During the
standard test, the sample was allowed to dry at constant room temperature (20 *C) and humidity
(B0F%) for 24 straight hours. Each soil sample was ested under the same conditions. The samiples
weme consistently monitomed for the first eight hours and then a final check was performed at the 24h
mark. For the accelerated test, the samples were heated in the oven at 105*C for two hours before
rewetting the sample and completing the process for another two hours. Every fifteen minutes, the soil
sample was carefully mmoved for image acquisition and then immediately replaced in the oven. After
two hours, water was slowly poured over the sample until the initial water content was reached.
The samiple was then placed into the oven and allowed to dry for another two hours, with continued
monitoring and image acquisition every 15 min
122 Image Acquisition and Processing

The digital images of the soil samples were taken at fived time incrernents using a stand held at a
constant position for image consistency and uniformity. The camera was placed on a stand 46 cm tall
thatwas fixed over the center of the cay sample. The image acquisition ime frame increments were 15
and 120 min for the standard test and accelerated tests, respectively. For each image, the number of
cracks in the specimen with a length of at least one centimeter was counted and recorded.

The digital image acquisition was followed by image processing to identify each constitutive
component (cracks, fibers, and soil matrix) and, finally, a quantitative analysis of the crack geometric
properties within the sample. In order to do so, the original MATLAB codewas developed in this study.
The image processing program consisted of six major steps to achieve the desired crack parameters.

The first step, image conversion, converted the original digital image (Figure 2a) first into a
grayscale image and then further still into a binary image (Figure Zb). The second step was segmentation
which isolated the clay surface and removed blemishes from the indentations in the day surface
(Figure 2c). The image was then given real dimensions by conwerting a known distance in the image
to a pixel distance, giving the image data context. The surface area of each specimen was collected
and the initial area (Ares; } for each specimen was stored and compared o each subsequent image.
The change in the area at each stape (AArer) in comparison with the initial area (Areg; ) was used to

determine the 4 RF:
Adrea

ey ()]

To accurately analyze the crack parameters, the binary image of the crack needed to be isolaied
such that the desiccation erack was the only black portion of the image remaining (Figure 2d). This final
image was analyzed using a VBA code to return values for the maximum erack width (i ) and the
average crack width (e ).

ARF =
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Figure % Image processing: (a) original sample photo; (b) original binary image; (c) clay surface binary
imagg; (d) isolated crack binary image.

3. Results

Using the data obtained from the image analysis, the performance of each soil improvement
technique was examined The final crack count, Wy, and Wy, weme recorded at each time frame
during the acceletated desiccation test. In general, the cracks developed rapidly, with the samples
often going from no cracks to a fully-realized crack network in one photocy cle (15 min time frame ).
The development of the desiceation cracking throughout the first drying cycle of the accelerated test
can be seen in Figure 3. The figure shows that the cracking pattern of the base soil sample propagated
in a three-pronged, letter Y-like shape (Figures 2 and 4). However, the specimens with the ash and
fibers sometimes deviated from this shape. Once the samples with the added fiber cracked in the
second cycle, they took on a more circular mannet like the letier C with smaller segments radiating out
to the edges (Figure 5). Thiswas most likely due to the transverse isotropic fiber distribution as a result
of the day mixing process. As the clay was mixed in a circular motion, many of the fibers became
orientated in the same pattern. Consequentially, the cracks formed parallel to the fiber alignment
because of the lack of reinforcement oriented perpendicular to the crack. The fly ash samples tended to
have a mome lopsided shape and propagated in a mone clustered mannet.

