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ABSTRACT

Desiccation cracking in soils is a natural phenomenon associated with soil
shrinkage during water evaporation under field conditions triggered by the soil-
atmosphere interactions. Desiccation crack can cause many problems on the stability of
geotechnical structures, such as foundations, embankment, and landfill. It can increase
seepage and lead to failures in earth structures. The developing of drying cracks in soil is
a quite complex phenomenon that possess several challenges. Electrical Resistivity
Tomography (ERT) technique was adopted in this research to monitor the desiccation
crack propagation with drying-wetting cycle. Two kinds of array method were compared
and validated using clay-Styrofoam block structures within soil container. The three-
dimensional visualization of the crack network was done by using VOXLER 3D
program to enhance the interpretation of Electrical Resistivity Tomography (ERT) data.
Mechanical and geophysical properties of the clay mixtures were evaluated to select the
optimal composition of the filling materials to be used as remedial solutions for cracking
area. The mixtures were made up from several components included to enhance the
strength and workability of the injection material. The successful implementation of the
injection material was verified by means of indirect (non-destructive) and direct methods
including assessment of the mixing penetration by the direct observation during the

sample dismantling.
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CHAPTER |

INTRODUCTION

Background

Desiccation cracking in soils is a natural phenomenon associated with soil
shrinkage during water evaporation under field conditions triggered by the soil-
atmosphere interactions. The presence of desiccation crack in soils are very detrimental
and significantly affect several physical properties of soils. For example, soil
compressibility and strength are strongly impacted by the presence of drying cracks.
Also, permeability of soils can increase significantly because of desiccation cracking
(Tay et al., 2001; Dyer et al., 2009).

The stability of the geotechnical structures, such as foundation, earth
embankment, and landfill can be affected by the occurrence of desiccation cracks. The
landfill covers and clay liners can be damaged by desiccation cracking (Daniel and Wu,
1993; Melchior, 1997; Yesiller et al., 2000; Philip et al., 2002; Southen and Rowe, 2005;
Albright et al., 2006; Jones et al., 2012) and desiccation crack can also increase seepage
and lead to failures in embankment (Marsland, 1957).

The phenomena associated with the formation of desiccation crack in soil are
quite complex and therefore it possesses several challenges for study in the lab. The
initiation and propagation of desiccation cracks in soils is a strongly coupled hydro-
mechanical problem (Sanchez et al., 2013). Many research efforts have been conducted

involving qualitative and quantitative studies to progress the current understanding
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behind the formation and propagation of desiccation cracks in soils, however more
research is necessary in this very relevant area.

The interest in subsurface investigation using geophysical electrical techniques
has steadily increased. The study of the desiccation cracks network in the soil mass using
geophysical methods is a new area of research. Electrical conductance in soils as in other
materials is due to the movement of anions and cations (Reynolds, 1997). The Electrical
Resistivity Tomography (ERT) technique was utilized to draw desiccation crack network
in two-dimensions (i.e. in a plane) from a laboratory scale soil container (Sentenac et al.,
2009; Jones et al., 2012). In this study, the verification of miniature arrays and
desiccation crack monitoring under drying-wetting cycle is conducted. Furthermore,
three-dimensional visualization process is suggested using inversion data.

In addition, study on injection material is emerged to stabilize the soil structure
with filling of defected area and trace easily with electrical conductive elements
(Sentenac et al., 2009). The electrical conductive particles (e.g. carbon nanotube,
graphite) can freely organize and reduce the space available between them to form
conductive networks under drying condition (Gong et al., 2000; Landi et al., 2009).
Also, combination of clay and electrical conductive components improve dispersion
without damage mechanical properties (Liu and Grunlan, 2007).

The biopolymers, such as B-glucan and xanthan gum are studied recently for soil
improvement with effect on significant permeability reduction and soil strength
increment. In addition, superplasticizer is highly recommended property to reduce the

cohesion of soil-cement structure and to enhance the workability of material (Perrot et
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al., 2013). Based on these characteristics, the evaluation of the mechanical and
geophysical properties of clay mixture as filling material is conducted. Also,
applicability of clay mixture as filling material is investigated by injection and

laboratory experiments.

Objective

The main objectives of this dissertation are:

(1) enhance Electrical Resistivity Tomography (ERT) technique for exploration
cracked soils area with crack network;

(2) investigate, in the laboratory, possible remedial solutions for cracked soils
based on different soil-mixtures involving several components including clays, graphite,
and cement to inject them in desiccation cracks in soils;

(3) verify the performance of the suggested clay mixtures as filling material after
injecting in scaled (medium size) tests; and

(4) assess the suitability of the ERT to evaluate cracked soils treated with soil
mixtures and monitored them.

For the first objective, the preliminary measurement will be conducted to
compare two kind of arrays (Dipole-Dipole and Schlumberger). Desiccation soil
container will be prepared with two different initial conditions and the electrical
resistivity will be measured under various condition with drying-wetting cycle. In

addition, collected ERT data will be analyzed using post processing programs. Two-



dimensional mapping data will be drawn using RES3DINV program and three-
dimensional visualization will be conducted using VOXLER 3D program.

For the second objective, experimental research will be performed using various
kind of mechanical and geophysical tests. The primary outcome of this task is to
determine the clay mixture for filling material within crack area as (1) relatively higher
strength, (2) lower shrinkage and cracking potential, (3) higher electrically conductive,
and (4) material with suitable liquidity.

For the third objective, the preliminary clay mixture injection will be conducted
using various type of mixture components. By this procedure, washing out problem will
be prevented prior to the primary mixture injection. Also, the direct shear test using soil
and clay mixture structure will be carried out to verify the strengthening effect of
mixture injection within crack in soils.

For the fourth objective, the clay mixture will be injected to desiccation cracking
area and monitored using ERT measurements. In addition, permeability test will be

conducted to verify the hydraulic conductivity reduction effect by the mixture injection.

Dissertation organization
This dissertation focuses on the enhancement of the Electrical Resistivity
Tomography (ERT) for monitoring the desiccation crack network and suggestion of
three-dimensional visualization technique, and the clay mixture as remedial solution for

crack in soils. This dissertation consists of seven chapters:



Chapter 1
Research background and objective are presented, and the dissertation

organization is explained.

Chapter 2

In this chapter, a searching investigation of published literature concerning the
desiccation crack in soil is presented. A comprehensive literature review of desiccation
crack initiation and propagation, Electrical Resistivity Tomography (ERT) technique for
mapping subsurface area, geophysical and mechanical method for soil investigation,
image analysis technique for quantification of factors relating to desiccation crack,
biopolymer application for reinforcement of clay mixture, and superplasticizer for soil-
cement mixture is introduced for clarification of research background. The main
objective of this chapter is the establishment of research methodology for the behavior of
soil subjected to drying and evaluation of clay mixture as filling material for crack area.
It is also important to review other experimental and analytical studies of desiccation
crack to support the development of present knowledge. In addition, the interpretation of

current studies of desiccation crack problems is accomplished by this literature review.

Chapter 3
Test apparatus such as desiccation soil container, Electrical Resistivity

Tomography (ERT) measurement system, and mechanical and geophysical experiment



instruments are introduced, and physical properties of soil and mixture are explained.
The procedure for experiment preparation of desiccation soil container with installation

of water content probe and drainage system for permeability test is presented.

Chapter 4
The aim for this chapter is characterization of mechanical and geophysical
properties of clay mixture with carbon nanoparticle, cement with superplasticizer, and
biopolymers. Three kind of mechanical tests and one of geophysical method are applied
to evaluate the applicability of clay mixture as remedial solution for crack area.
Unconfined strength, liquidity, shrinkage characteristics, and electrical conductivity are
compared with various mixture profile to determine appropriate clay mixture

composition for filling material.

Chapter 5

The aim of this chapter is enhancement of an experimental technique to monitor
the desiccation crack propagation in soils using high resolution miniature arrays with
three-dimensional survey methods. For the verification of the arrays, the preliminary
measurements is carried out to compare Dipole-Dipole and Schlumberger arrays. The
Electrical Resistivity Tomography (ERT) measurements are conducted for the
desiccation soil container with two different initial condition under drying-wetting cycle.
Post processing is conducted and compared using two programs for two-dimensional and

three-dimensional visualization of the results.



Chapter 6

The applicability of the clay mixture as remedial solution is investigated by
various laboratory experiments. The preliminary injection using small-scale soil
container is conducted to explore washing out problem for each factors in the clay
mixture. To evaluate the shear strength of soil with clay mixture structure, the direct
shear test is conducted. The permeability test is conducted for each drying-wetting cycle
to compare the hydraulic conductivity at the various condition and to evaluate the
reduction effect by filling material. The Electrical Resistivity Tomography (ERT)

measurement is also conducted to compare the soil structure with injected clay mixture.

Chapter 7

Conclusions from the study are summarized.



CHAPTER II

LITERATURE REVIEW

Introduction

Enhancing of the Electrical Resistivity Tomography (ERT) technique and the
development of the clay mixture as filling material within the desiccation cracking area
are the main purpose of this dissertation. Thus, understanding of background theories
and research trend related to these topics are significant factor of this research. In this
chapter, the background theories and research trend of desiccation crack in soil is
introduced, and geophysical application for soil investigation including ERT and four-
electrode measurement is investigated by reviewing the research articles. The principle
of electrical resistivity measurement and some case studies of equipment application and
result analysis are introduced. In addition, the previous studies on the clay mixture
components including graphite-cement mixture, biopolymers, and superplasticizer is

also reviewed, especially focused on the function of each factor on soil improvement.

Desiccation cracks in soil
Desiccation crack in soil is natural occurrence which is caused by dramatic
climate change. The initiation and propagation of desiccation crack is a highly complex
phenomenon because of the strong connection between mechanical and hydraulic
properties of soils (Sanchez et al., 2013). The stability and integrity of landfill structures

can be affected by desiccation crack formation in accordance with rapid and direct flow



of water and solutes from the surface to the deeper area of soil (Armstrong et al., 1994;
Rounsevell et al., 1999; Yesiller et al., 2000). Due to the development of crack in soil,
permeability can be increased and it can cause the failure of waste containment system
(Tay et al., 2001; Li et al., 2011). Also, the increase of hydraulic conductivity of soils
can accelerate the infiltration of water to the underground and the shear strength of soil
can be weaken. Furthermore, desiccation cracks can affect shrinkage-swelling potential
of the soil, and it can cause serious damage to the geotechnical foundation structures
(Marsland, 1968).

Desiccation crack occurs from dehydration of soil which leads to increase the
capillary force and exceed strength of soil by evaporation. Water transport in porous
media of soil is basically controlled by the hydraulic properties of the soil mass, which
in turn affects the mechanical behavior, because soil tends to contract under the suction
(Rodriguez, 2007). Rayhani et al. (2007) presented that the dimension of desiccation
cracks propagate with increase of plasticity index and drying-wetting processes. Nahlawi
and Kodikara (2006) performed several experiments of crack generation under restrained
laboratory condition. The length of the molds were relatively longer than widths, so
parallel cracking was generated in thin layers. The increase of negative pore pressure
(suction) due to an air-water interface enters into the saturated medium makes the
desiccation crack (Shin and Santamarina, 2011). Desiccation crack in soil is developed
as soil is restrained against the volume change resulting from the soil suction generated

with a desiccation of soil mass (Nahrawi and Kodikara, 2002). During the desiccation,



some cracks initiate at the bottom and develop vertically upward to the free surface and
laterally outward to adjacent cracks adjacent cracks (Weinberger. 1999).

Crack pattern characterization is widely used in the different fields of geo-
science and engineering. Techniques for quantification of the crack patterns have been
developed in recent years from direct measurement to sophisticated method, such as
digital image processing. The study of crack formation in unsaturated soils of alluvial
plants was generated by empirical method related to measurement of crack network
determined from conventional surveys (Yassoglou et al., 1994). Direct measurement
methods were developed by several researchers, but these methods required manual
measurement of crack pattern in the field. Another method of two- and three-
dimensional measurement of crack pattern is in terms of geometrical and topological
descriptors based on integral geometry. The result of this approach is an objective
numerical characterization of a given pattern of cracks (Michielsen and de Raedt, 2001).
A number of researchers have used image processing techniques in various geotechnical
problems for direct and indirect measurement of soil properties, including
characterization of desiccation crack patterns, crack detection and monitoring (Sarmah et
al., 1996; Preston et al., 1997; Horgan 1998; Velde, 1999; Puppala et al., 2004; Vogel et
al., 2005). Lecocqg and Vandewalle (2002, 2003) utilized a digital camera to investigate
the crack and dynamics of crack initiation in one-dimensional desiccation experiments.
Digital image processing was used to study unsaturated soil behavior (Gachet et al.,
2003) and to monitor the change of drying bentonite-sand mixtures (O nal et al., 2008).

Costa and Kodikara (2008) utilized the time-lapse photography to investigate the crack
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pattern of soils in the form of video clips. Particle image velocimetry has been used to
explore the soil’s crack pattern and it is proved to be a useful technique for analysis of
strain and stress distribution of soil subjected to drying (White et al., 2003; Thusyanthan
et al., 2007; Costa et al., 2008). Lakshmikantha (2009) utilized the image processing to
characterize the two-dimensional desiccation crack network developed on the soil
surface. Also, quantification of many researchers which characterize the crack pattern
were conducted. Atique and Sanchez (2009) also utilized the digital image processing

technique to analyze the result form desiccation plate tests.

Geophysical application for soil investigation

Geophysical investigation is based on the response of the earth to the electrical
current flow. An electrical current is passing through the ground and two potential
electrodes allow to record the resultant potential difference between them with direct
measurement of the electrical impedance of the soil area. Electrical resistivity
measurement is associated with varying depths relative to the distance between the
current and potential electrodes in a survey, and it can be interpreted qualitatively and
quantitatively in terms of geo-hydraulic model of subsurface area (Cardimona, 2002).
The interest in site investigation using electrical resistivity technique has gradually
increased. Electrical conductivity is related to the particle size by the electrical charge
density at the particle surface. In addition, the pore geometry including void distribution
and formation determines the proportion of a number of soil properties, such as the

nature of solid constituents (particle size distribution, mineralogy), arrangement of voids
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(porosity, pore size distribution, connectivity), degree of saturation, electrical resistivity
of the fluid and temperature (Samouelian et al., 2004). Electrical resistivity measurement
was conducted to figure out the relationship between the electrical resistivity and soil
characteristics. Robain et al. (1996) linked resistivity values with macro- and meso-
porosity. Samouelian et al. (2003) presented that crack opening investigation in
centimetric scale.

Furthermore, electrical resistivity measurement improved with respect to
measurement time. The modification of computer-controlled multi-channel resistivity
measurement using multi-electrode arrays led to a significant development of electrical
resistivity investigation. Electrical Resistivity Tomography (ERT) technique is widely
used to analyze the mapping of underground targets. Electrical conductance through the
soil media occurs due to the movement of anions and cations during electrical field
application (Reynolds, 1997). Geophysical methods based on miniature arrays are
solution for the small desiccation cracks as proved to be reliable to monitor contaminant
transport in soil models in centrifuge tests (Depountis et al., 1999). This technique
improves the measurement accuracy with reduction of soil disturbance, because it is
non-invasive technique. ERT technique is widely used recently to detect crack formation
in clayey soil by laboratory and field experiments (Sentenac and Zielinski, 2009; Jones
et al., 2009). Sentenac and Zielinski (2009) showed that change in electrical resistivity
associated with crack propagation is monitored as a function of time.

