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Abstract

This dissertation aims to understand the physics of geomaterials under different load-

ing rates, employing a combination of experimental analysis and theoretical modeling.

After obtaining a comprehensive understanding of geophysics, the objective shifts to

exploring methods for enhancing the mechanical properties of materials to mitigate

or prevent structural failures.

One particular focus in experimental studies is placed on understanding the phe-

nomenon of desiccation, where the volumetric shrinkage rate of the geomaterial can

be manipulated by adjusting atmospheric conditions. The experimental results from

desiccation tests, supported by triaxial tests, reveal that the behavior of geomate-

rials is dependent on the loading rate, indicating a rate-dependent response. This

observation highlights the need to consider viscoplasticity in the mechanical analysis

of these geomaterials. Subsequently, a theoretical mathematical model incorporating

viscoplasticity is utilized to describe the stress distribution within the geomaterial.

By comparing the predicted locations and the number of stress singularities obtained

from the model with the observed locations and the number of cracks in desicca-

tion tests conducted under controlled atmospheric conditions, the effectiveness of the

model in capturing the mechanical behavior of the geomaterial is assessed.
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Once the mechanical behavior is understood and the corresponding theoretical

model is validated, modifications in soil properties can be achieved through adjust-

ments to viscosity. Initially, increasing the viscosity results in the formation of more

cracks with narrower spacing. However, as viscosity continues to increase, it eventu-

ally leads to the complete prevention of failure. Desiccation experiments containing

fluids with varying viscosities were conducted to validate the predicted failure pattern.

The experimental results align with the theoretical predictions, providing confirma-

tion of the anticipated behavior.

During desiccation tests conducted on amended soil samples, it was observed that

crack development was mitigated, indicating that cracks initially appeared but re-

mained suspended during the dehydration process. Due to the complexity of solving

time-dependent partial differential equations with shifting boundary conditions, cap-

illary experiments were introduced to provide insights into the force development

within soil particles with the loss of water. The morphology and force development

from capillary tests revealed distinct outcomes during dehydration: in the capillary

system with distilled water and low viscosity fluid, a rapid force reduction (drop to

zero) occurred as the capillary bridges broke, while the presence of high viscosity fluid

resulted in a rebound followed by a high attraction force due to bonding formation

in the capillary system.
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In all, this dissertation offers a novel perspective on describing soil behavior and

provides a micro scale explanation of force development in soil dehydration.
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Chapter 1

Introduction

1.1 Desiccation Process

Desiccation is a natural dehydration process commonly observed in a variety of mate-

rials and influenced by environmental conditions, including temperature and relative

humidity. As temperature rises and relative humidity decreases, evaporation rates

increase, leading to accelerated crack formation [RSLL07].

The dehydration process, characterized by the loss of water, can result in volume

shrinkage and has the potential to trigger serious consequences such as nuclear waste

leakage and dam failure [GCVR10, PZ12]. The modification of hydrologic conditions

in geomaterials caused by desiccation, coupled with the creation of new water path-

ways, can lead to rapid soil erosion during wet-dry cycles, posing a significant threat to

environmental ecology [ZTC+20]. Furthermore, desiccation not only has implications

in geotechnical engineering disasters but also affects the integrity of surfaces such as

house decoration paintings and automotive paint, which exhibit similar patterns of

cracking to those observed in soil.

Despite its drawbacks, the formation of desiccation cracks can offer valuable in-

sights into the historical hydraulic development, making it a useful tool in planetary

studies for determining the presence of water [EMWY+15]. Recent verification of past

water existence on Mars has been accomplished through surface images captured by

the Zhurong rover shown in Fig 1.1, where the distinct patterns of cracking caused

by desiccation are found[QRW+23].
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Figure 1.1: Surface images of typical desiccation cracks.(a) Cracks in a National
Wetland Park in Lop Nur, China;(b) and (c) Cracks on Mars surface taken by Zhurong
rover [QRW+23].
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Understanding the mechanics of (geo)materials during desiccation is essential for

preventing or mitigating shrinkage and subsequent failures. It also plays a crucial role

in providing theoretical explanations for the information obtained from the observed

failure patterns. However, to the best of the author’s knowledge, the current under-

standing of this field is limited, and further research and exploration are necessary to

advance the knowledge of the mechanics involved in desiccation-induced failures.