For the standard desiccation test only the A EF results were recorded for each chronologic digital
image due to crack propagation not ccourting at Toom temperatures during the first eight hours of the
esting process. The final crack count, Wepy, aned Weer weme ecorded at the 24-hour mark

The crack count was recorded in order to quantitatively analyze the crack network morphology.
The resulks from the standard desiccation test can be seen in Figure 6. The figure shows that aside from
adding the gelatin-based bioplastic, the soil additives did not materially affect the total number of
crack segments afler 24 h of drying at room temperature. Both samples that included fly ash developed
an additional crack segment over the untreated soil.
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The crack count data for the accelerated desiccation test can be seen in Figure 7. The figure shows
that in the first drying cycle (Figure 7a), no cracks developed in the samples mixed with the bioplastic
and with the carpet fibers only. In the samples where cracks did develop, they generally appeared
betw ean the 15 and 30-min marks. After the rew etting process (Figume 7h), the bioplastic-improved soil
samiple was the only sample that did not develop any desiceation cracks. Each of the other additives
developed mome cracks than the base soil at the end of the second drying oycle After rewetting,
the: timing of crack formation wvaried to a much greater degree with the plain soil cracking after 15 min,
the fiber-aided soil cracking after 30 min, the fly ash sample developing cracks at the 45-minute mark,
and the hybrid additive preventing cracking up until 75 min after rew etting occurred.
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Figure 7. Development of the desiccation cracks in the acelerated test (a) first doying cycle; (b) second

drying cyche

The Wy was calculated so that each soil improvement method's ability in solely reducing crack
growth could be examined. The effect of the difierent soil improvement type on l:hewq for the
standard desiccation test can be seen in Figure 5. Ttlamgemﬂkwidﬂlafbrﬂh for the base soil was
found to be 1.59 mm. The samplewith fiy ash showed almost no improvement over the plain specimnen.
The samples improved with only carpet fibers and the carpet fibers-fly ash combination developed
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cracks with smaller average widths of approximately 0.9 mm at the end of esting. The sample with the
bioplastic had no average crack width as it did not develop cracks during the standard desiccation test.
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Figure 8. Average crack width of soils under standard desiccation best at 24-hour mark.

The affect of different soil improvemant types on the @y, for the accelerated desiccation test is
depicted in Figure 9 The average crack width at the end of the wetting and drying process for the
base s0il was found to be 1.54 mm (Figure 9b). The samples with fly ash and carpet fibers showed
almost no improvement in comparison with the non-treated soil. The samiples with carpet fibers-fly
ash combination developed cracks with smaller average widths at the termination point. The sample
with the bioplastic did not develop cracks during the test and therefore had no average crack width.
It is worth noting that the crack width after rewetting was assumed to be zero. Though some soil
damage can be observed, the full depth cracks wem not present at the time. In addition, in some me
periods, the average crack width was shown to decrease. This was not due to the cracks shrinking, but
as a result of the image processing softwarme reading darker, wet spots in the s0il near the cracks as
parts of the actual crack. As the soil dried out more, the wet spots disappeared, causing the cracks to
appear to be narrowing.
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Figure 9. The effect of the soil imprinrement type on the development of the average crack width, Wgy
in the accelerated test (a) firsst drying cycle; (b) second drying oycle.
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The effect of the different soil improvement types on the maximum crack width, Uy for the
standard desiccation st can be seen in Figure 10 The reasons for finding the maximum crack width in
each sample were twofold. First, the wider cracks have a greater potential to cause stroctural damage,
meaning the maximum crack width represents the greatest polential for failume. Second, it provides
context for the average crack results. For example, the fly ash sample possessed a wimy similar to that
of the untreated soil, however, the Wy, ., of the fly ach was approximately 2 mm greater than the base
soil. This suggests that the fiy ash most likely had a segment with an abnormally large crack with the
memainder of the cracks being narrower than the cracks in the base soil. The madmum crack width at
the erwd of the test for the base soil was found tobe 411 mmn. The samyple with fly ash developed a
crack system with a wider maximum crack width than the base clay (6.32 mm). The samples with just
carpet fibers and the carpet fibers plus fly ash developed cracks with significantly smaller maximum
widths of approximately 2.08 mm and 238 mm, mespectively, at the end of esting. Again, the sample
treated with the pelatin-based bioplastic never cracked during the desiccation test

T0

mBase wFibers wFly Ash ®mFibers+Fly Ash  mBioplastic
Soil Additive

Fiﬁu-:m meﬂdﬁm{ﬁw&mﬂpﬁmﬁtmLMEﬂwﬂthhﬂﬂf
24h mark.