In addition, it is proved that Schlumberger array is sensitive to both vertical and

horizontal crack formation in the clayey soil. Sentenac et al. (2012) conducted a field
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study using complementary electromagnetic and low resolution resistivity surveys. It is
showed that ERT technique is practical to explore desiccation cracking area in the cross-
section of an embankment. Jones et al. (2014) examined the application of miniature and

field scale ERT measurements on a fissured flood embankment.

The clay mixture components
Carbon nano-composites

Nanotechnology is a rapidly expanding research area where novel properties of
materials manufactured on the nano-scale can be used for the benefit of civil engineering
and construction materials. In addition, a number of developments can potentially
improve the time and life cycle cost of civil engineering projects. Nanotechnology is the
use of tiny particles of the material to generate new large-scale materials. A nanoparticle
is a microscopic particle measured in namometers (nm). It is defined as a particle with at
least one dimension less than 200nm. The size of the particle is very important, because
the length and properties of material can be affected (Mann, 2006). The field of
nanotechnology is a broad and interdisciplinary area of worldwide research activity that
has been grown significantly in the past few years (Siegel, 2006). Taha (2009) conducted
laboratory tests to analyze the fundamental properties of soil mixture and product from
ball milling operation. Fang et al. (2009) presented that nanoparticles are stable in soil
suspensions. Polymer composites containing carbon-based filler become applicable due
to unique combination of electrical conductivity and polymer flexibility. Drying or

cooling of a melt-based system, the nanotubes can freely organize themselves, resulting
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in a relatively homogenous conductivity network (Gong, 2000; Landi, 2009). Liu and
Grunlan (2007) conducted electrical conductivity test to investigate that clay composite
with carbon nanoparticles improves dispersion without damaging electrical conductivity
and mechanical performance. Clay is mechanically strong and known as good dispersion
transfer characteristics in polymer composites (Giannelis, 1996; Wang et al., 2005). The
combination of clay and carbon nanoparticle allows electrical conductivity to be

enhanced without damage on mechanical properties of mixture.

Biopolymer treatment for soil improvement

Soil improvement and stabilization is a significant consideration all over the
history of human civilization. Cement, petrochemicals, and bacteria are recently being
progressively applied in an effort to improve soil in the aspects of mechanical and
chemical properties (van Elsas and Heijnen, 1990; Tungittiplakorn et al., 1981).
Especially, cement is the most widely used element for soil improvement in soil
strengthening, ground water control, and contaminant storage (Winograd, 1981;
Xanthakos et al., 1994; Nataraja et al., 2008; Yoon and Abu-Farsakh, 2009). Meanwhile,
several alternatives including geopolymers, alkali-activated cement, geocement, and
inorganic polymer concrete have been investigate to reduce or replace cement
(Davidovits, 2008; Alonso and Palomo, 2001; Krivenko and Kovachuk, 2007; Sofi and
van Deventer, 2007). Biopolymer was applied as stabilizers for soil to control or reduce
the soil erosion (Orts et al., 2007; Sposito, 1989). In addition, biopolymer was used for

drilling mud and temporary excavation supports (Mitchell and Santamarina, 2005).
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Chang and Cho (2014) conducted experimental research on residual soil mixture
with B-glucan biopolymer to examine the strengthening effect. It was proved that (3-
glucan biopolymer is effective to increase the tensile strength of the soil mixture and
improve the compressibility by ionic bonding between biopolymer and soil particles.
Chang et al. (2015) performed experimental research on the soil mixture with Xanthan
gum biopolymer, and it was shown that the strengthening effect of Xanthan gum is
significant within fine-grained soil. In addition, it was proved that Xanthan gum interacts
with cations of the clay particles to generate chemically stronger ionic bonds added to
hydrogen bonds (Chang et al., 2015). Gallipoli et al. (2017) presented that significant
improvements on the mechanical properties of soil by guar gum and xanthan gum based

biopolymers.

Superplasticizer

Superplasticizer (Polycarboxylate Ether) is improved chemical admixtures over
plasticizers with highly effective plasticizing effects on wet cement material. The
advantage of using superplasticizer is avoiding particle segregation, such as gravel,
coarse and fine sands and improvement of the flow characteristics of suspensions. This
material is self-leveling and self-compacting material with high strength and
performance of cement. Cement mixture tends to clump together in water due to
dissimilar surface electrical charges and trap mixing water. In addition, it behaves like
larger and rougher particles and increasing mixture viscosity. To solve these problems,

superplasticizer can be applied to neutralize the attractive charge and free up trapped
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water. Furthermore, superplasticizer causes the mixture particles to repel each other.
Kanema et al. (2016) evaluated the effect of the superplasticizer on reducing macro
cracks desiccation using two-dimensional samples. It was also shown that the
superplasticizer doesn’t affect significantly the drying process of mixture. Also, it
reduces the crack appearance and enhances the workability of mixture. Perrot et al.
(2013) conducted the study on superplasticizer treated grouting material into soil. It was
presented that the superplasticizer reduce the cohesion of cement based grout and the

strength and workability of grouting material was developed.
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CHAPTER IlI

APPARATUS, MATERIAL, AND EXPERIMENT PREPARATION

Introduction

In this dissertation, various kind of experimental research for soil and clay
mixture was conducted. First one is mechanical tests on natural soil and clay mixture
components. Basic laboratory tests such as Atterberg limit and compaction test were
performed to figure out physical properties of natural soil related to hydraulic
characteristics. Also, free shrinkage, unconfined compression, flow table test,
permeability test, and direct shear test were carried out to investigate clay mixture
components for filling material. Second one is geophysical methods using electrical
resistivity. Four-electrode test and Electrical Resistivity Tomography (ERT)
measurements were applied to investigate the geophysical aspects of soil and clay
mixtures. In this chapter, soil and clay mixture components, experiment apparatus and

procedures are introduced.

Soil and clay mixture components
Natural soil
The natural soil chosen for this experiments was collected from the field
experiment site in RELLIS campus of Texas A&M University. Gravels and organic
components (leaves, twigs, and bugs) were removed by hand and the soil was air-dried

under the controlled laboratory environment. After completely dried, soil was crushed
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using the batching machine in the concrete laboratory. In addition, crushed soil was
separated using No. 20 (0.85mm) sieve to collect fine-grained elements. A series of tests
have been conducted to investigate the physical properties of natural soil, such as
modified proctor test and Atterberg limits. The maximum dry unit weight for natural soil
is 20.4kN/m3 at an optimum water content of 10.6%. Liquid limit and plastic limit for
tested soil was 41.27% and 10.44%, respectively (Table I11-1). This soil has low
plasticity with the plasticity index of 30.83%. The natural soil was classified as silty soil

with low plasticity (ML) following USCS soil classification.

Table I11-1 Physical properties of natural soil

Physical properties Values

Liquid limit, LL (%) 41.27

Plastic limit, PL (%) 10.44

Plasticity index, P1 (%0) 30.83

Maximum dry unit weight, ygmax (KN/m?) 20.40

Optimum water content, wyp (%0) 10.60
EPK Kaolinite

EPK (Edgar Plastic Kaolin) Kaolinite is a secondary water-washed kaolin that is
mined in Florida. This material is popular because of its plasticity and it was selected as

base material for the clay mixture considering its excellent casting properties. Liquid
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limit and plastic limit for EPK was 61.0% and 36.0%, respectively. The plasticity index
was 25.0%.
Graphite

Graphite is a crystalline form of the element carbon with its atoms arranged in a
hexagonal structure. This material is commonly used in pencils and lubricants and it is a
good conductor of electricity and heat. This characteristic allows it can be widely used in
electronic products. In this research, graphite is chosen for the electrical conductivity, so
it is possible to trace the clay mixture within defected area using Electrical Resistivity
Tomography (ERT) measurements. The detailed profile provided by Superior Graphite

Company is shown in Table I11-2.

Cement
Cement is a substantial material used for construction that sets, hardens, and
adheres to other materials to bind them together. This material is usually used to bind
aggregates (sand and gravel) together for producing of concrete or it can also create
mortar mixed with fine aggregates. In the previous research by Kim, some portion of
cement was applied in clay mixture to prevent washing out problem of filling material
within cracked area. This material was also used as main components in this research,

but the amount reduction was suggested without loss of strength and workability.
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Superplasticizer
Superplasticizer is improved chemical admixtures over plasticizers with highly
effective plasticizing effects on wet concrete. It can avoid aggregate segregation and
improve the liquidity of suspensions. In this research, the one of the most important
factor was decrease of water content without loss of workability. To enhance the fluidity
and minimize the shrinkage of the clay mixture, the superplasticizer was applied for

these purposes. ADVA Cast 575 was used in this research.

Table 111-2 #5339 Graphite (Superior Graphite Company)

Appearance Powder or pellet
Color Black
Carbon, min 99.9%
Ash, max 0.1%
Moisture, max 0.1%
Surface area, min 7.18m?/g
Scott volume 0.100g/cc
Density 2.231g/cm?®
Passing % Particle size
90% (< 20 microns) 20.24 pm
50% 9.57 um
10% 3.10 um
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Biopolymer
B-glucan
B-glucan comprise a group of B-D-glucose polysaccharides naturally occurring
in the cell walls of cereals, bacteria, and fungi, with significantly differing
physicochemical properties dependent on source material. In the field, this material can
be applied as water reducing agents in concrete and additive in superplasticizers. In this
research, B-glucan was investigated the strengthening effect and shrinkage reduction of

clay mixture.

Xanthan gum

Xanthan gum is a polysaccharide produced by fermentation of glucose or sucrose
by the Xanthamonas campestris bacterium and commonly used as a food additive and
rheology modifier (Davidson, 1980; Rosalam and England, 2006). The popular
characteristics of this material is pseudo-plasticity (Casas et al., 2000). Xanthan gum
can induce a dramatic increase in the viscosity of a fluid with a small amount. This
material is also used in the oil industry as a drilling mud thickener to provide consistent
rheology through the hole (Comba and Sethi, 2009). Also, it can be applied as an
additive in concrete to increase viscosity and prevent wash-outs (Plank, 2004). In this
research, Xanthan gum was applied to reinforce the strength with decrease of cement

portion and to prevent washing out problem of clay mixture under saturation.
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Test apparatus and setup
Desiccation soil container
The acrylic rectangular container with dimensions of 0.63m X 0.44m X 0.32m

was manufactured for desiccation of natural soil. This box was divided into two sections
with same dimension (0.63m x 0.22m X 0.32m) by acrylic barrier for the two
experiments with different initial water content. To allow drainage through the soil, the
drainage holes were drilled with regular spacing. The granular soil layer for the drainage
was placed at the bottom of the container with thickness of 5cm and non-woven fabric
was placed at the top and the bottom of granular soil layer to prevent loss of soil
particles and mixing with natural soil. The natural soil was prepared for two sections

with 15cm depth. Figure I11-1 shows the desiccation soil container setup in front view.
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Figure I111-1 Desiccation soil container setup (Front view)
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On section A, the chosen value of water content was 10% corresponding to the
dry side water content for 90% of relative compaction. For the soil preparation, each
5cm depth of soil layer was compacted. On section B, the water content of 60% was
selected for the natural soil. This value of water content was within the range for 150%
of liquid limit. Soil was prepared using soil mixing machine and poured into desiccation
container.

Water content probes were installed to measure the moisture content with time at
the various depth at each section (Figure 111-2). Prior to installation in the container, the
probes were calibrated using small-scale container. EPK Kaolinite was mixed with 60%
of water content and placed into small container. Two water content probes for each
section were installed at the middle of the soil layer (Figure 111-3). The water content
probe reading was collected with regular time interval under drying condition. Figure
I11-4 shows the calibration results from two probes. These formulas were applied to

calculate the water content evolution within desiccation soil container.

Figure 111-2 Water content probe installation for desiccation soil container
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Figure 111-3 Water content probe calibration using small-scale soil container
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Figure 111-4 Water content probe calibration results
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Electrical Resistivity Tomography (ERT) measurement system

Electrical Resistivity Tomography (ERT) technique using miniature electrodes
array in a clay model to monitor the propagation of desiccation crack in two-dimensional
and three-dimensional models was used by several researchers (Sentenac and Zielinski,
2009; Jones et al., 2012). Miniature geo-electrical method using resistivity arrays could
be used as non-invasive method for the desiccation crack monitoring. In this research, a
miniature resistivity array was adjusted to connect with ARES earth meter equipment
(Figure 111-5) manufactured by GF instruments. 96 electrodes was placed in a 12 by 8
(Figure 111-6), and the distance between each electrodes is 2cm and 3cm in x- and y-
direction, respectively. Desiccation cracks in soil was recorded and displayed as ERT
using RES3DINV program. In addition, the scale factor of x-, y-, and z-direction
acquired from the inversion process of this program was visualized as three-dimensional

stereoscopic view of soil structure using VOXLER 3D program.

Figure 111-5 ARES earth meter equipment

25



v

Figure 111-6 Electrode arrangement (12 by 8)

Drying test using electrical geophysical method

The electrical exploration method became progressively popular in geo-
environmental aspects. Electrical geophysical methods allow fast and stable
measurement of electrical properties of soil, such as electrical conductivity, electrical
resistivity, and potential at the subsurface area of undisturbed soil. The geophysical
measurement device LandMapper ERM-02 was used for this research. This device was
connected with four-electrode to measure the electrical resistivity (or electrical
conductivity) (Figure 111-7(b)). Four-electrode method was employed for many decades
to evaluate soil moisture content and salinity under field environment. Electrode
principle was proposed by Pozdnyakova (1999) (Figure I11-7(a)). When the electrical
current ((I) is applied to two electrodes located at the outside (A and B), the potential
difference (Ag) prompted between the two inside electrodes (M and N) will be

measured. In this theory, the electrical resistivity is defined as follows:
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The electrical conductivity is the reciprocal of the measured resistivity:

1

EC = —
ER

(2)

The geometrical factor (coefficient K) in Eg. (3) depends on the distance between
the electrodes A, M, N, and B. The distance between each neighboring electrodes is the
same value as 2mm (0.002m) in this study. The coefficient K is calculated with the
following formula:

__[AM] - [AN]
K= T[W (3)

where, AM, AN, and MN are distances between electrodes measured in meters.

(b)

m
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Figure 111-7 Scheme of the four-electrode method (Pozdnyakova, 1999)
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Experimental setup for four-electrode method is shown in figure 111-8. As shown
in this figure, the soil specimen was placed at the top of the balance connected to the
computer system to record water content evolution during the measurement of the
electrical resistivity/conductivity under drying condition. This experiment was
conducted under controlled laboratory condition. The comparison analysis for time-
dependent electrical resistivity/conductivity of the various kind of clay mixture

specimens was performed to investigate geophysical characteristics of each components.

Figure 111-8 Experimental setup for four-electrode method
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Mechanical laboratory tests

Unconfined compression test

The unconfined compression test is one of the most popular laboratory test to
investigate the soil strength with simple and economic procedure. This test was
conducted following the standard procedure of ASTM D 2166. The specimens were
prepared for the test with various portion profile of each components. The main
objective of this experiment was to figure out the reinforcement effect of each clay
mixture components. Figure 111-9 shows the experimental setup for unconfined

compression test.
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Figure 111-9 Unconfined compression test setup
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The unconfined compressive strength can be calculated using the following

formula.

Que =~ (4)
Where, g, = unconfined compressive strength

Q¢ = ultimate compressive load at failure

A = surface area of specimen

Flow table test

In the previous research conducted by Kim, the clay-graphite mixture injected
crack area was completely washed out under saturated condition. To prevent washing
out of mixture from injected area, some portion of cement was applied for the mixture in
the previous research. In this research, especially on clay mixture components, various
components were suggested in the aspect of reduction of cement portion and water
content without loss of workability and strength. Figure 111-10 shows the procedure of
flow table test briefly.