1.2 Type of Failure

The failure of geomaterial structures due to desiccation is a complex phenomenon

influenced by various factors, including material properties such as mineralogy and

porosity, as well as external conditions like relative humidity and temperature [SJ82,

TSL+08, OTB96, TCTS10, US13, NK06]. In an attempt to describe soil failures,

different theoretical models have been proposed.

The application of energy-based fracture mechanics, considering the interplay be-

tween dissipation and surface energy, has been proposed in the study of soil fractures[PLL+08].

Griffith’s theory in fracture mechanics serves as the basis for an ideal linear elas-

tic fracture model (LEFM), commonly employed to describe fracture generation in

soil[Gri24, KA97, HN01]. Hallett emphasized that LEFM can predict deformation

and strength in ideal brittle and linear elastic soil[HDS95]. When LEFM is applied

to the problem of soil desiccation, it has several shortcomings, including lacking the

information to predict the crack patterns, predicting a crack propagation velocity of

the order of the speed of elastic sound, and assuming that the soil material is linear

elastic until failure. The latter has been pointed out repeatedly since the plastic-

ity of the wet soil is essential and must be included in the deformation mechanisms

[HH93, Hal96]
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To address these shortcomings, Hallett incorporated elastoplastic mechanics into

the energy-based model by dividing the total energy into reversible and irreversible

components, offering a physical explanation for the crack generation[HN05]. However,

the impact of desiccation, specifically shrinkage and the decrease in water content, is

isolated in the elastoplastic model.

Meanwhile, instead of focusing on the energy changes, stress-strength models have

also been introduced in desiccation cracks. Tensile failure is a widely accepted type

of stress-controlled failure in desiccation cracks, occurring when the effective tensile

stress exceeds the tensile strength [TZC+21]. Three origins likely caused the ex-

ceedance of effective stress to the tensile strength, including the friction caused by

boundary conditions, stress concentration inside the geomaterials, and inhomogeneous

structure [Hue92, PHLH09].

One advantage of stress models is their ability to correlate stress changes with

variations in water content. During the dehydration process, suction is associated with

water content (or saturation) and is described by the soil water characteristic curve.

The tensile strength, measured using a direct tensile apparatus, exhibits an inverse

relationship with water content: it increases as water content decreases[LTC+19].

Using the water content as an intermediary, there exists a simple linear relationship

between suction and tensile strength [TJZO12].

In the stress model, the effective stress (or total stress when suction can be deter-

mined) is the only remaining unknown component. The effective stress is determined

by the total stress and pore pressure (suction in this thesis) or calculation using spe-

cific mechanical relationships based on strain maps [MGW92, LVK+22]. And the

distribution of peak effective stress is observed as the location of cracks in the geoma-

terials, which is not randomly distributed but follows a specific spatial arrangement

[ZZQ+18].
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1.3 Experimental Methodology

Various types of experiments were utilized to provide experimental validation for the

theoretical models. Based on their objectives, these tests can be categorized into field

tests and controlled-condition laboratory tests.

In the field test investigating large-scale desiccation cracks, the Brillouin optical

time domain reflectometry technique has been widely applied. This technique uses

sensors to provide reliable data, enabling the determination of crack locations and

quantification of their numbers in the monitoring of practical construction[LZW+18].

Additionally, the fiber Bragg grating technique has gained popularity in monitor-

ing various geotechnical failures, including landslides, dam leakage, and pavement

fracture[ZSZ17, WEB02, SEG00]. Moving to a much larger scale, ground-penetrating

radar (GPR) has been utilized to assess the water content of soil by analyzing the di-

verse reflections of electromagnetic waves corresponding to various soil properties[HHRA03,

SCJ09, KJL+18]. These field experiments have been serviced for civil engineering for

a long period. Due to limitations in controlling and manipulating conditions in the

field, laboratory setups are necessary to investigate and uncover the mechanics of

soil dehydration. By conducting controlled laboratory experiments, researchers can

create controlled environments and correlate isolated factors to soil behavior during

dehydration.

The laboratory experiments encompass a range of facility setups and data record-

ing methods. During the setup stages, researchers commonly use atmospheric cham-

bers to control conditions such as relative humidity and temperature[AKC11, LPCLV18,

Ral19]. The choice of the basal platform and the dimensions of the soil samples are

dependent on the specific objectives of the experiment. Researchers have noted that

the roughness of the basal platform has an impact on crack development, with rougher

5



bases generally leading to a higher occurrence of cracks. Furthermore, the crack ratio

is influenced by the geometry of samples, such as the thickness, length, and width

of the soil samples[PLL+08, LPCLV18]. These results about visible cracks in soil

samples are typically captured and analyzed using digital cameras.