The maximum crack widths over both drying oycles for each soil improvement type ame shown in
Figure 11. Each of the additives ieduced the maximum crack width at the end of the testing process in
comparison to the base soil but to varying degrees. Again, the sample with the gelatin-based bioplastic
exhibited no changes and o cracking occurred. The samples with each of the fly ash only and the
mecycled carpet fiber showed approsddmately the same level of maximum crack width reduction, while
the sarnple with the combined additives provided further crack reduction. In the second cyele, the plain
s0il's maximum crack width exhibited the same soil drying phenomenon that affected the average
crack width results and led to the appearance of crack narmowing,
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The ARF parameter was introduced to quantitatively measure the efiectiveness of each soil
improvement technique in reducing desiocation cracking as well as the overall soil shrinkage.
The efficacy of the mespective additives for the standard desiccation test can be seen in Figure 12,
The figume shows that the base material exhibits the greatest A RF and the bioplastic exhibits virtually
no shrinkape and did not crack after 24 h. Even though no cracks developed in any specimens until
the 24-h mark, the samples still had A RF values due to lateral shrinkage of the samples befome cracking,.
By analyzing the images, it was determined that the variations in the short-term were caused by
discoloration in the clay surface as a result of uneven drying.
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Figume 12, The effect of the diflerent s0il improvement type on the development of the ARF in the

standard desiccation st

For the acoelerated desiccation test, the results from before and after the mewetting process were
analyzed. The ARF data for both the initial drying cyde and the drying cyce after rewetting are
displayed in Figure 12 a and b, respectively. The results showed that the samples including the fy
ash provided little improvement when exposed to higher temperatures. Again, the sample mibed
with the gelatin-based bioplastics showed no change in the surface area even when exposed to
higher temperatunes.
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Figuee 13. The effect of the soil improv ement type on the ARF in the accelerated st (a) first drying
cyche; (b) second dinying oycle.
4 Conclusions

The main aim of this research is the development of novel, eco-friendly soil improvement
echniques and the irvestigation of their efiect on the desiccation cracking behavior. In particular, three
different sustainable soil improvement types wene investigated, namely, fibers, bioplastics, and fly ash,
along with a fly ash-fiber hybrid. The effect on the cohesive soils” crack resistance from the addition of
a bioplastic and recycled carpet fibers were examined for the first ime. In addition, the effectiveness of
the echniques for crack resistance weme examined at different emperatures and when subjected to
cyclic wetting and drying for the first time.

A qualitative analysis was conducted by analyzing the geometric characteristics of the cracking
patterns im the plain and sustainably improved soil samples. It was completed using an original code
powened by MATLAB's image analysis software before performing image matrix operations in VBA
program. MATLAB's image processing softwane proved to be a powerful tool in quantifying the
2D cracking behavior of the clay soils. By converting photos of the clay samples into representative
matrices, each sample’s crack geometry could be quickly and accurately attained This is a vast
improvement over the ime consuming, ecpensive, and mostly inaccurate manual methods that have
been employed to measure cracking behavior.