The flow table test was usually conducted to measure the workability of mortar
or wet cement. The aim of this experiment is to figure out the effect of superplasticizer
on enhancing workability of clay mixture and to determine the optimum mixture ratio
considering other components, such as biopolymer and graphite. The test was carried out
following the standard procedure of ASTM C1437-15. Flow can be calculated using the

following formula.
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Clavg - dinner

flow (%) = %X 100 (5)

dinner

Where, d,, = average diameter of the tested specimen

dinner = iNner diameter of the mold

(a) Filled mold prior to drop (b) Mixture after dropping

Figure 111-10 Flow table test (a) preparation of mortar (b) measurement of the flow

Free shrinkage test

Free shrinkage test is simple method to quantify the shrinkage characteristics of
the soil under controlled conditions. The main purpose of this experiment is to evaluate
the impact of biopolymer, graphite, and cement on preventing shrinkage of clay mixture.
PVC material circular plate with smooth base was used for this test. The specimen was

placed on the balance to measure the mass change corresponding to water evaporation,
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and automatic digital camera equipment was installed to collect images with regular time

interval. The volumetric strain can be calculated using following formula.

Ve
€voL (%) = (1 — _final ) x100  (6)

initial
Where, €, = volumetric strain (%)
Viina1 = final volume of specimen

Vinitia1 = initial volume of specimen

Direct shear test

In the direct shear test, horizontal stress was applied until failure to figure out the
shear strength of soil specimen under controlled vertical stress. This test was conducted
following the standard procedure of ASTM D3080. The aim of this experiment is to
evaluate and compare the shear strength of natural soil and soil-clay mixture structure.
Figure 111-11 shows the experimental setup of the direct shear test. The horizontal stress

and the vertical stress can be calculated using these formulae.

(7)

Where, oy, = horizontal stress
o, = vertical stress
Fy, = horizontal force

F, = vertical force
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A = cross-sectional area of the specimen

Figure 111-11 Direct shear test apparatus

Permeability test

Permeability test was conducted to evaluate the hydraulic conductivity evolution
under drying-wetting cycle and effect of clay mixture as filling material. There were two
types of laboratory permeability test applied in this research; (1) the constant head test
and (2) the falling head test. These tests were conducted following the standard
procedure of ASTM D2434 and ASTM D5084. The hydraulic conductivity can be

estimated using this formula in constant head test.
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L
k= fﬁ %)
Where, k = permeability (cm/sec)

Q = total discharge volume (cm?®)

L = flow length (cm)

A = cross-sectional area of the soil container (cm?)
t = elapsed time (sec)

h = the loss of total head (cm)

For the falling head test, the calculation of the permeability is as follows.

k=% (ho) 10
“ac " hy (10)

Where, a = cross-sectional area of pipet (cm?)
hy = initial head (cm)

h; = final head (cm)
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CHAPTER IV
EVALUATION OF MECHANICAL AND GEOPHYSICAL PROPERTIES OF CLAY

MIXTURE

Introduction

The aim of this chapter is to determine the profile for the clay mixture as
remedial solution for desiccation cracking area. In the previous research, the injection
technique was suggested with the clay mixture including graphite and cement. Graphite
is an electric conductive material allowing to trace the clay mixture profile using
Electrical Resistivity Tomography (ERT) technique. The clay-graphite mixture was
washed out during the saturation of the soil, so cement application was suggested to
solve this problem. However, due to relatively high water content for workability of the
mixture, several cracks were generated at the surface of injected area, and this obstacle
should be modified.

In this research, to develop the performance of clay mixture, some additional
components were investigated using several mechanical tests and geophysical test.
Biopolymers are recently spotlighted for soil improvement and ground fertilization in the
aspect of soil environment. Also, superplasticizer is widely applied to enhance the
workability of the cement material. These materials were applied as additives for the
clay mixture and tested in many directions. The final goal is the suggestion of the clay
mixture with good workability under relatively low water content and minimize the

crack generation and propagation which weaken the strength of soil-mixture structure.
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Mechanical test: Unconfined compression test
Sample preparation and test procedure

The unconfined compression test was conducted to investigate the axial strength
and peak strain for various combination of clay mixture components. The specimens
were prepared using PVC tubes, they were chosen for this research because they are
easier to test in numerous mixing cases in terms of specimen preparation and test
performance. The clay mixture was placed into a cylindrical mold and air dried at room
temperature (22.7°C), forming a firm clay mixture. 17 specimens were prepared with
various combination of mixture components. The main components are EPK kaolinite,
graphite, and cement, and the additives are biopolymers (-glucan, Xanthan gum) and
superplasticizers. Firstly, the main components were dry-mixed with specified
combination following test plan. After mixing of main components, the additives were
added with proportion of dry mass of the main components. The water content of
specimens were standardized as 90%. The description of specimens are shown in table
IV-1.

The unconfined compressive strength of cylindrical specimens was measured
using a GEOTAC triaxial testing device. The compression speed was 1%/min. All
geometric dimensions of each specimen were measured, as was mass, while the top and
bottom surfaces were slightly trimmed using sandpaper to prevent an irregular stress
distribution during the loading. In addition, in order to avoid stress localization, porous
stone was placed above and below the samples during the experiment. All specimens

were loaded until failure and the residual compressive strength was monitored.
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Table 1V-1 Specimen description for unconfined compression test

\ Main components (%0) Additives (%) d h , Ya
0. | Lebel Kaolinite Graphite | Cement | B-glucan erlljtr?]an SP Mass (9) (mm) (mm) v (em) (g/cm?)
1 K1 100.00 0.00 0.00 150 | 78.91 35.50 | 75.00 74.23 1.06
2 Gl 90.00 10.00 0.00 150 | 76.78 32.00 | 71.00 57.10 1.34
3 G2 80.00 20.00 0.00 150 | 89.72 35.88 | 69.19 69.96 1.28
4 G3 70.00 30.00 0.00 150 | 8591 34.88 | 68.21 65.16 1.32
5 Bl 70.00 30.00 0.00 0.50 150 | 88.52 35.05 | 70.58 68.10 1.30
6 B2 70.00 30.00 0.00 1.00 150 | 80.97 34.26 | 65.50 60.38 1.34
7 B3 70.00 30.00 0.00 1.50 1.50 | 87.65 35.37 | 68.85 67.65 1.30
8 X1 70.00 30.00 0.00 0.50 150 | 80.57 35.00 | 81.00 77.93 1.03
9 X2 70.00 30.00 0.00 1.00 1.50 | 88.65 3492 | 7091 67.89 1.31

10 | X3 70.00 30.00 0.00 1.50 150 | 93.59 36.00 | 85.00 86.52 1.08

11 | C1 60.00 30.00 10.00 1.50 | 83.02 33.52 | 63.00 55.58 1.49

12 | C2 55.00 30.00 15.00 150 | 161.52 | 36.83 | 81.28 86.59 1.87

13 | C3 50.00 30.00 20.00 150 | 146.66 | 31.75 | 62.23 49.27 2.98

14 | CX1 60.00 30.00 10.00 0.30 1.50 | 138.25 | 33.53 | 60.96 53.82 2.57

15 | CX2 60.00 30.00 10.00 0.70 150 | 153.92 | 33.53 | 71.12 62.79 2.45

16 | CX8 60.00 30.00 10.00 1.50 150 | 155.14 | 31.75 | 67.31 53.29 291

17 | N1 NATURAL SOIL 118.74 | 36.00 | 69.00 70.23 1.69
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The elastic modulus was estimated by measuring the slope of straight line (in

most cases, between 1-2% strain) of the stress-strain plot during compression.

Test results and discussions

The profile of various clay mixtures at 28 days are shown in table 1VV-1. All
specimens were completely dried, and thus effect of moisture on soil and clay mixture
can be negligible in strengthening explanations. Test results is shown in table I1V-2.

Generally, the clay mixture with various components shown in table 1V-2
exhibited significant increases in compressive strength and elastic modulus. Figure 1V-1
shows the test results of clay mixture with variation of graphite proportion. As shown in
this figure, the unconfined compression strength and the Young’s modulus were
gradually increased with graphite proportion increment. Axial strength of clay mixture
was approximately doubled with 10% increment of graphite proportion.
The compressive strength of the $-glucan polymer treated clay mixture was shown in
figure IV-2. The main component of these specimens are clay (70%) and graphite (30%)
and B-glucan is only applied as additive. As shown in this figure, the axial strength and
elastic modulus of clay mixture were increased geometrically corresponding to the
increment of B-glucan concentration. The effect of B-glucan biopolymer were
insignificant when the concentration of polymer is less than 0.5%, but the uniaxial

strength was increased drastically with the larger portion of polymers.

38



Table 1V-2 Unconfined compression test results

No. Name Que (kPa) €peak (%0) E (MPa)
1 K1 226.88 2.95 7.79
2 Gl 348.27 2.19 36.00
3 G2 610.85 2.54 43.63
4 G3 770.65 2.58 51.11
5 Bl 802.24 3.14 74.44
6 B2 915.48 2.98 86.36
7 B3 1195.12 2.12 84.55
8 X1 911.42 2.26 66.00
9 X2 941.84 2.26 77.27
10 X3 1477.13 7.89 25.56
11 C1 804.53 1.00 80.00
12 C2 1055.85 2.25 71.00
13 C3 2139.73 5.36 100.00
14 CX1 1839.20 6.55 902.00
15 CX2 2127.18 6.60 1200.00
16 CX3 4380.21 8.42 2655.00
17 N1 539.87 1.90 66.36

39




900.00

800.00
—8—Kl1

700.00 ——=aG1
——G2

600.00
G3

500.00

400.00

300.00

Unconfined compression strength (kPa)

200.00
100.00

0.00 &°F
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00

Axial strain (%)

Figure IV-1 Unconfined compression test results with variation of graphite
proportion

The portion of B-glucan biopolymer enhances the ionic bonding between the (-

glucan polymer chains and clay mixture particles (Change and Cho, 2012).
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Figure I_V-2 Unconfined compression test results with variation of beta-glucan
proportion

Xanthan gum treated clay mixture shown in figure 1V-3 showed significant
increases in compressive strength. The main component of these specimens are clay
(70%) and graphite (30%) and xanthan gum is only applied as additive. Xanthan gum
biopolymer enhances the inter-particle bonding of clay mixture exhibiting dramatically
compressive strength improvement. The uniaxial strength of xanthan gum treated

composites are relatively higher than B-glucan treated clay mixture.
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Figure 1VV-3 Unconfined compression test results with variation of xanthan gum
proportion

The effect of cement is also experimented by variation of concentration. The
graphite proportions are maintained as 30% and the quantity of EPK kaolinite is changed

corresponding to increment of cement ratio. As expected, the increase of cement
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proportion shows dramatic increment of unconfined compressive strength of clay
mixture (Figure IV-4). Also, the elastic modulus is increased with proportion of cement
in clay mixture. From the viewpoint of strength, the biopolymer (3-glucan and xanthan
gum) treated clay mixture with 1.5% concentration has similar compressive strength

value range comparing to the clay mixture with 15% of cement ratio.
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Figure 1V-4 Unconfined compression test results with variation of cement
proportion

In the previous research by Kim, the suggested clay mixture component was 50%
of clay, 30% of graphite, and 20% of cement for filling material within defected soil

area. Cement was added to prevent wash-out problem of clay mixture, but the proportion
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was estimated as excessive for the mixture considering the strength and economical
aspects. In this research, the combination of cement and xanthan gum biopolymer is also
investigated to figure out the strength compensate effect of xanthan gum corresponding
to decrement in the cement proportion. The clay mixture component ratio was
maintained as 60%, 30%, and 10% for EPK kaolinite, graphite, and cement,
respectively. Considering the workability of clay mixture with various xanthan gum
concentration, 0.3%, 0.7%, and 1.5% of xanthan gum were applied for this investigation.
Figure IV-5 shows the unconfined compression strength with axial strain of xanthan
gum biopolymer treated clay mixture. The clay mixture with 20% of cement is also
drawn in this figure for the comparison. As shown in this figure, the uniaxial strength
and elastic modulus of Xanthan gum treated clay mixture is increased with Xanthan gum
ratio. 0.7% of Xanthan gum treated mixture shows the similar value of compressive
strength to 20% of cement mixture, but the elastic modulus was much smaller. The
compressive strength was increased twice with Xanthan gum proportion as 1.5%. In the
aspect of compressive strength, the Xanthan gum proportion can be less than 1.0% when

the clay mixture is consisted with 10% of cement mixture.

45



5000.00

4500.00

4000.00

3500.00

3000.00

2500.00

2000.00

1500.00

Unconfined compressive strength (kPa)

1000.00

500.00

0.00

0.00 2.00 4.00 6.00 8.00 10.00 12.00
Axial strain (%)

Figure 1V-5 Unconfined compression test results with variation of xanthan gum
and cement proportion
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Mechanical test: Flow table test
Sample preparation and test procedure

The flow table test was carried out to evaluate the workability of the clay mixture
with various components and additives ratio. The target value of the flow is 110 + 5%
which is corresponding to the flow value for mortar using at the construction site. In this
experiment, the variation of superplasticizer, graphite, cement, and biopolymers are
examined with various ratio profile. The clay mixture was prepared within the mixing
bowl following the proportions and casted into the flow mold right after mixing. The
flow table test was conducted immediately and the length of diameter was measured in
four different directions. The average value was evaluated and the flow was calculated

based on this value.

Test results and discussions

The flow table test specimen profiles and results are shown in table 1V-3. 29
cases of experiment was conducted with various combination of the components.
Generally, the increase of the concentration of superplasticizer enhances the workability
of the clay mixture especially interacting with cement, but the graphite and biopolymers
disrupt the workability of the mixture.