However, to investigate the inner deformation and changes that are not easily vis-

ible, researchers employ higher-resolution imaging techniques such as scanned elec-

tron microscopy and X-ray tomography[SA15, SZK15, MDM+04]. Additionally, tech-

niques like mercury intrusion porosimetry and electrical resistivity tomography are

utilized to assess changes in the properties of the geomaterials, providing insights

into factors such as pore structure, permeability, and electrical conductivity[JZS12,

ATC+20, RS08]. These methodologies facilitate the investigation of localized mineral-

ogy and heterogeneities, providing microscopic and nanoscale insights. Nevertheless,

there is still a gap in the literature between the micro and macro scale.

Simulation has emerged as a valuable tool for bridging the gap between two-

scale crack characterization. With the help of peridynamics, the stress distribution,

initiation, and propagation of the crack were correctly captured in the modeling

compared to experimental results[YJS23]. Another method, the discrete element

method, shows the ability to correlate the cracking initiation and evolution with

the water content[SJZ14]. Moreover, the volume changes caused by shrinkage are

described by the finite element method considering damage-elastic cohesive fracture

law to explain the appearance of failures [VPHT17]. Overall, the key focus lies in

determining the governing equations that accurately capture geomechanics, which

needs further exploration.
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1.4 Enhancements on Geomaterials

The formation of cracks results in an increase in permeability and generates unde-

sired void volume, thereby altering the mechanical and hydraulic properties. The

internal components, such as soil admixture materials, possess the potential to adjust

the tensile strength[ATDE+16, KKRK05, VZT+20]. Given the challenges associated

with controlling external atmospheric conditions in practical applications, there is an

increasing interest in exploring economically viable and environmentally sustainable

admixture treatments to enhance resistance and mitigate desiccation cracks.

Chemical additives have long been employed as a traditional method for stabilizing

soils[UBJ90, ZF00]. Fly ash, a waste product, has garnered significant attention as a

solid matrix filler and cementing agent in soil enhancement research[KKRK05]. The

existence of fly ash leads to time-dependent self-hardening, decreasing the swelling po-

tential. Lime or Calcium Oxide, another commonly used material, is widely employed

to modify the swell potential of soils[ATDE+16]. The addition of lime causes cation

exchanges and agglomeration, resulting in the formation of small assemblies of geoma-

terial particles and subsequent alterations in the structure of geomaterials[RTR15].

Yet, growing concerns regarding the environmental impact limit the application of

chemical admixtures in specific circumstances.

The historical use of soil-fiber composites by ancient civilizations has inspired

the exploration of natural fibers, such as bamboo, straw, and rice husk, to enhance

the mechanical properties of soils. Research has shown that incorporating bamboo

into geomaterials enhances stability and reduces deformation in embankments[MO11].

Furthermore, the addition of rice husk and straw has proven effective in delaying

and mitigating crack formation. Natural fibers play a crucial role in enhancing the

physical properties of geomaterials, including strength and stiffness. Their presence

7



also reduces the occurrence of cracks and improves resistance to cracking during

dehydration[ZLLP98, HSAZ12]. This improvement can be attributed to the ability of

fibers to form additional bridges within the solid matrix of the geomaterials, allowing

them to withstand higher levels of stress[TSC+12]

In addition to natural fibers, the use of synthetic fibers such as polypropylene,

polyester, and glass fibers has been explored for reinforcement purposes. The mate-

rials become more ductile with the inclusion of polypropylene from the triaxial test

results[FLZ10]. Higher peak and ultimate strength were found in the mixture of sand

and polyester with an increasing ratio of the synthetic fibers[CMPP02]. Researchers

have also investigated the effect of glass fibers on materials that are made of cement

and sandy silt through unconfined compressive strength and direct shear tests, reveal-

ing that samples containing glass fibers exhibited a more brittle behavior and broke

at smaller displacements compared with untreated materials[Ate16]. It is worth not-

ing that the amended materials exhibit distinct behaviors depending on the type of

fibers used: polypropylene inclusion enhances ductility, while the presence of glass

fibers results in a more brittle response. But the underlying mechanisms remain far

from being comprehensively understood.