The ARF provided a comparative measurernent that incorporated surface area change due to
cracking as well as global shrinkage of the clay samples The average crack width and maximum crack
width data further described the crack geometry and each improvement techniques’ effectiveness in
redudng the scope of desiccation cracking. The bioplastic proved to be the most effective technique,
completely preventing cracking and surface area reduction at room temperature, elevated emperatures
and when subjected to a wetting and drying cycle. The fly ash treatment was able to reduce the width of
the cracks when subjecied to increased Eemperature buk supplied little improvement over the unireated
soil in terms of the total surface area reduction. Conversely, when dried slowly at room temnperature,
the same eatment technique yieldsd wider cracks than the base soil, but did show a 257% improvemsnt
in terms of ARF. The fiber-meinforced samples showed a sustained decrease in the crack size in each
scenario, except for when the sample was being dried a second time after the mwetting process. At that
point, the fiber-reinforced soil showed little improvement in minimizing the crack size, but still reduced
ARF by 80rth. The sample treated by the fiber-fly ash combination significantly decreased the size of
cracks in all scenarios. Howewer, this meatment showed little improvement over the base soil when
subjected to a higher emperature with regards to the ARF. In addition, the combination fared worse
than the soil eated solely by fibers. The behavior of the fly ash reated samples and the combined
samiple suggests that fiy ash loses its effectivensss when subjected to higher tennpera ures.
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The results induded in this paper are part of a larger research project examining the viability
of nowel sustainable sodl improvement techniques. Moving forward, more research into sustainable
desiccation crack reduction is warranted. Based on the success in this investigation, other recyded
fibers should be studied to determine their viability. Due to the bioplastic's overwhelming performance

as a crack propagation reducer, biopolymers that behave similarly to the bioplastic, such as guar gum
and xanthan gum, should be closaly examined as potential solutions to desiccation cracking,
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APPENDIX B - MATLAB CODES

B.1 HYDRAULIC MODEL

m = 31;

p=m-1;

L = 3; % [cm]

ga = -.0925; % [cm/h] From Flux Calcs

hb = -0.0001; % [cm] From Measured Values
dz = L/p; % space increment [cm]

dt = 1.0/12; % time increment [h]

endtime = 6; % [h]

% Assign initial values for pressure head and water content

h = hb*ones(m,1);

thetainit = Reten(h);

% Vector of times at which pressure heads will be saved. The elements of
% "times" must be multiples of dt.

times = (1/12)*(0:72);

% Preallocate column vectors for h* and the coefficients a-sub-i, b-sub-i
hstar = NaN(m, 1) ;

a = NaN(m,1);

b = NaN(m,1);

% Preallocate matrices for saving results at the times in "times"
headresults = NaN(m, length (times));

thetaresults = NaN(m, length (times));

masserr = NaN(1l,length(times));

Create square matrix A and column vector B with zero entries
= zeros(m);

= zeros(m,1);

dz*(1l:m)'-dz/2; % Column vector of depths

0; % Set time for first pass through while loop

= 1; % Initialize counter

fluxsum = 0; % Initialize variable used for summing flux at z=L
% Begin stepping in time

while (t-endtime) <= sqgrt (eps)

for 3 = 1:2

if ==

% Create vectors of K and C values for first step

K = Cond(h);

C = SpecCap (h);

else

% Create vectors of K and C values for second step

K = 0.5*(Cond (h)+ Cond (hstar)) ;

C = 0.5*(SpecCap (h)+ SpecCap (hstar)):;

Lt N o oo
Il

% Calculate coefficients a-sub-i and b-sub-i

a(2:m) = dt*(K(l:m-1) + K(2:m))./(2*dz"2*C(2:m)) ;
b(l:m-1) = dt*(K(1l:m-1) + K(2:m)) ./ (2*dz"2*C(1l:m-1));
b(m) = dt*K(m)/ (dz"2*C(m)) ;

% Solve system of m linear equations

A(l,1) =2 + b(l);

A(l,2) = -b(1);

B(l) = (2-b(1))*h(1l) + b(l)*h(2) - 2*dz*b(l) + 2*dt*ga/(dz*C(1));
for i = 2:m-1

A(i,i-1) = -a(di);

A(i,1) = 2 + a(i) + b(i);

A(i,i+1) = -b(1);