Figure IV-6 shows the flow of the clay mixture under different water contents
with the variation of superplasticizer concentration. The clay mixture is consist of 80%
of kaolinite and 20% of cement in this case. As shown in this figure, the superplasticizer

enhances the workability of the clay mixture significantly.
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Table 1V-3 Flow table test specimen profile and test results

Main components (%) Additives (%) Wi/C ) i . . davg flow
No. di (in) | dz(in) | d3(in) | d4(in) )
Kaolinite | Graphite | Cement | B-glucan | Xanthan-gum | SP (%) (in) (%)
1 80.00 20.00 0.00 | 80.00 | 7.250 | 7.250 | 7.250 | 7.250 | 7.250 | 81.250
2 80.00 20.00 0.50 | 80.00 | 7.500 | 7.500 | 7.500 | 7.500 | 7.500 | 87.500
3 80.00 20.00 1.00 | 80.00 | 7.750 | 7.750 | 8.000 | 8.000 | 7.875 | 96.875
4 80.00 20.00 1.50 | 80.00 | 8.750 | 8.250 | 8.250 | 8.500 | 8.438 | 110.938
5 80.00 20.00 0.00 | 90.00 | 8.750 | 8.250 | 8.250 | 8.000 | 8.313 | 107.813
6 80.00 20.00 0.50 | 90.00 | 8.750 | 8.500 | 8.500 | 8.750 | 8.625 | 115.625
7 80.00 20.00 1.00 | 90.00 | 9.000 | 8.750 | 9.000 | 9.250 | 9.000 | 125.000
8 80.00 20.00 1.50 | 90.00 | 9.500 | 9.450 | 9.500 | 9.450 | 9.475 | 136.875
9 50.00 30.00 20.00 0.00 | 90.00 | 6.750 | 6.750 | 6.750 | 6.750 | 6.750 68.750
10 50.00 30.00 20.00 0.50 [ 90.00 | 7.375 | 7.375 | 7.250 | 7.375 | 7.344 | 83.594
11 50.00 30.00 20.00 1.00 | 90.00 | 7.500 | 7.500 | 7.500 | 7.750 | 7.563 89.063
12 | 50.00 30.00 | 20.00 1.50 | 90.00 | 8.750 | 8.750 | 8.750 | 8.750 | 8.750 | 118.750
13 | 70.00 30.00 1.50 0.00 | 90.00 | 5.500 | 5500 | 5.500 | 5.500 | 5.500 | 37.500
14 | 70.00 30.00 1.50 0.50 | 90.00 | 5.750 | 5.750 | 5.750 | 6.000 | 5.813 | 45.313
15 | 70.00 30.00 1.50 1.00 | 90.00 | 6.250 | 6.250 | 6.250 | 6.250 | 6.250 | 56.250
16 70.00 30.00 1.50 1.50 | 90.00 | 7.000 | 7.000 | 6.750 | 6.750 | 6.875 71.875
17 70.00 30.00 1.50 0.00 | 90.00 | 4.125 | 4.000 | 4.000 | 4.125 | 4.063 1.563
18 70.00 30.00 1.50 0.50 | 90.00 | 4.250 | 4.250 | 4.250 | 4.250 | 4.250 6.250
19 70.00 30.00 1.50 1.00 | 90.00 | 4.250 | 4.375 | 4.375 | 4.250 | 4.313 7.813
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20 | 70.00 30.00 1.50 1.50 | 90.00 | 4.500 | 4.500 | 4.500 | 4.625 | 4.531 | 13.281
21 | 60.00 30.00 | 10.00 0.00 0.00 | 90.00 | 7.000 | 7.250 | 7.250 | 7.375 | 7.219 | 80.469
22 | 60.00 30.00 | 10.00 0.00 0.50 | 90.00 | 7.500 | 7.500 | 7.500 | 7.250 | 7.438 | 85.938
23 | 60.00 30.00 | 10.00 0.00 1.00 | 90.00 | 8.250 | 8.500 | 8.500 | 8.500 | 8.438 | 110.938
24 | 60.00 30.00 | 10.00 0.00 1.50 | 90.00 | 9.000 | 9.250 | 9.250 | 9.250 | 9.188 | 129.688
25 | 60.00 30.00 | 10.00 0.10 1.50 | 90.00 | 9.000 | 9.000 | 8.875 | 8.875 | 8.938 | 123.438
26 | 60.00 30.00 | 10.00 0.30 1.50 | 90.00 | 8.250 | 8.250 | 8.250 | 8.250 | 8.500 | 112.500
27 | 60.00 30.00 | 10.00 0.50 1.50 | 90.00 | 7.250 | 7.250 | 7.250 | 7.250 | 7.250 | 81.250
28 | 60.00 30.00 | 10.00 0.70 1.50 | 90.00 | 6.500 | 6.500 | 6.500 | 6.500 | 6.500 | 62.500
29 | 60.00 30.00 | 10.00 0.90 1.50 | 90.00 | 6.250 | 6.500 | 6.250 | 6.125 | 6.281 | 57.031
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The clay mixture with water content of 80% reaches to the flow as 110% with

1.5% of superplasticizer and it corresponds to the mixture with 90% of water contents.
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Figure 1V-6 Flow of the clay mixture with superplasticizer concentration (%o)

Figure 1V-7 shows the flow of the clay mixture with various components profile.
In this case, every specimen contains 30% of graphite component and cement is not
applied to the mixture with biopolymers (B-glucan and xanthan gum). As shown in this
figure, the workability of the clay mixture was increased with superplasticizer in general,
but it was not effective enough to biopolymers, especially xanthan gum. Xanthan gum is
sticky material with highly bonding effect, so it doesn’t work properly with
superplasticizer. The workability of the cement mixture is much higher than that of
biopolymers and it implies that cement is essential component in the aspect of the

workability of the clay mixture. The workability is connected to penetration ability of
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the filling material directly, so some amount of cement proportion is essential for the

mixture.
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Figure IV-7 Flow of the clay mixture with various components (cement and
biopolymers)

Graphite is also not interacting properly with superplasticizer. The increase of
graphite proportion disrupts the workability of the clay mixture. Figure IVV-8 shows that
the workability of the clay mixture can be undermined with graphite proportion. The
amount of impediment is not noticeable as much as biopolymers, but it is quite
disturbing at the viewpoint of fluidity.

In the unconfined compression test, cement proportion was decreased to 10%
with addition of xanthan gum biopolymers. The 20% of cement in the previous research
Is quite excessive value in the aspect of workability and economy, also the general range

of cement proportion in soil-cement or mortar is approximately 10%.
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Figure 1V-8 Flow of the clay with graphite composition

Thus, the portion of cement is modified as 10% and several ratio of xanthan gum
biopolymers applied to the clay mixture to figure out the appropriate portion in the
aspect of the workability of the clay mixture. Figure V-9 shows the flow evolution with
xanthan gum concentration. As shown in this figure, the workability of xanthan gum
mixture was decreased with increment of biopolymer proportion, this trend was
accelerated passing the point of inflection at 0.3%. The workability of the clay mixture
with 0.3% of xanthan gum is 112.5% which is in the range of target value. Thus, the clay
mixture profile is determined with 60% of EPK Kaolinite, 30% of graphite, and 10%

cement with 0.3% Xanthan gum biopolymer and 1.5% superplasticizer as additives.
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Figure 1V-9 Flow of the clay mixture with xanthan gum proportion

Mechanical test: Free shrinkage test
Sample preparation and test procedure
Free shrinkage test is quantification of volumetric strain with simple procedure.

In this research, several specimens were prepared to compare the shrinkage
characteristics with different combination of the clay mixture. PVC circular plate was
used for specimen drying, and the diameter of the plate is 10.6cm and the depth is 2cm.
The inner surface of the plate was coated with Vaseline to allow the specimen shrink
freely. The initial water content of all specimens were 90%. The mass of specimen was

monitored to check the mass change corresponding to water content decrement until

completely dried.
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Test results and discussions
Table 1VV-4 shows the description of specimens and the results of the shrinkage
tests. As shown in table 1VV-4, the increase of cement proportion reduces the shrinkage of
the clay mixture. Also, graphite proportion can diminish the volumetric strain.
Biopolymers are slightly effective on prevent the volumetric shrinkage, but this effect is
not noticeable comparing to cement and graphite proportion. B-glucan biopolymer is

more effective than xanthan gum on reducing of volumetric strain.
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Table 1V-4 Free shrinkage test specimen profile and test results

No Main components (%) Additives (%0) d d2 ds ds davg h m \Y/ evol

" | Kaolinite | Graphite | Cement | B-glucan | Xantan-gum | SP | (cm) | (cm) | (cm) | (cm) (in) (cm) | (kg) | (cm®) (%)
1-1 90.00 10.00 880| 880| 880| 880 | 880| 160 | 0.14| 97.31 | 44.86
1-2 90.00 10.00 1.50 8.80 8.70 8.70 8.70 8.73 1.50 0.14 | 89.68 | 49.19
1-3 90.00 10.00 1.00 8.70 8.70 8.70 8.70 8.70 1.60 0.14 | 95.11 | 46.11
1-4 90.00 10.00 1.00 1.50 8.80 8.80 8.80 8.80 8.80 1.60 0.13 | 97.31 | 44.86
2-1 80.00 20.00 9.10 9.10 9.10 9.10 9.10 1.70 0.14 | 110.57 | 37.35
2-2 80.00 20.00 150 | 9.10| 910 9.10| 910| 9.10| 170 | 0.5 11057 | 37.35
2-3 80.00 20.00 1.00 9.10 9.10 9.10 9.10 9.10 1.80 0.13 | 117.07 | 33.67
2-4 80.00 20.00 1.00 1.50 9.15 9.15 9.10 9.10 9.13 1.70 0.15 | 111.17 | 37.01
3-1 60.00 30.00 | 10.00 8.90 8.90 8.90 8.90 8.90 1.70 0.13 | 105.76 | 40.08
3-2 60.00 30.00 | 10.00 150 | 9.00| 9.00| 9.00| 9.00| 9.00| 160 | 0.13| 101.79 | 42.33
3-3 60.00 30.00 | 10.00 1.00 9.00 9.00 9.00 9.00 9.00 1.70 0.14 | 108.15 | 38.72
3-4 60.00 30.00 | 10.00 1.00 1.50 9.10 9.10 9.10 9.10 9.10 1.75 0.13 | 113.82 | 35,51
4-1 50.00 30.00 | 20.00 1.50 9.70 9.70 9.60 9.70 9.68 1.80 0.22 | 132.33 | 25.02
4-2 70.00 30.00 1.50 150 | 9.00| 9.00| 9.00| 9.00| 9.00| 1.70| 0.22| 108.15 | 38.72
4-3 70.00 30.00 150 | 1.50 9.00 9.00 9.00 9.00 9.00 1.60 0.21 | 101.79 | 42.33
4-4 70.00 30.00 000|150| 880| 870| 870| 870| 873| 140| 019 | 83.70 | 52.57
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Geophysical test: Four-electrode method
Sample preparation and test procedure

The electrical resistivity (or conductivity) measurement using four-electrode
device was conducted to evaluate the electrical resistivity of the natural soil and the clay
mixture with various components. Acrylic rectangular-shaped box was used for the
specimen. To monitor the shrinkage and cracking behavior within frictional surfaces,
any kind of agents were applied at the inner surface of the box. The initial water content
of all specimen was 90%. The weight of the specimen was monitored with time
corresponding to the loss of water until completely dried. Electrical resistivity was

measured with regular time interval.

Test results and discussions

Generally, as shown in this table, the initial value of the electrical resistivity is
quite high because the clay mixture is at the slurry state with high water content value.
The clay mixture is stabilized with decrease of water content, the electrical resistivity
value reduces dramatically as conductive materials. This value is minimized until
shrinkage limit. After the shrinkage limit, the void area is starting to be filled with air
and it causes the increase of the electrical resistivity values. In this research, initial value,
minimum value at the shrinkage limit, and the final value of electrical resistivity are
selected to compare in table 1V-5. As shown in this table, the electrical resistivity value
of dried natural soil is 83 ohm - m which is in the typical silty clay’s ER value (20-200).

Also, the electrical resistivity of dried EPK kaolinite is 24 ohm - m.
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Table 1V-5 Four-electrode test specimen profile and test results

Main components (%) Additives (%) EC (S/m) ER (ohm.m)

Kaolinite | Graphite | Cement | beta-glucan | Xanthan-gum | SP | Initial | Maximum | Final | Initial | Minimum | Final
1-C | 100.00 | 0.00 0.0871 0.7234 0.0415 | 11.4857 1.3823 24.1023
1-1 90.00 | 10.00 0.0853 16.1415 0.1093 | 11.7194 0.0620 9.1483
1-2 80.00 | 20.00 0.0858 73.0069 0.1177 | 11.6603 0.0137 8.4974
1-3 70.00 | 30.00 0.00 0.00 0.00 0.0908 663.1456 0.1423 | 11.0094 0.0015 7.0271
1-4 70.00 | 30.00 0.50 0.0855 82.8932 0.2523 | 11.6930 0.0121 3.9634
1-5 70.00 | 30.00 1.00 0.0819 165.7864 0.3191 | 12.2133 0.0060 3.1341
1-6 70.00 | 30.00 1.50 0.0940 361.7158 0.8168 | 10.6437 0.0028 1.2242
2-C NATURAL SOIL 0.0310 0.6566 0.0120 | 32.2453 1.5230 83.0260
2-1 60.00 | 30.00 | 10.00 0.0565 318.3099 0.2030 | 17.7060 0.0031 4.9260
2-2 55.00 | 30.00 | 15.00 0.0658 612.1344 0.3681 | 15.1927 0.0016 2.7168
2-3 50.00 | 30.00 | 20.00 0.0661 1989.4368 | 0.6150 | 15.1173 0.0005 1.6261
2-4 70.00 | 30.00 0.50 0.0691 87.4478 0.7681 | 14.4639 0.0114 1.3019
2-5 70.00 | 30.00 1.00 0.0770 100.7310 0.8854 | 12.9936 0.0099 1.1295
2-6 70.00 | 30.00 1.50 0.0772 265.2582 1.0180 | 12.9559 0.0038 0.9823
2-7 70.00 | 30.00 0.50 0.0575 11.7198 0.3059 | 17.4044 0.0853 3.2685
2-8 70.00 | 30.00 1.00 0.0584 20.4045 0.4231 | 17.1280 0.0490 2.3637
2-9 70.00 | 30.00 1.50 0.0642 40.8090 0.5362 | 15.5823 0.0245 1.8648
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Figure 1V-10 Electrical resistivity with graphite concentration

Figure 1\V-10 shows the electrical resistivity value with different proportion of
graphite. EPK Kaolinite only mixture shows 24 ohm - m at the completely dried state,
and this value decreased significantly with increase of graphite ratio. The amount of
falling is reduced with increment of graphite proportion which means the existence of
graphite is the critical influencing factor for the electrical conductivity.

Figure IV-11 shows the electrical resistivity variation with different 3-glucan
ratio under different type of water. In the field case, the water is generally collected from
the natural resources. To compare the electrical resistivity value under different type of
water, natural water was collected from the local lake and applied in this experiment.
Due to the chemical properties of natural water, the electrical resistivity value of natural
water applied mixture is much lower than that of tap water. The detailed ingredients are

not tested for the natural water, but this results implies that relatively lower value of
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electrical resistivity is expected at the field test comparing to the laboratory based
results. Also, B-glucan biopolymer is effective to reduce the electrical resistivity because

of interaction between polymers and the cations of the clay mixture.
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Figure 1V-11 Electrical resistivity with beta-glucan biopolymer proportion

Xanthan gum biopolymer has also reducing effect of the electrical resistivity with
chemical reaction within polymers and clay particles (Figure 1V-12). In addition, the
increase of cement proportion is contributing on decrease of the electrical resistivity
(Figure 1V-13). In the aspect of the electrical conductivity of the clay mixture, graphite
is essential factor because of its electrical conductivity. In addition, cement and

biopolymers are also decreasing the electrical resistivity of the clay mixture.
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Figure 1V-13 Electrical resistivity with cement concentration
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Summary and conclusions
In this study, a series of mechanical tests and geophysical test were conducted to
evaluate the mechanical and geophysical properties of the clay mixture with various
combination of components and additives. Unconfined compression test, flow table test,
free shrinkage test, and four-electrode test were carried out, and the following results
were obtained.

1. Unconfined compression test were performed to evaluate uniaxial strength, peak
strain, and the elastic modulus of the clay mixture with various profile. All
components and additives are effective to enhance the compressive strength of
the clay mixture, especially xanthan gum biopolymer is highly efficient with
small amount. Xanthan gum biopolymer can be applied as the compensating
material with decrease in cement portion from 20% to 10%.

2. Flow table test were conducted to evaluate the workability of the clay mixture.
Superplasticizer is chosen for the enhancement of the fluidity of the mixture and
it is proved that this additive is the most effective interacting with cement. Thus,
cement is required to apply the superplasticizer and maximize the workability.
Biopolymers and graphite decreased the workability of the mixture, but it can be
overcame by application of cement and superplasticizer. To satisfy the
workability criteria, xanthan gum biopolymer proportion is suggested as 0.3%
corresponding to 110% of flow.