With the advancement of bio-materials, researchers have been investigating the

application of microorganisms in soil reinforcement, where one method is microbial-

induced calcite precipitation (MICP) [DMMN10]. During MICP treatment, bacteria

that are attached to soil particles have negatively charged cell walls that capture

calcium ions and facilitate the formation of calcium carbonate in the gaps between

soil particles, resulting in cementation. The MICP amended specimens exhibit the

strain softening behavior from the isotropically consolidated undrained compression

triaxial tests conducted by researchers[DFN06]. Additionally, the MICP treatment

leads to a reduction in permeability in sandy geomaterials due to the formation of a
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crust layer [CSI12]. Nevertheless, it is important to note that the storage of bacteria

for MICP treatment requires strict conditions, and the cultivation process can be

complex.

1.5 Capillary Phenomenon

The force distribution within a soil sample undergoes changes as the water content

varies, especially near critical points such as the air entry point, which disrupts wa-

ter bridges connecting particles at the micro scale [HMEY+14]. When the liquid

saturation is low, the capillary (adhesive) forces within two-sphere and three-sphere

clusters on the micro scale effectively capture the stress alterations in granular mate-

rials [REYR06].

One of the important components that determine the intergranular force is the

surface tension. It can be characterized using the Thomas-Young formula, which

relates the surface tensions at the three-phase contact line between vapor, liquid, and

solid phases:


lv cos � = 
sv � 
ls (1.1)

where 
 is surface tension, � is contact angle and subscripts l; v; s is respectively

liquid, vapor, and solid[You05]. When the surface of solid grains is completely wet,

representing a fully saturated situation, the surface tension only includes the liquid-

vapor component. This is due to the absence of a solid-vapor contact surface, resulting

in a deficiency in the contribution of surface tension from the solid phase[MWSA11].

Another component of the force, the Laplace pressure, is influenced by the ge-

ometry of the capillary bridge. The shape of the bridges undergoes a transition

from convex to concave as the contact angle decreases and passes the critical value
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of 90� . Convex bridges contribute to the repulsion between grains, while concave

bridges denote attraction. The magnitude of attraction can be calculated using the

Young-Laplace equation:

PLap = 
(
1

R1

+
1

R2

) (1.2)

Here, PLap denotes the Laplace pressure, while R1 and R2 represent the principal

radii of curvature. With the surface tension and Laplace pressure, the intergranular

force can be obtained based on the length of the contact line and corresponding area

with principal radii, highlighting the importance of analyzing the geometry changes

of capillary bridges.

In a symmetrical system consisting of two glass grains and distilled water, the for-

mation of capillary bridges exhibits a faster reduction in the gorge radius compared to

the radius of the three-phase contact line [YMSEYH18]. Throughout the evaporation

process, a pinning effect on the contact diameter, which happened at the solid-liquid

contact line, is observed initially as the contact angle decreases. This pinning effect

sustains until the contact diameter reaches a depinning point. Subsequently, the con-

tact angle is continuously either pinned or reversed, leading to the eventual reduction

of the contact diameter to zero [MHY14].

In a more complex unsymmetrical system involving multiple grains and distilled

water, researchers have observed Haines jumps when the movement of capillary

bridges reaches instability points [Hai30, MEYH21]. By manipulating the separa-

tion distance between grains, it becomes possible to control the tightness of the micro

structure, which represents the soil porosity. It has been observed that the energy

released during Haines jumps decreases as the separation distance increases, along

with a higher value of saturation at which the jumps occur [HMEY+14, MEYH21].

Researchers have investigated capillary bridges formed between two glass grains
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using brine, which contains NaCl, as the fluid. These experiments revealed three

stages: the capillary stage, where the bridge experiences shrinkage due to water loss;

the transition regime, where cementation initiates from the contact surface towards

the center; and the final stage, where solid bonds form, and further crystallization

occurs. Failure in this setup was observed to be brittle, without significant plastic

deformation[DSEYR11]. Additionally, high-viscosity fluids led to the formation of

filaments during dehydration, enhancing water retention and delaying air entry by

creating a new solid matrix between particles [BSC+21].