B(i) = (2-a(i)- b(1))*h(i) + a(i)*h(i-1) + b(i)*h(i+l)...
+ 2*dz* (a(i)-b(1));

end
% Summation for calculation of mass balance error

fluxsum = fluxsum + K(m);

% Commands executed at times specified in the vector "times"

if any(abs(times-t) <= sqgrt(eps))

% Write h and theta results to "headresults" and "thetaresults"
headresults(:,M) = h;

thetaresults(:,M) = Reten(h);

% Mass balance calculations

calcmass = dz* (sum(thetainit-thetaresults(:,M)));

truemass = dt*fluxsum - ga*t;

masserr (M) = 100*abs ((truemass-calcmass)/truemass);

M =M+ 1; $ Increment counter

end

t =t + dt; % Increment time for next pass through while loop
end

thetaresults=thetaresults/1.3;%convert to gravimetric water content

B.1.1 HYDRAULIC CONDUCTIVITY SUBMODEL

function Result = Cond(h)

Function for calculating a vector of hydraulic conducitivities [cm/hr]
from a vector of pressure heads [cm]. The conductivity function is from
Eg. [9] of van Genuchten (1980).

Ksat = (107-5)*3600; % [cm/hr]

alpha = 0.008478; % [1/cm]

ThetaSat = 0.77;

ThetaRes = 0;

n = 1.422686;

m=1- 1/n;

ah = abs(alpha*h);

Result = Ksat * (1 - ah.”(n-1).*(1l+ah.”n).”(-m)).”2./(1+ah.”n) .~ (m/2);

o° oo

oe

B.1.2 WATER CONTENT SUBMODEL

function Result = Reten (h)

¢m = 1 - 1/n;

alpha = 0.008478; % [1/cm]

ThetaSat = 0.77;

ThetaRes = 0;

n = 1.422686;

m=1 - 1/n;

Result = ThetaRes + (ThetaSat-ThetaRes)./ (1 + abs(alpha*h).”n)."m;

B.1.3 SPECIFIC WATER CAPACITY SUBMODEL
function Result = SpecCap (h)
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Function for calculating a vector of specific water capacities [1/cm]
from a vector of pressure heads [cm]. The specific capacity function was
obtained by differentiating the water retention function in Eqg. [2] and
[3] of van Genuchten (1980).

alpha = 0.008478; % [1/cm]

ThetaSat = 0.77;

ThetaRes = 0;

n = 1.422686;

m=1- 1/n;

ah = abs(alpha*h);

Result = n*m*alpha* ( ThetaSat-ThetaRes)*ah.” (n-1)./(1 + ah.”n).”(m+1);

o oo

o

B.2 UNTREATED SOIL MECHANICAL MODEL
w=thetaresults;%Create Water Content Matrix
r0=85; %Total radius in mm
rit=r0+1;
v=.3; %Poisson Ratio
n=numel (times) ; $Set number of water content values
hO = L*10+1; % depth in mm
EdgeBreaktime=0;
CrackBreaktime=0;
d = 30; %sample depth in mm
wcrit=0;
wedge=0;
alpha = .1774; % hydric constant
for i = 1:n %Time Iterations
for r = 1:rit %Radius Iterations
for h = 1:h0 %Depth Iterations
sigma t(h,1)=1000*165.28*exp(-8.6*w(h,1)); % Tensile Strength of
Soil
tau(h,1)=1000*(3.154+(-2.85/(1+(.062* (100*w(h,1))"7.5)))) ;% Shear
strength of Soil
Adhesion(h,i)=tau(h,i)*0.25;% Clay-Mold Wall Adhesion
wi=w(30,1);