3. Free shrinkage test was carried out to evaluate the volumetric strain with various

component of the clay mixture. All of components and additives are effective on
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reducing the volumetric shrinkage, but the cement is the most critical to
minimize the shrinkage. Biopolymers are also working as shrinkage reducing
agent, especially B-glucan is slightly better than xanthan gum in the aspect of
volumetric shrinkage.

Four-electrode method was applied to evaluate the electrical resistivity (or
conductivity) of the clay mixture with various component ratio. The electrical
resistivity values changed with the state of the mixture related to water content.
Initial, minimum, and the final values are analyzed from the different type of the
clay mixtures. Graphite is the highly electrical conductive material and it is the
most effective on reducing the electrical resistivity of the clay mixture. Cement
and biopolymers are also efficient to enhance the electrical conductivity of the
clay mixture with chemical interaction between polymers and clay particles, but
this is not enough comparing to graphite. Thus, to trace the clay mixture within

desiccation cracking area, graphite is the key factor with electrical conductivity.
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CHAPTER V
DESICCATION CRACK MONITORING USING ELECTRICAL RESISTIVITY

TOMOGRAPHY TECHNIQUE

Introduction

Electrical Resistivity Tomography (ERT) technique is a widely used geophysical
application for the visualization of shallow subsurface area. Electrical resistivity
equipment have been improved recently, so the quality and efficiency of complex
investigation is developed. In addition, inversion program and computer techniques have
been advanced on modelling of resistivity data (Jones et al., 2012).

In this research, Dipole-Dipole and Schlumberger arrays were compared for the
three-dimensional investigation of the evolution of crack networks in clay subjected to
drying. Polystyrene blocks were used to realize the discontinued area with high electrical
resistivity. Two types of array method were applied for the clay with various depth
profile of Styrofoam structures and the results were compared to determine the arrays for
the ERT measurements of the desiccation crack networks within natural soil.

In addition, Electrical Resistivity Tomography (ERT) measurements were
conducted for various condition of the natural soil subjected to drying. Database from
the equipment was post-processed using RES3DINV program with inversion procedure
and three-dimensional mapping was developed using VOXLER 3D program to

stereoscopic visualization of desiccation crack network of the natural soil.

63



Preliminary ERT using Styrofoam blocks
Test preparation and procedure

Preliminary ERT measurements was conducted to verify the array methods; (1)
Dipole-Dipole array and (2) Schlumberger array. Acrylic rectangular box with
dimension of 60cm x 30cm X 36¢cm was prepared for the clay container. Three blocks
of Styrofoam were used as high resistivity material to realize the discontinuity of clay
network. The dimension of this block is 30cm X 10cm X 2.5cm. Figure V-1 shows the
test setup of preliminary ERT measurements. Test preparation steps are as follows.

(1) Three Styrofoam block were stacked up to create 30cm depth structure and
located at the center of the container.

(2) EPK kaolinite was mixed to reach the water content of 90%, and poured into
acrylic container reaching to the depth of 30cm corresponding to the depth of
styrofoam blocks structure.

(3) For the measurement of ERT, the aluminum pins were connected with 96
electrodes and inserted at the surface of the clay. The formation of electrodes
were 12 by 8 and the distance between each electrodes is 2cm and 3cm in
horizontal and vertical direction, respectively.

(4) ERT was measured using Dipole-Dipole array and Schlumberger array
method.

(5) The Styrofoam block at the bottom was removed from the container and the
clay was reorganized. The depth of Styrofoam block was decreased to 20cm

and the procedure (4) was repeated.
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(6) The Styrofoam block at the middle was removed from the container, so the

depth of block was 10cm. (4) procedure was repeated.

Figure V-1 Electrode installation for the preliminary ERT measurements
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Array methods

Dipole-Dipole array method

In Dipole-Dipole array method, the two current and two potential electrodes
making a pair of dipoles are located at opposite end of the array (Figure V-2). As with
the Schlumberger array, increasing depths are measured by increasing the distance
between dipoles. The highest sensitivity values are placed between the two current and
potential dipoles, effecting in high sensitivity to horizontal difference in resistivity and
subsequently lower sensitivities to vertical changes. In the aspect of three-dimensional
exploration, the Dipole-Dipole array method has a much larger range outside the main
line of measurement than any other array methods. This aspect can influence the
accuracy of a two-dimensional exploration where non-aligned objects can result in
interference. Nevertheless, it can cause Dipole-Dipole arrays more appropriate to three-
dimensional surveys when using parallel lines of electrodes. The arrangement of the
Dipole-Dipole array results in greater data coverage than the Schlumberger array over
the same exploration, although the array also is affected from poor data coverage at the
edges of the model in a three-dimensional grid. Another factor which should be
considered in Dipole-Dipole array method is the requirement for good contact between
the electrode and the soil. Dry soil would act to increase the contact resistance between

electrode and soil, so resulting in larger uncertainties within the range of data.
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Figure V-2 Schlumberger and Dipole-Dipole array configurations

Schlumberger array method

Schlumberger arrays locate the current electrodes at opposite ends of the array
with the potential electrodes placed in central (Figure V-2). Increasing depths are
measured by expansion of the space between the current and potential electrodes by a
factor of n. The arrangement generates an array which has the most value of sensitivity
at the center of the array between the potential electrodes. At low values of n, the array
method is most sensitive to changes in the horizontal plane, while when n increases the
array is progressively sensitive to vertical changes (Barker, 1979). This allows the
Schlumberger array method to be sensitive to both horizontal and vertical structures.
Consideration of the three-dimensional sensitivity, the array displays a narrow range
resulting in poor coverage of data outside the main survey line, leading the
Schlumberger array to less proper for three-dimensional exploration when parallel lines
are employed, particularly when the lines are not closely spaced. In addition, the
Schlumberger array has unsatisfactory data coverage at the edges of the exploration
when deliberating a three-dimensional grid and this problem is extended as greater

depths are investigated.
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Test results and discussion
Three Styrofoam blocks structure (depth = 30cm)

The preliminary Electrical Resistivity Tomography (ERT) measurements was
conducted for the clay container with three Styrofoam blocks. Total depth of block
structure was 30cm. The measured data was processed using the inversion program
RES3DINV. The electrical resistivity value of Styrofoam was explored as larger than
250hm - m corresponding to the shape of the structure at the center. Figure V-3 shows
two-dimensional plane view with depth for the Schlumberger array method. As shown in
this figure, the Schlumberger array detected the shape of Styrofoam blocks structure
accurately with entire depth, but the width of structure was overestimated with increase
of depth to the bottom of the container.

Meanwhile, the Dipole-Dipole array was not effective to detect the vertical shape
of the block structure with depth (Figure V-4). The entire depth of structure was 30cm in
this case, but the Dipole-Dipole array discovered only 7cm from the surface. This array
method shows the high sensitivity at the horizontal plane of surface which is detecting
the detailed location of the electrodes with difference of resistivity value. There was not

an overestimation of block structure’s width.
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Figure V-3 Schlumberger array results for the clay with three block structure
(d=30cm)
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Figure V-4 Dipole-Dipole array results for the clay with three block structure
(d=30cm)
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The electrical resistivity results with x-, y-, and z- coordinates were extracted
from the inversion program. Three-dimensional visualization was developed with this
data using VOXLER 3D program. Entire contour color profile was matched with
RES3DINV program, so color profile was identified for every results. Figure V-5 shows

three-dimensional profile of Schlumberger array.

Electrical Eesistrnty (Olun m)

58698 183.96 362.05 540.14 T18.23

Figure V-5 Stereoscopic view for the result of Schlumberger array (d=30cm)
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As shown in this figure, the entire grid of measurement is expressed as
stereoscopic figure with three-dimensional profile. The Dipole-Dipole array method

result was also visualized using same procedure (Figure V-6).

Electrical Eesistivity (Ol m)

0.13493 246581 49343 740,05 936.68

Figure V-6 Stereoscopic view for the result of Dipole-Dipole array (d=30cm)
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Two Styrofoam blocks structure (depth = 20cm)

The Styrofoam block at the bottom was pulled out from the container and the
clay was reorganized and stabilized for the further measurements. In this case, total
depth of block structure was 20cm from the surface. Entire processing of data
acquisition is as same as previous exploration. Figure V-7 shows two-dimensional plane

view with depth for the Schlumberger array.
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Figure V-7 Schlumberger array results for the clay with two block structure
(d=20cm)
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As shown in this figure, the Schlumberger array figured out the depth of
Styrofoam blocks structure properly, but the shape of the block was not accurate. In this
inversion program, the contour values was arbitrarily determined and it could not be
edited. Thus, the problem was caused when the exact value should be selected for the

visualization.

Electnical Resistraty (Ohm.m)

22815 64.324 126.37 188.41 25045

Figure V-8 Stereoscopic view for the result of Schlumberger array (d=20cm)
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Whereas, using VOXLER 3D program, the contour values could be changed and
standardized following the circumstances of resistivity profile. Figure V-8 shows three-
dimensional figure processed by visualization program with modified contour value
profile. As shown in this figure, the Schlumberger array detects the shape of Styrofoam

block structure with both depth and width.
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However, the Dipole-Dipole array could not detect the vertical depth of
Styrofoam block structure with depth, either (Figure V-9). In the previous case, this
array figured out only 7cm depth from the surface, and this value was also same within
this case. The entire depth of block structure was decreased as 20cm, but the Dipole-
Dipole array kept detecting maximum value of 7cm. Three-dimensional images was also

processed (Figure V-10).

Electrical Eesistvity (COhm. )

06007 88.395 176.19 263.98 351.78

Figure V-10 Stereoscopic view for the result of Dipole-Dipole array (d=20cm)
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One Styrofoam block structure (depth = 10cm)

The Styrofoam block at the middle was pulled out from the container and the

clay was reorganized and stabilized again for the measurements. Total depth of block

structure was 10cm from the surface. Entire post processing is same with previous

investigation. Figure V-11 shows two-dimensional plane view with depth for the

Schlumberger array.
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Figure V-11 Schlumberger array results for the clay with one block structure

(d=10cm)
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As shown in this figure, there was underestimation of the depth of the structure,
but this problem is caused by the limitation of the contour values in the previous
investigation. The width of the block was detected accurately, but the shape with vertical
depth was not precise. To figure out the shape of the block precisely, three-dimensional
visualization was processed using VOXLER 3D program with modified contour value

profile.

Electncal Eesistivity (Ol m)

2899 81.311 15872 23813 316.55

Figure V-12 Stereoscopic view for the result of Schlumberger array (d=10cm)
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As shown in figure V-12, the depth of Styrofoam block was drawn

corresponding to the real depth of this structure as 10cm. The width of block was

decreased slightly with depth, but the entire shape was almost corresponded to the real

shape of Styrofoam block.

The Dipole-Dipole array detected the vertical depth to 7cm as same with

previous cases (Figure V-13).
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In all cases of preliminary ERT measurements, the Dipole-Dipole array could not
detect entire depth of Styrofoam block structure. This array method showed relatively
high sensitivity on horizontal profile at the surface. Three-dimensional images was also

processed (Figure V-14).

Electrical Eeststivity (Ohim)

1.1317 1258.34 25554 38275 509.96

Figure V-14 Stereoscopic view for the result of Dipole-Dipole array (d=10cm)
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Discussion of the preliminary ERT measurement results

According to the series of results from the preliminary ERT measurements, the
Schlumberger array method is much more sensitive to vertical profile of electrical
resistivity comparing to Dipole-Dipole array. Dipole-Dipole array is relatively more
sensitive to detect horizontal mapping at the surface, but the coverage for the vertical
profile was very poor. For the miniature array test of laboratory scale desiccation soil
container, the Schlumberger array is appropriate method for detection of the fissure

network within subsurface area.

Desiccation soil container setup for the natural soil

The acrylic rectangular container (0.63m X 0.44m X 0.32m) was created for the
desiccation of natural soil. There were two sections with ideally same dimension, so two
types of test setup were applied with different initial water contents. The experiment
using the natural soil was allowed to desiccate naturally with the surface left exposed.
Electrical resistivity measurements were conducted at regular intervals over the three
areas at each sections with the Schlumberger arrays. Measurements were stopped after
28 days of drying, when no additional cracking was investigated. After fully dried, the
each section was completely saturated with the permeability test and allowed to dry
again. Electrical resistivity measurements repeated with three cycle of drying and
wetting. Electrical Resistivity Tomography (ERT) results for each sections were

analyzed on following parts.
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ERT results: Section A

The natural soil on section A was prepared with water content of 10% which is
corresponding to the dry side moisture content for 90% of relative compaction. Figure
V-15 shows the evolution of the natural soil surface with drying-wetting cycle. As
shown in this figure, the crack was generated initially at the surface and developed with
horizontal directions. Repetition of drying-wetting cycle caused the propagation of the
crack which was generated at the previous phase. The propagation in horizontal
directions were monitored by surface exploration, but the propagation in depth could not
be figured out with eye observation.

Electrical Resistivity Tomography (ERT) measurements were conducted to
monitor the desiccation crack network within subsurface area of the soil. Three area
were determined for the investigation considering the crack patterns at the surface, the

results from the phase 3 and phase 4 analyzed.
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(a) Phase 1: completely dried after initial setup

(b) Phase 2: completely dried after 1% re-saturation process

(c) Phase 3: completely dried after 2™ re-saturation process

(d) Phase 4: completely dried after 3™ re-saturation process

Figure V-15 Desiccation crack propagation with drying-wetting cycle on section A
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Phase 3: Completely dried state after 2" re-saturation process
As shown in figure V-15(c), the complex crack patterns were developed from the
surface of the soil by repetition of drying-wetting process. The ERT measurements were
investigated at three different area of the surface. The planned area is represented in
figure V-16. Electrical resistivity was measured using the Schlumberger array for each

area with same formation of electrode.