The connection between capillary bridge development and desiccation cracking

presents several gaps that need to be addressed. Firstly, a comprehensive under-

standing of natural particles with fluid is still lacking, involving the consideration of

inhomogeneous geometry configurations and their evolution [HMGV22]. Secondly, to

validate the upscaling from micro to macro scale, incorporating phase changes, it is

necessary to provide both continuum models and physical explanations, which en-

sures the accuracy and reliability of the upscaling process[GRV20]. Additionally, the

inclusion of thermal-chemical reactions in micro scale capillary studies is crucial for

a more comprehensive understanding of the phenomena involved. Addressing these

gaps will contribute to advancing the understanding of capillary bridge development

and its relationship to desiccation cracking, leading to improved mitigation strategies

and practical applications.

1.6 The Structure of the Thesis

In this thesis, the cracks in soil are considered to exhibit ductile behavior rather

than being purely brittle, taking into account the plastic deformation observed in soil

[HN01, AWW89]. The ductility of geomaterials is explored through desiccation exper-
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iments conducted at controlled humidities and triaxial tests. The crack propagation

velocity under different relative humidity conditions is compared to fracture mechan-

ics predictions. It shows that the introduction of viscoplastic (ductile) considerations

stemming from the evaporation and shrinkage rates can predict the pattern of cracks

as the singularities solutions from the Cnoidal wave equation[VRLW14, VRL15].

The digital image correlation (DIC) analysis is introduced to obtain a contin-

uous strain field with the surface images, by which the strain field and the prop-

agation velocity of cracks can be recorded and visualized without soil disruption

[CRS85, FWIA+15]. The reversible deformation follows a linear elastic relationship

with the soil’s Young’s modulus [KR74], while the plastic deformation is described

using a standard power law that considers the strain rate and effective stress, in-

corporating the dilatancy property of the soil [DP52, HG07, VRLW14]. The rate

sensitivity, represented by the power value in the power law, is influenced by the

physical properties of the geomaterials [HG07]. By analyzing the strain maps and

the strain-stress relationship, the stress distribution can be determined and used to

predict ductile soil failure and fracturing.

A critical criterion for validating the theoretical model is the prediction of failure

patterns, which can be obtained by examining the distribution of surface cracks.

Previous studies have shown parallel cracks in long thin layer samples and intersecting

cracks between 90� and 150� in square slabs [PHLH09, KA97, CKS13]. Another

criterion involves the correlation between the observed cracks in experiments and the

number of cracks predicted by theoretical models, which requires further analysis.

Motivated by the agreement between the theoretical crack patterns from the vis-

coplastic model and experimental dehydration tests, controlled atmospheric experi-

ments were conducted on a thin-layer basal constraint platform. These experiments

aimed to obtain parameters and assess the accuracy of the theoretical model proposed
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by [VP21]. By controlling the atmospheric conditions, temperature, and relative

humidity, reference stress and background volumetric strain rates were determined.

Consolidation and triaxial tests provided the consolidation coefficient and rate sensi-

tivity. The parameters obtained from the experiments were then used in the theoret-

ical model to predict the pattern and number of failures, which were compared with

the observed desiccation cracks.

Based on the physical model, various methods of soil enhancement are proposed.

One promising approach involves the use of a biopolymer, specifically Xanthan, which

has demonstrated no known adverse environmental impacts when mixed with soil-

water mixtures [SM19]. The biopolymer-treated soil has been shown in the literature

to demonstrate notable improvements in viscosity and strength, as evidenced by a se-

ries of tests, including unconfined compression strength, direct shear, and permeabil-

ity tests [CMK18, CLZ15]. Furthermore, the addition of Xanthan to the geomaterial

exhibits a reduction in hydraulic conductivity, as reported by [ZMJ+22], attributed

to bio-clogging whereby Xanthan promotes bonding and induces pore-blocking ef-

fects. The effectiveness of Xanthan treatment is confirmed through desiccation tests

conducted on a macro scale, while the stress changes during evaporation of geomate-

rials mixed with high-viscosity fluid are discussed in the context of capillary studies

involving two glass grains.

The structure of the thesis is summarized below:

Chapter 1 provides a literature review, discussing previous research on desicca-

tion cracking, the enhancement of soil properties with various methods, and capillary

bridge development.

Chapter 2 focuses on the explanation of treating geomaterial samples under

dehydration as exhibiting ductile behavior rather than brittle, exploring the visco-

plasticity inside soils.
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Chapter 3 validates the theoretical visco-plasticity model through experimental

parameters by checking the pattern of desiccation cracking.