E(h,i) = 30000000* (10%6) * ((100*w(h,1))"-5.26);%Young's Modulus
Calculations (Pa)
if 1 ==
e shrink(h,i) = 0;
else
e shrink(h,i) = alpha *( wi-w(h,1i)); % Shrinkage Strain
Calculation
end

sigma r(h,r,i) = abs((E(h,1i)/(1-v))*e shrink(h,i)); S%radial
stress Calculation (Pa)
if sigma r(h,r,i) > Adhesion(h,i) % Check wall Crack
if EdgeBreaktime ==
EdgeBreaktime=(i-1) *5
ei=i;
end
if wedge==
wedge= w(h,1i)
sedge=suction (1)
end
sigma r(h,r,i) = tau(h,i)*(2+v)* ((r0)-((r-1)))/(3*d); %radial
stress Calculation (Pa)



sigma theta(h,r,1i) = (tau(h,i) * (((2+v)*(x0))- ((1+ v)*((r-

1)))))/(3*d); %Angular stress Calculation (Pa)
Ur(h,r,i) = min(0, ((sigma_theta(h,r,i)*((r-1))*(1-
v)/(E(h,i)))—((r—l)*e_shrink(h,i))));% Displacement in mm Calculation
else

sigma theta(h,r,i)=sigma r(h,r,1i); %Angular stress
Calculation (Pa)
Ur(h,r,1)=0;% Displacement Calculation (mm)
end
if sigma_theta(h,r,i)> sigma t(h,i) % Check if Cracking Occurs
if wcrit==
wcrit= w(h,1i)
scrit=suction (i)
end
if CrackBreaktime ==
CrackBreaktime=(i-1)*5
ci=i;
end
Depth = h-1;
end
end
end
end

B.30.5% FIBER MECHANICAL MODEL
w=thetaresults;%Create Water Content Matrix

r0=85; %Total radius in mm

rit=r0+1;

v=.3; %Poisson Ratio

n=numel (times) ; $Set number of water content values
hO = L*10+1; % depth in mm

EdgeBreaktime=0;

CrackBreaktime=0;

d = 30; %sample depth in mm

wcrit=0;
wedge=0;
alpha = .1934; % hydric constant
Fiber Content=.5;
for i = 1:n %Time Iterations
for r = 1l:rit %SRadius Iterations
for h = 1:h0 %Depth Iterations
sigma t(h,1)=1000*165.28%exp(-8.6*w(h,1i)); % Tensile Strength of
Soil

sigma_ t(h,i)=Fiber Content*1632+sigma t(h,1i);

tau(h,1)=1000*(3.15+(-2.85/(1+(.062* (100*w(h,1))"7.5)))) ;% Shear
strength of Soil

Adhesion(h,i)=tau(h,i)*0.25;% Clay-Mold Wall Adhesion

wi=w(30,1);

E(h,i) = 30000000* (10%6) * ((100*w(h,i))"-5.26);%Young's Modulus
Calculations (Pa)
if 1 ==
e shrink(h,i) = 0;
else
e shrink(h,i) = alpha *( wi-w(h,1)); % Shrinkage Strain
Calculation
end
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sigma r(h,r,i) = abs((E(h,1)/(1-v))*e shrink(h,i)); Sradial
stress Calculation (Pa)
if sigma r(h,r,i) > Adhesion(h,i) % Check wall Crack
if EdgeBreaktime ==
EdgeBreaktime=(i-1) *5
ei=i;
end
if wedge==
wedge= w(h,1i)
sedge=suction (1)

end

sigma r(h,r,i) = tau(h,i)*(2+v)* ((r0)-((r-1)))/(3*d); %radial
stress Calculation (Pa)

sigma theta(h,r,i) = (tau(h,i) * (((2+v)*(x0))- ((1+ v)*((r-
1)))))/(3*d); %Angular stress Calculation (Pa)

Ur(h,r,i) = min(0, ((sigma_theta(h,r,i)*((r-1))*(1-
v)/(E(h,1i)))-((r-1)*e shrink(h,1i))));% Displacement in mm Calculation

else
sigma theta(h,r,i)=sigma r(h,r,1i); %Angular stress
Calculation (Pa)
Ur (h,r,1)=0;% Displacement Calculation (mm)
end
if sigma theta(h,r,i)> sigma t(h,i) % Check if Cracking Occurs
if wcrit==
wcrit= w(h,1i)
scrit=suction (i)
end
if CrackBreaktime ==
CrackBreaktime=(i-1) *5
ci=i;
end
Depth = h;
end
end
end
end