Figure V-16 Three area selection for the ERT measurements (Section A, phase 3)

Figure V-17 shows the ERT results from first area. The electrical resistivity
greater than 100 ohm - m was considered as cracked area. The width of the crack was
overestimated by ERT measurements, but the crack network at the shallow depth was

matching well with real fissuring.
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Figure V-17 ERT result (A1, phase 3)

Figure VV-18 shows the ERT results from second area. There was a significant
crack which was propagated from the top boundary of the soil container. As shown in
this figure, the crack was developed to 6~7cm depth from the surface. Some tiny defects

were also investigated at the surface with relatively high electrical resistivity.
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Figure V-18 ERT result (A2, phase 3)

Figure VV-19 shows the ERT results from third area. As shown in figure V-16, the
width of the cracks were smaller than the cracks at the other two areas. Actually, there
was interference of the crack network during the installation of the electrode at the
surface, so the crack network could not be detected as observed at the surface.
Meanwhile, larger cracks developed at the top right corner was observed properly with

vertical dimension.
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Figure V-19 ERT result (A3, phase 3)

Phase 4: Completely dried state after 3™ re-saturation process
As shown in figure V-15(d), some of crack networks were remained from the
previous phase and propagated as more complex network of cracks and there was newly
generated cracks from the surface. The ERT measurements were also explored at almost
same area of the surface corresponding to previous phase. Figure V-20 shows the target
area of ERT measurements. Electrical resistivity measurement was conducted using the

Schlumberger array with the same formation of electrode.
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Figure VV-20 Three area selection for the ERT measurements (Section A, phase 4)

Figure V-21 shows the ERT results from first area. The crack patterns were more
complicated comparing to the previous phase. The newly propagated crack network was
generated at the right top of the area which was tiny crack before the wetting. ERT
measurement figured out the crack network properly with pattern and depth, but the
value of the electrical resistivity was relatively lower than previous phase result, because
the electrical resistivity measurement was conducted before the soil was completely
dried. The existence of the water within subsurface area enhanced the electrical
conductivity. As discussed in the previous chapter, the soil and clay mixture with some
amount of water content has higher electrical conductivity than completely dried
material, because the moisture in the void area reduce the electrical resistivity, whereas

the air in the void increase it.
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Figure V-21 ERT result (A1, phase 4)

Figure V-22 shows the ERT results from second area. At the previous phase,
there was small crack generated from the right top of the area, and it propagated as
complex fissure network by wetting-drying process. This network was connected the
other crack propagated from the bottom of the area, and it created more complicated
network of cracks. As shown in figure VV-22, the electrical resistivity measurements
figured out the detailed crack networks propagated from the surface area, and it was also
relatively lower than previous phase results. In addition, the cracks were developed with

vertical direction which was reached to the bottom of the natural soil layer.
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Figure V-22 ERT result (A2, phase 4)

The width of the crack was increased and propagated to connect with adjacent
small cracks at the third area. Figure VV-23 shows the ERT results from this area. As
shown in this figure, the crack network at the central area was developed with both
horizontal and vertical directions. Also, the electrical resistivity values were relatively

lower than the previous phase with higher water content environment of the soil.
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Figure V-23 ERT result (A3, phase 4)

Discussion of the test results from section A

The Electrical Resistivity Tomography (ERT) measurements were conducted to
the selected area at the section A to investigate the crack network and propagation with
repetition of drying-wetting process. The crack networks developed from the surface
were detected properly with ERT measurements, but the relatively small (less than 2mm)
width of crack was not monitored at all. Also, the crack network was developed both
horizontally and vertically with accumulation of drying-wetting cycle and the fissure
networks tended to connect with adjacent small cracks. The existence of the moisture

within the soil reduces the average value of the electrical resistivity of the soil.
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ERT results: section B

The natural soil on section B was prepared as slurry state with water content of
60% which is corresponding to 150% of liquid limit of the natural soil. The soil on
section B is relatively loose state because of the larger value of the water content. Figure
V-24 shows the evolution of the natural soil surface with repetition of drying-wetting
process. The crack was generated at the initial state on the surface and propagated with
both horizontal and vertical directions. The crack dimension was much greater than that
of section A because of the relatively low density of the soil. Generally, repeat of the
drying-wetting cycle caused the development of the crack which was created initially at
the surface and propagated with horizontal and vertical directions. In addition, some
crack networks were filled with adjacent soils but the trace was remained at the surface.
There was more complicated networks than dense soil at the section A.

The development of the fissure networks were monitored by the electrical
resistivity measurements and the results were analyzed with the inversion program
RES3DINV. In addition, three-dimensional visualization using VOXLER 3D was
processed to develop the stereoscopic image of subsurface area with complicated crack
patterns. For the section B, the ERT measurements were analyzed from phase 1 to phase
3. The further phases were investigated in the next chapter with the application of the

clay mixture as filling material.
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(a) Phase 1: completely dried after initial setup

(b) Phase 2: completely dried after 1% re-saturation process

(c) Phase 3: completely dried after 2" re-saturation process

Figure VV-24 Desiccation crack propagation with drying-wetting cycle on secton B
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Phase 1: Completely dried after initial setup
Figure V-25 shows the soil which was fully dried after initial wetting. Several
crack networks was developed from the surface of the natural soil. The width of the
crack was much larger than dense soil on section A, and the range of value was
0.5~1.0cm. The selected area for the ERT measurement is also shown in figure V-25.
Electrical resistivity was measured using the Schlumberger array method for the selected

area with the same formation of electrode on section A.

Figure V-25 Area selection for the ERT measurement (Section B, phase 1)

As shown in figure V-26, the complex crack network was mapped as two-
dimensional plane figures with various depth. The electrical resistivity greater than 100
ohm - m was considered as cracked area. The crack networks were figured out properly
with the ERT measurements. The crack at the center line was propagated to the depth of
8cm from the surface. The width of the crack was relatively overestimated compared to
the real measured dimension of the fissure networks. The cracks with smaller width (less
than 2mm) were expressed as low electrical resistivity zone compared to larger crack
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networks. Following the results from the inversion process using RES3DINV program,

it was easy to figure out two-dimensional plane view with certain depths, but it was hard

to figure out the three-dimensional shape of the crack network within subsurface area.
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Figure V-26 ERT result (B3, phase 1)
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The electrical resistivity data with x-, y-, and z- coordinate values were extracted

from RES3DINV program, and this data was processed as three-dimensional image by

VOXLER 3D. Figure VV-27 shows the stereoscopic visualization of the subsurface area

with crack networks. As discussed in the preliminary ERT measurements using

Styrofoam blocks, the contour values were standardized for the consistency of the
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analysis. By the modification of the contour values, the crack patterns were matched

more precisely with real crack networks.

Electrical Eesistooty (Olun.m)

0.77819 41522 32966 12441 1658.5

Figure V-27 3-D image of the ERT measured subsurface area (B3, phase 1)

To figure out the crack networks within subsurface area, three-dimensional
image can be sliced into several parts with determined dimension. Figure VV-28 shows
the horizontally sliced parts with vertical length of 3cm. By this procedure, the

dimension of specified crack network can be analyzed and calculated directly. Also, it
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can be visualized as front view and three-dimensional blocks (Figure VV-29 and Figure
V-30).
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Figure V-28 Horizontal sliced cut of ERT measured subsurface area (Top view, B3,
phase 1)
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Figure V-29 Horizontal sliced cut of ERT measured subsurface area (Front view,
B3, phase 1)
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Figure V-30 Horizontal sliced cut of ERT measured subsurface area (3-D view, B3,
phase 1)
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In addition, stereoscopic image can be also sliced into vertical direction. Figure
V-31 ~ V-33 shows the various view of the vertical sliced cut. With this procedure, it is
available to visualize the selected area of the measurement as two-dimensional or three-
dimensional images. The dimensions are shown in every sliced or stereoscopic images of
the parts, so it is available to validate the dimension of the crack networks directly

within certain area.
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Figure V-31 Vertical sliced cut of ERT measured subsurface area (Top view, B3,
phase 1)
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Figure VV-32 Vertical sliced cut of ERT measured subsurface area (Side view, B3,
phase 1)
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Figure V-33 Vertical sliced cut of ERT measured subsurface area (3-D view, B3,
phase 1)
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Phase 2: Completely dried after 1% re-saturation
As shown in figure V-34, the crack networks in the selected area were changed
significantly after 1% re-saturation process with permeability test. The main crack
network at the center was filled with surrounded soil during the saturation, but the trace
was remained from the surface. The new crack network was generated at the top of the
trace, and it propagated to connect with adjacent cracks. The crack width was decreased

compared to the previous phase.

Figure V-34 Area selection for the ERT measurement (Section B, phase 2)

The electrical resistivity measurement were mapped as two-dimensional figures
with various depth in figure V-35. The crack networks were monitored appropriately
with the measurements, and the trace of the former cracks were expressed as relatively
lower value of resistivity. The newly generated crack at the center line was propagated to
the depth of 12cm from the surface. The width of the crack was slightly overestimated.

The three-dimensional coordinates from this measurement was also extracted from
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RES3DINV program and processed using three-dimensional visualization program. The

detailed figures are shown in APPENDIX A.
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Figure V-35 ERT result (B3, phase 2)

Phase 3: Completely dried after 2" re-saturation
As shown in figure V-36, some crack networks were maintained and there was
newly created fissure network with combination of developed crack and trace of the
previous phase crack. In this phase, three areas were selected to measure the Electrical
Resistivity Tomography. These results was compared to the soil structure with the filling

material within desiccation crack area.
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Figure V-36 Three area selection for the ERT measurements (Section B, phase 3)
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Figure V-37 ERT result (B1, phase 3)
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Figure VV-37 shows the electrical resistivity measurements of the first area of
section B. The crack network with relatively larger width (larger than 5mm) was well-
monitored with electrical resistivity. The width of the crack was also slightly

overestimated as same with other cases.

¥ Layer 1, Depth: 0.00-0.00 m. v Layer 2, Depth: 0.00-0.01 m. ¥y Layer 3, Depth: 0.01-0.02 m. ¥ Layer 4, Depth: 0.02-0.02 m.
0.20 0.20
0.18 0.18
0.16 0.16
0.1 0.14
0.11 0.11

0.09 0.09

0.07 0.07

.05 .05 0.0 0.05
0.02 5 0.02 3 0.02 " 0.02 .

0.00 0.00 0.00 0.00
000 005 010 0.16 0.20 000 005 010 016 020 000 005 010 0.16 0.20 000 005 010 016 020

¥ Layer 5, Depth: 0.02-0.03 m. ¥ Layer 6, Depth: 0.03.0.04 m. ¥ Layer 7, Depth: 0.04-0.05 m., ¥ Layer 8, Depth: 0.05-0.06 m.
0.20 0.20 0.20
0.18 0.18 0.18
0.16 0.16 0.16
0.14 0.14 0.14
0.11 0.11 0.11
0.09 0.09 0.09
0.07 0.07 0.07
0.05 0.05 0.05
0.02 = 0.02 2 0.02 &
X 0.00 0.00. 0.00
0.00 005 010 016 020 0.00 0.05 010 016 020 0.00 005 010 0.16 0.20 0.00 005 010 016 020
¥ Layer 9, Depth: 0.06-0.07 m. y Layer 10, Depth: 0.07-0.08 m. ¥ Layer 11, Depth: 0.08-0.09 m. ¥ Layer 12, Depth: 0.09-0.11 m.
0.20 0.20 0.20 0.20
0.18 0.18 0.18
0.16 0.16 0.16
0.14 0.1 0.14
0.11 0.11
0.09 0.09. 0.09
0.07 0.07 0.07
.05 0.05 0.05 0.05
0.02 ! 0.02 v 0.02 . 0.02 X
0.00 0.00 0.00. 0.00
0.00 0.05 0.10 0.16_0.20 0.00 0.05 0.10 0.16 020 0.00 0.05 010 016 0.20 0.00 0.05 010 016 020
[ B N B N N N N N B -5 § B § § |
0.76 2.0 5.3 14.0 37.1 08.2 260
Resistivity in Ohm.m

X Unit Electrode Spacing 0.002m. Y Unit Electrode Spacing 0.003m. Iteration 4 - RMS Error 31.9%

Figure V-38 ERT result (B2, phase 3)

Figure V-38 shows the results from second area of section B. The width of the
central crack was overestimated which is corresponding to the summation of the crack
and trace of the previously generated cracks. This area was evaluated as combined
defected area with higher electrical resistivity compared to adjacent soil. The cracks
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were propagated to the bottom of the natural soil with depth of 12cm, and the width of
crack was increased with depth. Figure V-39 shows the electrical resistivity
measurements of third area of section B. This area was continuously monitored with
every phase, and the changes on crack pattern was very significant. The trace of crack
generated in phase 1 and the crack propagated in phase 2 were combined as one fissure
network vertically crossing the center. In addition, the traces were maintained and

expanded as expressed the resistivity value between 50 and 100 ohm - m.
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Figure V-39 ERT result (B3, phase 3)
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Discussion of the test results from section B

The Electrical Resistivity Tomography (ERT) measurements were conducted to
the selected area at the section B to monitor the fissure network and propagation with
repetition of drying-wetting cycle. The crack networks were more complicated
developed compared to the dense state soil. The width of the crack was relatively larger
than that of section A, the cracks were propagated both horizontally and vertically. In
addition, some cracks were closed by filtration of surrounded soil under saturation, and
the trace was remained as low resistivity area. To investigate with detailed stereoscopic
view of the subsurface area, three-dimensional visualization using VOXLER 3D was
developed and processed to produce multiple two-dimensional and three-dimensional
images following the purposes. The standardization of the contour values allows the

consistency of the electrical resistivity analysis.

Summary and conclusions

In this chapter, a series of the Electrical Resistivity Tomography (ERT)
measurements were performed to monitor the subsurface area with desiccation crack
network under various circumstances. Preliminary ERT measurements using Styrofoam
and electrical resistivity measurements for the natural soil subjected to drying were
conducted, and the following results were obtained.

1. The preliminary ERT measurements were conducted using Styrofoam blocks

structure to examine the Schlumberger array and the Dipole-Dipole array

method for the miniature test. The Schlumberger array method is much more
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sensitive to vertical profile of electrical resistivity comparing to the Dipole-
Dipole array. The Dipole-Dipole array is relatively more sensitive to detect
horizontal mapping at the surface area, but the coverage for the vertical depth
was quite poor. For the miniature array test of laboratory scale desiccation
soil container, the Schlumberger array is appropriate method for the detection
of the desiccation crack network of subsurface area.

The Electrical Resistivity Tomography (ERT) measurements were conducted
to the selected area at the section A to investigate the crack network and
propagation with repetition of drying-wetting process. The crack networks
developed from the surface were detected properly with ERT measurements,
but the relatively small (less than 2mm) width of crack was not monitored at
all. Also, the crack network was developed both horizontally and vertically
with accumulation of drying-wetting cycle and the fissure networks tended to
connect with adjacent small cracks. The existence of the moisture within the
soil reduces the average value of the electrical resistivity of the soil.

The Electrical Resistivity Tomography (ERT) measurements were conducted
to the selected area at the section B to monitor the fissure network and
propagation with repetition of drying-wetting cycle. The crack networks were
more complicated developed compared to the dense state soil. The width of
the crack was relatively larger than that of section A, the cracks were
propagated both horizontally and vertically. In addition, some cracks were

closed by filtration of surrounded soil under saturation, and the trace was
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remained as low resistivity area. To investigate with detailed stereoscopic
view of the subsurface area, three-dimensional visualization using VOXLER
3D was developed and processed to produce multiple two-dimensional and
three-dimensional images following the purposes. The standardization of the

contour values allows the consistency of the electrical resistivity analysis.
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CHAPTER VI
APPLICATION OF THE CLAY MIXTURE AS FILLING MATERIAL FOR

SUBSURFACE CRACKING AREA

Introduction

The aim of this research is to examine the applicability of the clay mixture as
filling material which was investigated and suggested in the chapter IV. Preliminary
injection was carried out to investigate washing out of the clay mixture under saturation,
because the injected material should not be extracted or solvent in water. Also,
permeability test was conducted to figure out the hydraulic conductivity evolution with
drying-wetting cycle and the effect of clay mixture as reducing agent of the
permeability.

In addition, Electrical Resistivity Tomography (ERT) measurements were
conducted for the natural soil with clay mixture filled into the desiccation crack area.
This process allows to check the clay mixture filtration through the fissure networks.
Direct shear test was conducted to compare the shear strength of the natural soil and soil-
clay mixture structure in the aspect of strengthening effect by mixture injection.

Finally, the dismantlement of the natural soil with injected clay mixture was
carried out for direct vision exploration of soil-clay mixture structure within subsurface
area. This procedure allows to validate the mixture injection technique for the defected

area.
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Preliminary injection test using small-scale container
The preliminary injection test was conducted using small-scale acrylic container.
The shape of the container was same proportion with the dimension of the desiccation
soil container as rectangular shape. The natural soil with same water content of section B
(w=90%) was mixed and poured into the three sections of the container. These
specimens were completely dried and some cracks were propagated to allow the mixture

injection within area.