Chapter 4 delves into the influence of the biopolymer Xanthan gum on geoma-

terials. It discusses the results of both micro scale capillary tests and macro scale

desiccation experiments.

Chapter 5 presents and discusses a novel finding regarding the intergranular

force oscillation observed in the later stage during the formation of Xanthan hydrogel

bonding.

Chapter 6 provides a summary of the thesis and presents the conclusions drawn

from the research conducted.
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Chapter 2

Ductile Cracking in Geomaterials

2.1 Introduction

Ductile deformation is ubiquitously found in the shrinkage of geomaterials. The ex-

istence of ductility requires visco-plasticity mechanics when analyzing the structure

deformation under external stress. In this chapter, an exploration of the physics

of ductile fracturing based on the results from desiccation experiments and triaxial

tests was made. By using the DIC method to generate the strain maps of samples

undergoing desiccation cracking under different relative humidities, results show the

previously postulated Cnoidal Wave ductile failure patterns propagating under atmo-

spheric condition-controlled crack velocities. Then the correlation between these ob-

servations with rate-dependent plasticity models was calibrated through triaxial tests

undergoing several unloading-reloading cycles and velocity stepping. It demonstrates

the necessity to consider ductility in soil cracking, indicating that the formation of

crack patterns in soil desiccation is a slow and predictable process.

2.2 Materials

In this section, the basic physical properties of the material used in the subsequent

tests were measured or calculated. For both campaigns, desiccation tests in an at-

mospheric chamber and triaxial tests, granite powder with an average grain size of

the order of 50 �m, is used to mix with fluid to create silt. The specific gravity, liq-
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uid limit, and plastic limit were measured following the classical soil mechanics tests

[Das13, CLHV23]. The odometer test was conducted to obtain the consolidation co-

efficient of geomaterials. In the consolidation test, five different pressures (54, 107,

214, 429, and 858 Kpa) were applied to the sample. And the value shown in Table

2.1 is selected as the average value of the consolidation coefficient calculated from t90.

To calculate Young’s modulus, shear modulus, and Poisson’s ratio, volumetric strain

and pressure data from consolidation tests were utilized.

Table 2.1: Results from Soil Laboratory Tests

Characteristics Specific gravity Plasticity index Void ratio 1 Void ratio 2 ∆�
0
1 (Kpa)

Values 2.892 7.87% 0.687 0.663 161

Based on these experimental parameters, the ratio between the vertical and radial

effective stress, �
0
1; �

0
2, is calculated using an empirical formulation[Bal91]:

�
0
2

�
0
1

= 0:19 + 0:233 log10(PI) (2.1)

where PI is the plasticity index. Additionally, the deviatoric stress(q) and mean(p)

effective stress in the consolidation test is defined as:

q = �
0

1 � �
0

2 (2.2)

p =
�

0
1 + 2�

0
2

3
(2.3)

The changes in void ratio (e) are used to calculate the deviation of volumetric(�v)

and distortional(�q) strain between two different loadings [Woo17]:

∆�v =
∆e

e+ 1
(2.4)
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∆�q =
2∆�v

3
(2.5)

Using the calculated strain and stress values, the bulk modulus(K), shear modulus(G),

Young’s modulus(E), and Poisson’s ratio(�) can be determined through the following

equations:

K =
∆p

�v
(2.6)

G =
∆q

3∆�q
(2.7)

E =
9KG

G+ 3K
(2.8)

� =
3K � 2G

2G+ 6K
(2.9)

The physical characteristics of the geomaterials are summarized in Table 2.2. And

the type of fluid used in the sample preparations in this chapter is pure distilled water.

Table 2.2: Physical Characteristics of the Geomaterial
Liquid limit Plastic limit Poisson’s ratio

25.02% 17.15% 0.2857
Young’s modulus (Mpa) Shear modulus (Mpa) Consolidation coefficient (mm2=s)

8.6 3.3 1.82

2.3 Methodology

2.3.1 Desiccation Tests in an Atmospheric Chamber

The geomaterial powder was mixed with distilled water and shaped into rectangles

with the help of a mold whose inner dimension is 150 mm (length)� 50 mm (width)�

14 mm (height), and transferred to three different platforms shown in Fig 2.1. All

desiccation tests were conducted in an atmospheric conditions-controlled chamber
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