B.4 2% FIBER SOIL MECHANICAL MODEL
w=thetaresults;%Create Water Content Matrix

r0=85; %$Total radius in mm

rit=r0+1;

v=.3; %Poisson Ratio

n=numel (times) ; $Set number of water content wvalues
hO = L*10+1; % depth in mm

EdgeBreaktime=0;

CrackBreaktime=0;

d = 30; %sample depth in mm

wcrit=0;
wedge=0;
Fiber Content=.5;
alpha = .2665; % hydric constant
for i = 1:n %$Time Iterations
for r = 1l:rit %Radius Iterations
for h = 1:h0 %Depth Iterations
sigma t(h,1)=1000*4446*exp(-8.6*w(h,1)); % Tensile Strength of
Soil
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sigma t(h,i)=Fiber Content*1*1632+sigma t(h,1i);

tau(h,1)=1000*(3.15+(-2.85/(1+(.062*(100*w(h,1))"7.5)))) ;% Shear
strength of Soil

Adhesion(h,i)=tau(h,1)*0.25;% Clay-Mold Wall Adhesion

wi=w(30,1);

E(h,i) = 30000000* (10%6) * ((100*w(h,1))"-5.26);%Young's Modulus
Calculations (Pa)
if 1 ==
e shrink(h,i) = 0;
else
e shrink(h,i) = alpha *( wi-w(h,1)); % Shrinkage Strain
Calculation
end
sigma r(h,r,i) = abs((E(h,1i)/(1-v))*e shrink(h,i)); %radial

stress Calculation (Pa)
if sigma r(h,r,i) > Adhesion(h,i) % Check wall Crack

if EdgeBreaktime ==
EdgeBreaktime=(i-1) *5
ei=i;

end

if wedge==
wedge= w(h, 1)
sedge=suction (i)

end

sigma r(h,r,i) = tau(h,i)*(2+v)*((x0)-((r-1)))/(3*d); Sradial
stress Calculation (Pa)

sigma_theta(h,r,1i) = (tau(h,i) * (((2+v)*(x0))- ((1+ v)*((r-
1)))))/(3*d); %Angular stress Calculation (Pa)

Ur(h,r,i) = min(0, ((sigma_theta(h,r,i)*((r-1))*(1-
v)/(E(h,1i)))-((r-1)*e shrink(h,1i))));% Displacement in mm Calculation

else

sigma theta(h,r,i)=sigma r(h,r,1i); %Angular stress
Calculation (Pa)
Ur(h,r,1)=0;% Displacement Calculation (mm)
end
if sigma theta(h,r,i)> sigma t(h,i) % Check if Cracking Occurs
if wecrit==
wcrit= w(h,1i)
scrit=suction (i)
end
if CrackBreaktime ==
CrackBreaktime=(i-1) *5
ci=i;
end
end
end
end
end

B.5 XANTHAN GUM SOIL MECHANICAL MODEL
w=thetaresults; %Create Water Content Matrix

r0=85; %Total radius in mm

rit=r0+1;

v=.3; %Poisson Ratio

n=numel (times) ; $Set number of water content wvalues
hO0 = L*10+1; % depth in mm
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EdgeBreaktime=0;
CrackBreaktime=0;
d = 30; %sample depth in mm

wcrit=0;
wedge=0;
alpha = .1774; % hydric constant

7 ’
for i = 1:n %Time Iterations
= l:rit %Radius Iterations
for h = 1:h0 %Depth Iterations
sigma t(h,1)=1000*347.84*%exp(-8.6*w(h,1)); % Tensile Strength of
Soil
tau(h,1)=20000* (3.15+(-2.85/(1+(.062* ((100*w(h,1))"7.5))))):%
Shear strength of Soil
Adhesion(h,i)=tau(h,1)*20;% Clay-Mold Wall Adhesion
wi=w(30,1);