Table VI-1 The clay mixture description for preliminary injection test

Main components (%) Additives (%)
No. | Label
Kaolinite Graphite Cement B-glucan Xanthan gum SP
1 B 70.00 30.00 - 1.50 - 1.50
2 X 70.00 30.00 - - 1.50 1.50
3 C 50.00 30.00 20.00 - - 1.50

Three types of clay mixture were selected for the preliminary injection. Table VI-
1 shows the detailed profile of each clay mixtures. The purpose of this test is to examine
the durability of the biopolymers (B-glucan and xanthan gum) and cement components
under saturation. Cement mixture composition is identically same with the previous
research by Kim to compare with other mixtures without cement proportion. Each clay
mixture was mixed with same water content of 90% and injected at the different sections

and air dried.
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(b) Clay mixture injected within cracking

area (B-glucan / Xanthan gum / Cement)

(c) After saturation from the surface (d) Completely dried state after saturation

(B-glucan / Xanthan gum / Cement) (B-glucan / Xanthan gum / Cement)

Figure VI-1 Preliminary injection test procedure
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Figure VI-1 shows the procedure for the preliminary injection test. After fully
dried, the clay mixtures were casted into the cracking area at each containers and air
dried. As shown in figure VI-1(b), some cracks were generated at the surface of the clay
mixtures. Three of soil containers were saturated again from the surface. There was a
hole at the bottom of the container to allow drainage through the soil media. After
saturation, the soil containers were air dried until moisture does not exist within the soil.
Figure VI-1(d) shows the final state of the preliminary injection.

As shown in this figure, at the first container (left), the clay mixture with 8-
glucan was completely lost its structure within cracking area. This mixture was totally
dissolved in water and spread out on the surface of the soil. This mixture was dried out
with crack generation at the entire surface area of the soil media. Meanwhile, the clay
mixture with xanthan gum was not washed out and maintained own structure as it was
casted. Some tiny cracks were generated at the surface of the mixture, but they did not
propagated to vertical direction. In addition, the clay mixture with cement proportion
was not washed out either, but there was some parts were popped out from the structure
because they were contacted to acrylic surface not the natural soil. Consequently, the
clay mixture with xanthan gum or cement were not washed out and lost its own structure
during the saturation, but the mixture with B-glucan was dissolved and spread out
through the soil surface. Thus, B-glucan is not appropriate additives as filling material

within fissure areas.
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Electrical Resistivity Tomography (ERT) measurements for the mixture injected
area
The clay mixture injection within desiccation cracking area
The clay mixture profile was determined following the preliminary injection test

result and evaluation of properties of clay mixture investigated in the chapter 4.
Compare to the injection mixture which was applied in the previous research by Kim,
the proportion of cement is decreased from 20% to 10% and fine-grained soil portion is
increased as amount of cement ratio reduction. The water content value is also decreased
dramatically by application of superplasticizer. This value is decreased from 120~150%
to 90%. It is also expected to prevent excessive shrinkage. In addition, Xanthan gum
biopolymer is also included to reinforce the strength of clay mixture, to prevent washing
out of the mixture, and to minimize the crack propagation. Table VI-2 shows the detailed

proportion of each components and additives for the clay mixture.

Table VI-2 The clay mixture component and additive composition

Main components (%) Additives (%)
Kaolinite Graphite Cement B-glucan Xanthan-gum SP WIC (%)
60.00 30.00 10.00 0.3 1.50 90.00

ERT result of the soil with clay mixture injection within crack networks
The clay mixture was mixed following the ingredient profile and casted into the
desiccation cracking area of section B. As discussed in the Chapter V, the initial state of
section B was slurry state with high water content and low density. The cracking

potential was much higher than compacted soil of section A and complex crack networks
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were propagated as expected. To explore whether the clay mixture is injected effectively
and to compare permeability reduction effect, the mixture was only applied for the
section B. The clay mixture was injected within crack networks from the surface using a

disposable syringe.

Figure VI-2 Surface image of section B after the clay mixture injection and area
selection

Figure VI-2 shows the top view of section B after the clay mixture injection. The
clay mixture was filled into the syringe and casted within the crack networks. The
mixture color is dark gray because the graphite is black-colored material and control the
base color of the clay mixture. The clay mixture was allowed to air drying until fully
dehydrated. The electrodes were installed at the surface of the soil corresponding to the
selected areas which were measured on the previous stage (phase 3).

Electrical Resistivity Tomography (ERT) measurements were conducted for
selected areas. Figure VI-3 shows the ERT results from first area of section B. As shown

in this figure, the electrical resistivity values of crack networks were decreased
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drastically. It implies that the clay mixture was penetrated within cracking area
successfully. The electrical resistivity value of treated area is relatively lower than that
of the natural soil territory. The average electrical resistivity value was decreased

corresponding to filling of the crack with the clay mixture.
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Figure VI-3 ERT result of mixture injected area (B1)

Figure VI-4 shows the ERT results from second area of section B. As analyzed
on the chapter V, there was a linear crack network at the center of this area and some
traces remained surround it. As shown in figure VI-4, the crack networks were

completely filled with high conductivity materials and the remained trace of old crack
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was expressed as relatively higher values. The clay mixture was successfully applied

also in this area.
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Figure VI-4 ERT result of mixture injected area (B2)

Third area of section B was monitored continuously from the beginning of this
research. The crack networks are more complex than the other territories and this
network was changed significantly at each stage of wetting-drying process. This area
was the most defected area compared to the other territories. As shown in figure VI-5,
the entire crack network was filled with the clay mixture successfully. The trace of old
crack were still remained at the surface of this area, so this domain was expressed with
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relatively high electrical resistivity values. As a result, the clay mixture was completely
injected into the desiccation crack networks on section B as monitored with ERT

measurements.
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Figure VI-5 ERT result of mixture injected area (B3)

After ERT measurements, all of electrodes were extracted from the soil surface
and the natural soil was saturated from the surface. There was a two purpose for this
saturation. The permeability test was conducted to validate the hydraulic conductivity
decrease effect of the clay mixture injection. Also, washing out of the clay mixture after
saturation was monitored by surface observation. Figure V1-6 shows the surface image

of section B right after saturation. As shown in this figure, the most of clay mixture
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structure was remained at the injected area. The clay mixture was not washed out or

dissolved. Some area was covered with the natural soil of surrounding domains.

Figure VI-6 Surface image of section B after permeability test
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Figure VI-7 ERT result of mixture injected area after saturation (B1)
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The ERT measurements were carried out after the stabilization of the soil
surface. This measurements were conducted on almost same target area which is
corresponding to former investigations. The first area was monitored as shown in figure
VI-7. The clay mixture injected area was expressed as very low electrical resistivity less
than 10 ohm - m. The electrical resistivity value of the natural soil was also low (less
than 30), but this value is higher than the clay mixtures. As discussed before in the
chapter of 5, the electrical resistivity value range was decreased compared to the dry

state because of the existence of moisture within the void area of soil and clay mixtures.
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Figure VI-8 ERT result of mixture injected area after saturation (B2)
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Figure VI-8 shows the ERT result from second area. This area was also
monitored with very low value of the electrical resistivity. The contrast between the clay

mixture and the natural soil is not obvious, but both of them was low enough.

¥ Layer 1, Depth: 0.00-0.00 m. ¥ Layer 2, Depth: 0.00-0.01 m. v Layer 3, Depth: 0.01-0.02 m. ¥ Layer 4, Depth: 0.02-0.02 m.
0.20 0.20 0.20 0.20
0.18 0.18 0.18 0.18
0.16 0.16 0.16 0.16
0.14 0.14 0.14 0.14
0.11 0.11 0.11 0.11

0.09 0.09 0.09 0.09
0.07 0.07 0.07 0.07
0.05 0.05 0.05 0.05
0.02 0.02 0.02 0.02
x x x x

0.00 0.00 0.00 0.00

0.00 0.05 010 0.16 0.20 0.00 005 010 016 0.20 0.00 0.05 010 0.16 0.20 0.00 0.05 010 016 0.20

¥ Layer 5, Depth: 0.02-0.03 m. ¥ Layer 6, Depth: 0.03-0.04 m. ¥ Layer 7, Depth: 0.04-0.05 m. ¥ Layer 8, Depth: 0.05-0.06 m.
0.20 0.20 0.20 0.20
0.18 0.18 0.18 0.18
0.16- 0.16 0.16 0.16-
0.14. 0.14 0.14 0.14.
0.11 0.11 0.11 0.11
0.09 0.09 0.09 0.09
0.07 0.07 0.07 0.07
0.05 0.05 0.05 0.05
0.02 0.02 0.02 0.02

x x x x

0.00 0.00 0.00 0.00

0.00 0.05 010 016 0.20 0.00 005 010 016 0.20 0.00 0.05 010 0.16 0.20 0.00 0.05 010 016 0.20

y Layer 9, Depth: 0.06-0.07 m. ¥ Layer 10, Depth: 0.07-0.08 m. y Layer 11, Depth: 0.08-0.09 m. ¥ Layer 12, Depth: 0.09-0.11 m.

0.20 0.20 0.20. 0.20

0.18 0.18 0.18 0.18

0.16- 0.16 0.16-

0.14. 0.14 0.14.

0.11. 0.11. 0.11.

0.09 0.09 0.09

0.07 0.07 0.07

0.05 0.05 0.05

0.02 0.02 0.02

0.00 o 0.00 * 000 *
0.00 0.05 0.10 0.16_0.20 . .05 N . A 0.00 0.05 010 016 0.20 0.00 0.05 010 0.1l6 0.20
I N B B BN . | = =

0.24 0.53 1.2 25
Resistivity in Ohm.m
X Unit Electrode Spacing 0.002m. Y Unit Electrode Spacing 0.003m. TIteration 4 - RMS Error 21.8%

Figure VI-9 ERT result of mixture injected area after saturation (B3)

As shown in figure VI-9, third area of section B was also monitored with low
value of the electrical resistivity. Especially on low depth area (0~2cm), relatively high
range of the electrical resistivity value is corresponded to the trace of old cracks. These
cracks were remained during several wetting-drying process and it forms some kind of
valley domains. At the beginning of this research, the initial state of the natural soil
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surface was flat because this condition was intended. Repetition of wetting-drying cycle
caused significant change in the crack networks and remained trace of old cracks created
some kind of topography with different elevation to surrounded domains. However, in
this research with ERT measurements, the elevation of surface ground could not be
considered and just expressed with relatively higher value of the electrical resistivity
compared to surrounded area. To overcome this limitation, the further research with the
ERT measurement could be better if this investigation is collaborated with geography

data.

Permeability test with the phase of drying-wetting cycle
Permeability test setup and procedure

Permeability test was conducted for the natural soil in the desiccation container
at each phase of wetting process. At the initial stage, the natural soil was intact, so low
range of permeability was expected. Considering this circumstance, the falling head test
was applied for initial condition of the natural soils. On the other hand, further phases of
the soil condition was damaged by repetition of drying-wetting cycle. The constant head
test was examined for the natural soil at these phases. Several holes with regular spacing
were drilled at the bottom of the desiccation soil container to allow the drainage through
the soil media. The soil container was supported by four columns at each edge of the
rectangular box. Drainage tank was located below the columns and this tank covered
entire area of the desiccation soil container. The drainage hole was at the tank was

connected to the silicon tube and the drained water was collected at the end of the tube
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by bicker on the balance. Figure VI-10 shows the constant head test setup for the

desiccation soil container.

Figure VI-10 Constant head test setup

Permeability test result of section A
The natural soil of section A was prepared to realize the condition of compacted

soil with 90% of relative compaction. This soil was relatively dense with intact surface,
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so the falling head test was conducted at the initial phase. The soil container was filled
with water and the top of the acrylic box was completely sealed to prevent dehydration
at the surface of water. Table VI-2 shows detailed measurements and the permeability
calculated. The permeability was evaluated as 4.63 x 10~cm/s and this value is very

low value. The soil was categorized as silt or silty clay with permeability.

Table VI-3 Permeability test for section A at the initial phase (Falling head test)

Date &
3/29 14:30 3/30 14:30 3/31 14:30 4/1 14:30
Time
h (cm) 1.85 1.45 1.05 0.65
Ah
0.4 0.4 04
(cm)
At
86400 86400 86400
(sec)
k
4.63 x 107° 4.63 x 107° 4.63 x107°
(cm/sec)
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The natural soil on section A was under drying-wetting process within the phase

of 2 and 3, and additional permeability test was conducted at the beginning of the phase

4 (3" re-saturation). Desiccation cracks on soil were propagated and the constant head

test was conducted for this section because the increase of permeability was expected

compared to the intact state. Table VI-3 shows the permeability test result. Compare to

the intact soil, the permeability was increased significantly in the degree of 102. As

shown in table VI-3, permeability value was decreased with time, and it implies that the

desiccation crack network within subsurface area was closed during the saturation and it

affected to the hydraulic conductivity of soil.

Table VI-4 Permeability test result for section A at the phase 4 (Constant head test)

k
t (sec) Q (ml) Q (cm?) L (cm) h(cm) | A(cm?) | (cm/sec)
3492 500 500 12.7 2.54 1386 5.165E-04
3523 500 500 12.7 2.54 1386 5.120E-04
3540 500 500 12.7 2.54 1386 5.095E-04
Average k | 5.127E-04

The average value of permeability is 5.127 x 10~*cm/sec. With this value, the

soil was categorized silty soil with low permeability. As a result, the desiccation

cracking increased the permeability of the soil media and caused the soil to weaken in

terms of density with hydraulic conductivity.
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Permeability test result of section B
The natural soil of section B was slurry state at initial state with 60% of water
contents. This value is corresponding to the 150% of liquid limit of the natural soil. The
falling head test was conducted also on this section, the soil container was filled with

water and top of the acrylic container was entirely covered to prevent evaporation of

water from the surface.

Table VI-5 Permeability test for section B at the initial phase (Falling head test)

A ¥ 3 L z
o - " é d
f .
~ & 4
) N
Ti—
Date &
3/21 14:06 3/22 15:22 3/23 09:33 3/26 09:41
Time
h (cm) 22.22 21.60 21.10 19.60
Ah (cm) 0.6 0.5 1.5
At (sec) 90960 65460 259680
k (cm/sec) 6.60 X 107° 7.64 x 107° 5.78 X 107°

Table VI-4 shows the measured values from the permeability test. The

permeability was calculated as 6.67 x 10~¢cm/sec, and this value is slightly higher than
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compacted soil on section A. This soil also categorized as silt or silty clay in terms of
permeability.

The natural soil on section B was also under drying-wetting process within phase
of 2 and 3, and additional permeability test was conducted at the beginning of each
phase. (1 and 2" re-saturation). A complicated fissure networks were developed within
subsurface area on section B, so the permeability was expected as increased significantly
compared to the intact condition. Table VI-5 shows the permeability test result. Because
of the fissure networks propagated to the entire depth of the natural soil, the permeability
was increased drastically in the degree of 10%. This test was conducted at the early stage
of saturation process and the crack networks closed gradually with time duration of
saturation, but the further test was not conducted. The permeability of the natural soil
after crack closed would be much lower than the permeability at the early period of

saturation.

Table VI-6 Permeability test result for section B at the phase 2 (Constant head test)

k
t (sec) Q (ml) Q (cm?) Lcm) | h(cm) | A(cm?) | (cm/sec)
155 500 500 12.7 2.54 1386 1.164E-02
157 500 500 12.7 2.54 1386 1.149E-02
160 500 500 12.7 2.54 1386 1.127E-02
Average k | 1.147E-02

The permeability test was conducted again during 2" re-saturation process

(phase 3). In this case, preliminary saturation was carried out until the surface crack was

closed. Table VI-6 shows the permeability test of section B in the phase 3. Permeability
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was decreased compared to the phase 2, because this test was conducted after the closure
of the surface cracks. However, this value is also higher than that of intact condition soil,
because the fissure network within subsurface area allows the infiltration of water easily.
As shown in table VI-7, permeability was decreased gradually with test execution, it
implies that the crack network within subsurface area was closed under saturated

condition and it decreased the permeability directly.