E(h,i) = 56880000*(10%6) * ((100*w(h,i))"-5.26);%Young's Modulus
Calculations (Pa)
if 1 ==
e shrink(h,i) = 0;
else
e shrink(h,i) = alpha *( wi-w(h,1i)); % Shrinkage Strain
Calculation
end
sigma r(h,r,i) = abs((E(h,1i)/(1-v))*e shrink(h,i)); %radial

stress Calculation (Pa)
if sigma r(h,r,i) > Adhesion(h,i) % Check wall Crack

if EdgeBreaktime ==
EdgeBreaktime=(i-1) *5
ei=i;

end

if wedge==
wedge= w(h,1i)
sedge=suction (i)

end

sigma r(h,r,i) = tau(h,i)*(2+v)*((x0)-((r-1)))/(3*d); Sradial
stress Calculation (Pa)

sigma theta(h,r,i) = (tau(h,i) * (((2+v)*(x0))- ((1+ v)*((r-
1)))))/(3*d); %Angular stress Calculation (Pa)

Ur(h,r,i) = min(0, ((sigma_theta(h,r,i)*((r-1))*(1-
v)/(E(h,1i)))-((r-1)*e shrink(h,1i))));% Displacement in mm Calculation

else

sigma theta(h,r,i)=sigma r(h,r,1i); %Angular stress
Calculation (Pa)
Ur(h,r,1)=0;% Displacement Calculation (mm)
end
if sigma theta(h,r,i)> sigma t(h,i) % Check if Cracking Occurs
if wcrit==
wcrit= w(h,1i)
scrit=suction (i)
end
if CrackBreaktime ==
CrackBreaktime=(i-1) *5
ci=i;
end
Depth = h;
end
end
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end

end
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APPENDIX C - DETAILED HYDRAULIC MODELING

2At
2+ bR — biR, = (2 — bY)R™ + bIhD — 2Azb; + [ e
AzC™H
1

Equation C-1

~aihi_y + 2+ b +aDhi = bihisy = (2= aj = bR} + aihiLy + bk, — 282(aj = b))

Equation C-2

—a R+ 2+ @R = (2 — ay)hY + alyh™_y + 20z(a, — bly)

Equation C-3



2Atq,

(2 + BPPORPH — BRI = (2 — BPFORT + bPIRE — 202b] +

AzC, 2
Equation C-4
n+1hn+1 + (2 + bn+1 + an+1)hn+1 bn+1h{l++11
=2- a?“ bn+1)hn + an+1hn L+ b"+1hl+1 _ ZAZ(a?“ _ bin+1)
i=23,...m-1
Equation C-5

n+1hn+11 + (2 + a;in+1)hn+1 — (2 n+1)hn + an+1hn 1 + 2AZ((1n+1 b#l+1)

Equation C-6

o= At(K*, + K" . _At(K + K )
l 2(Az)2Ct i bi 2(Az)2Ch

Equation C-7
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L A(KEL KD

;= ;1=2,3, ...,

%= 20 m

Equation C-8
At(K" + Kiy 1)

[ = ;i=12,..,m—-1

LT 200 m
Equation C-9

At(KD)

m = 2(Az)2Ch’

Equation C-10

al*! = 1i=23,...,m
2(82)%C] 2
Equation C-11
1 1
At(K 2+ K2
bt = l Hoi=12,.,m—1

2(82)%C, 7

Equation C-12
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Juy

n+s
At(K,, %)

n+1 _
byt =

1
2(A2)2C. 2

Equation C-13

Tl+% _ Kl:n + Ki* ] Tl+% ClTl + Ci*

Ki 2 '} 2
Equation C-14
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