Table VI-7 Permeability test result for section B at the phase 3 (Constant head test)

k
t (sec) Q (ml) Q (cm?) Lcm) | h(cm) | A(cm?) | (cm/sec)
273 500 500 12.7 2.54 1386 6.607E-03
320 500 500 12.7 2.54 1386 5.637E-03
352 500 500 12.7 2.54 1386 5.124E-03
Average k | 5.789E-03

The clay mixture was injected within fissure network area of section B, and the
permeability test was conducted after the clay mixture was completely dried. As
expected, due to the clay mixture injection within cracking area, the permeability was
decreased significantly compared to former phases. The permeability was decreased in
the degree of 10 with the clay mixture injection. Table VI-8 shows the results from the
permeability test. Permeability was decreased with time, because the closure of the crack
which was not developed at the surface (the clay mixture was not injected). Thus, the
clay mixture injection is effective to reduce the permeability of soil with closing of void

area and densification of adjacent soil.
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Table VI-8 Permeability test result for section B after injection (Constant head test)

k
t (sec) Q (ml) Q (cm?d) L (cm) h(cm) | A(cm?) | (cm/sec)
3202 500 500 12.7 2.54 1386 5.633E-04
3234 500 500 12.7 2.54 1386 5.577E-04
3256 500 500 12.7 2.54 1386 5.540E-04
Average k | 5.583E-04

Discussion of the permeability test results

The several cases of the permeability test were conducted for the natural soil on

both section A and B. The results from the tests is shown in table VI-9. In both cases, the

permeability was increased significantly by desiccation cracking, especially it was

remarkable on the section B with more complex fissure networks. At the early stage of

saturation, the permeability value was much higher which could be regarded as sand

layer. As time passed during the saturation, the crack networks started to be closed from

the surface, and the permeability was decreased with this phenomenon. The clay mixture

injection was applied to the section B, and the permeability values was decreased

dramatically with this treatment. Fissure networks were closed and adjacent soil was

densified by injection of filling materials. As a results, the clay mixture injection within

the desiccation cracking area can be effective to decrease the hydraulic conductivity of

soil media.
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Table VI-9 Overall permeability test results

Section A k (cm/sec) Section B k (cm/sec)
Phase 1 (Initial) 4.63 x 107° Phase 1 (Initial) 6.67 X 107°
Phase 4 5.13x 107* Phase 2 1.15 x 1072
Phase 3 5.79 x 1073

Phase 4 (Injected) 5.58 x 107*

Direct shear test for soil-clay mixture structure
Test setup and procedure
For the direct shear test, the samples were prepared using PVC circular container.
To prepare the free shrunk circular specimen for the direct shear test, one of the circular
plate was treated with Vaseline at the inside perimeter. Another one was prepared under
friction condition, so desiccation crack was generated and treated with the clay mixture
injection. Two types of specimen represents the natural soil only structure and the
natural soil with clay mixture injection, respectively. The aim of this condition, the
strengthening effect of the clay mixture injection can be evaluated by this experiment.
The prepared samples were fully dried and trimmed using the consolidation mold with
the specified dimensions (d = 2.5in., h = 1in.). Figure VI-11 shows the test specimen in

the direct shear mold.
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Direct shear test results
Direct shear test was conducted using GEOTAC instruments in RELLIS campus.
Two tests were conducted for each specimen and the confining vertical stress was 250

kPa for both cases. Figure V1-12 shows the result from direct shear tests.

(a) specimen preparation (side view) (b) specimen preparation (top view)

Figure VI-11 Test specimen preparation for the direct shear test
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) —8— Soil-mixture structure
300.00

—&— Natural soil only
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Figure VI-12 Direct shear test results
132



As shown in this figure, the horizontal stress of the soil-mixture structure was
much higher than that of the natural soil. The horizontal strength of soil-mixture
structure was 317.07 kPa at 2.71% of peak strain, and the horizontal strength of the
natural soil was 196.39 kPa at 5.00% of peak strain. According to the test results, the
soil-mixture structure has larger shear strength than the natural soil, but residual stress

was lower than that after failure.

Soil structure exploration with dismantlement
The desiccation soil container was air dried after the permeability test at the
phase 4. Especially on the section B, the surface area was monitored until completely
dried to explore the change of soil surface with injected clay mixture. Figure VI-13
shows the surface of section B which is completely dried state. As shown in this figure,
there were several tiny cracks generated from the surface. Some cracks were developed
at the boundary of soil and mixture, and there were some fissures propagated within the

natural soil territories and the trace of old cracks.

Figure VI1-13 Surface image of section B after completely dried
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The width of these cracks were less than 1Imm. For the investigation of
subsurface area with injected clay mixture, the desiccation soil container was dismantled

from the surface.

Figure VI-14 Boundary of the natural soil and the clay mixture (B2)

The soil structure was sliced vertically and dismantled from surface area to
explore the contact area between the natural soil and injected clay mixture. Figure VI-14
and 6.15 show the contact surface of two structures. As shown in these figures, the clay
mixture was successfully penetrated into the crack networks and maintained its own
structure with surrounding soils. Especially on the right edge of the section B (Figure
VI-15), deep and large scale desiccation crack was monitored and filled with the clay

mixtures monitored by Electrical Resistivity Tomography (ERT) measurements.
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Figure VI-15 Boundary of the natural soil and the clay mixture (B3)

Figure VI-16 Injected clay mixture structure (B3)
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As shown in figure VI-16, the clay mixture was injected properly in vertical
direction and retained own structure even though the surrounded soils were excavated.
As a result, the clay mixture was injected well through the fissure networks and it
maintained own structure without failure. Thus, the clay mixture injection could be a
practical solution for the damaged soil structure by desiccation cracking or fissure

networks.

Summary and conclusions
In this chapter, several types of experiments were conducted to examine the
applicability of the clay mixture as filling material within desiccation cracking area.
Preliminary injection, ERT measurements for the soil with clay mixture injection, series
of permeability test, direct shear test, and observation of the clay mixture with
dismantlement were performed, and the following results were obtained.

1. The clay mixture with xanthan gum or cement were not washed out and lost
its own structure during the saturation, but the mixture with g-glucan was
dissolved and spread out through the soil surface. Thus, 3-glucan is not
appropriate additives as filling material within fissure areas. Following these
results, filling material profile was designed with specific proportion of each
components. Main components are kaolinite (60%), graphite (30%), and
cement (10%) with water content of 90%. In addition, xanthan gum

biopolymer (0.3%) and superplasticizer (1.5%) were applied as additives.
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The clay mixture was mixed following these specification and injected to
desiccation crack area in the soil container to assess the applicability.

ERT measurements were conducted to compare the electrical resistivity
change with the clay mixture injection. The clay mixture was injected
completely and it was monitored as significant reduction of the electrical
resistivity within fissure networks. After the saturation, it was investigated by
ERT measurements that the clay mixture within cracking area was not
washed out and maintained its structure.

In both cases, the permeability was increased significantly by desiccation
cracking, especially it was remarkable on the section B with more complex
fissure networks. At the early stage of saturation, the permeability value was
much higher which could be regarded as sand layer. As time passed during
the saturation, the crack networks started to be closed from the surface, and
the permeability was decreased with this phenomenon. The clay mixture
injection was applied to the section B, and the permeability values was
decreased dramatically with this treatment. Fissure networks were closed and
adjacent soil was densified by injection of filling materials. As a results, the
clay mixture injection within the desiccation cracking area can be effective to
decrease the hydraulic conductivity of soil media.

Direct shear test was conducted for the natural soil only specimen and the soil
with clay mixture structure. The shear strength of the soil-clay mixture was

larger than that of the natural soil, but the residual stress was relatively lower.
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The clay mixture injection could be an acceptable choice in the aspect of
strengthening.

As the final procedure, the desiccation soil container was dismantled for the
visual observation of the natural soil and the clay mixture structure below the
surface. The soil structure was sliced vertically with certain depth, and
dismantled from the surface to the bottom of the container. According to the
visual observation of the soil, the clay mixture was successfully injected
within cracking area and maintained its own structure. Also, it was observed
the well-bonded contact surface between the natural soil and the clay

mixture.
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CHAPTER VII

CONCLUSIONS

This dissertation has investigated how to enhance the Electrical Resistivity
Tomography (ERT) technique for the exploration of the soil subsurface with a crack
network triggered by a drying process and has also study the use of clay mixtures as
potential remedial solution for improving cracked soils properties. With this aim,
preliminary ERT measurements using kaolinite and Styrofoam block structure was
conducted to compare two kinds of miniature arrays. Also, desiccation soil container
was prepared with water content probe and drainage system setup to investigate
desiccation crack network evolution with drying-wetting cycle. Two types of soil
container were prepared with different initial condition, compacted and slurry state,
respectively. ERT measurements data was analyzed by inversion process and visualized
as three-dimensional images using VOXLER 3D program.

The mechanical and geophysical properties of clay mixture was examined to
figure out the characteristics of each components. With this aim, unconfined
compression, free shrinkage, flow table tests were carried out to evaluate the physical
properties of mixture with various proportion. Also, the four-electrode methods was
conducted to measure the electrical conductivity (or resistivity) of the untreated and
treated soils. The clay mixture profile was suggested based on these results and applied
as filling material within desiccated cracked soil mass. To verify the applicability of clay

mixture, preliminary injection using small scale container was conducted to check the
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occurrence of washing out, and permeability test and direct shear experiments were
carried out to assess the reduction of hydraulic conductivity and strength increment of

treated soils.

Evaluation of mechanical and geophysical properties of clay mixture as filling
material
The objective of this chapter is the evaluation of mechanical and geophysical

properties of clay mixture as remedial solution for desiccation crack area. In the previous
research conducted by Kim, clay mixture with carbon black and graphite were washed
out by saturation of soil, and the cement was added to prevent this problem. Based on
this previous research, the research on the filling material was concentrated (1) reduce
the portion of the cement without decrease of strength, (2) reduce the water content to
prevent shrinkage and crack occurrence, and (3) enhance the workability and prevent
washing out problem. The following conclusions were obtained.

1. Unconfined compression tests were performed to evaluate uniaxial strength, peak
strain, and the elastic modulus of different clay mixtures. All components and
additives are effective to enhance the compressive strength of the clay mixture,
especially Xanthan gum biopolymer is highly efficient (even at small amounts).
Xanthan gum biopolymer can be applied as a material to compensate the
decrease in cement content from 20% to 10%.

2. Flow table test were conducted to evaluate the workability of the clay mixture. A

superplasticizer was chosen for the enhancement of the fluidity of the mixture
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and it is proved that this additive is very effective when interacting with cement.
Thus, cement is required to apply the superplasticizer and maximize the
workability. Biopolymers and graphite decreased the workability of the mixture,
but it can be overcoming by application of cement and superplasticizer. To
satisfy the workability criteria, Xanthan gum biopolymer percentage is suggested
to be 0.3% in mass, which implied an improvement of 110% of flow.

Free shrinkage test was carried out to evaluate the volumetric strain with various
component of the clay mixture. All of components and additives are effective on
reducing the volumetric shrinkage, but the cement is the most critical to
minimize the shrinkage. Biopolymers are also working as a shrinkage reducing
agent, especially B-glucan is slightly better than Xanthan gum when evaluating
volumetric shrinkage.

Four-electrode method was applied to evaluate the electrical resistivity (or
conductivity) of the clay mixture considering different mixture percentages. The
electrical resistivity values changed with the state of the mixture related to water
content. Initial, minimum, and the final values are analyzed from the different
type of the clay mixtures. Graphite is the highly electrically conductive material
and it is the most effective in reducing the electrical resistivity of the clay
mixture. Cement and biopolymers are also efficient to enhance the electrical
conductivity of the clay mixture with chemical interaction between polymers and

clay particles, but this is not enough comparing to graphite. Thus, to trace the
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clay mixture within desiccation cracking area, graphite is the key component in

relation to electrical conductivity.

Electrical Resistivity Tomography (ERT) technique for mapping of desiccation
crack network within subsurface crack area
In this study, a series of the Electrical Resistivity Tomography (ERT)
measurements were performed to monitor the subsurface area with desiccation crack
network under various circumstances. Preliminary ERT measurements using Styrofoam
and electrical resistivity measurements for the natural soil subjected to drying were
conducted, and the following results were obtained.

1. The preliminary ERT measurements were conducted using Styrofoam blocks
structure to examine two methods for the miniature test, namely, Schlumberger
and Dipole-Dipole arrays. The Schlumberger array method is much more
sensitive to vertical profile of electrical resistivity comparing to the Dipole-
Dipole one. The Dipole-Dipole array is relatively more sensitive to detect
horizontal mapping at the surface area, but the coverage for the vertical depth
was quite poor. For the miniature array test at laboratory scale desiccation soil
container, it was concluded that the Schlumberger array is a more appropriate
method for the detection of the desiccation crack network of subsurface area.

2. The Electrical Resistivity Tomography (ERT) measurements were conducted in
the selected area at the section A to investigate the crack network and

propagation with repetition of drying-wetting process. The crack networks
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developed from the surface were detected properly with ERT measurements, but
the relatively small width cracks (i.e. less than 2mm) were not detected. Also, the
crack network was developed in both directions, horizontal and vertical during
successive drying-wetting cycles and the fissure networks tended to connect with
adjacent small cracks. The existence of the moisture within the soil reduces the
average value of the electrical resistivity of the soil.

The Electrical Resistivity Tomography (ERT) measurements were conducted in
the selected area of section B (i.e. slurry soil) to monitor the fissure network and
propagation with repetition of drying-wetting cycles. The crack networks were
more complex compared to the compacted soil. The width of the crack was
relatively larger than that of section A (i.e. compacted soil), the cracks were
propagated both horizontally and vertically. In addition, cracks closed during
water in filtration and wetting of the surrounded soil. The trace remained as a low
resistivity area. To investigate with detailed stereoscopic view of the subsurface
area, a three-dimensional visualization tool was developed using the software
VOXLER 3D. This tolls was used to process and to produce multiple two-
dimensional and three-dimensional images that enables a better analysis of the
problem. The standardization of the contour values allows the consistency of the

electrical resistivity analysis.
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Applicability of the clay mixture as filling material for subsurface crack area

Several types of experiments were conducted to examine the applicability of the
clay mixture as a filling material within desiccation crack volume. Preliminary injection,
ERT measurements for the soil with clay mixture injection, series of permeability test,
direct shear test, and observation of the clay mixture during dismantling were conducted.
The following results were obtained.

1. The clay mixture with xanthan gum or cement were not washed out during
soaking and they didn’t lose their structure during the saturation, but the mixture
with B-glucan was dissolved and spread out through the soil surface. Thus, -
glucan is not an appropriate additive to be used as filling material within fissure
areas. Based on these results, the filling material was designed with an optimized
contribution from each ingredient. The main components adopted are: kaolinite
(60%), graphite (30%), and cement (10%) with water content of 90%. In
addition, xanthan gum biopolymer (0.3%) and superplasticizer (1.5%) were
included as additives. The clay mixture was mixed following these specifications
and injected to desiccation crack area in the soil container to assess their
applicability.

2. ERT measurements were conducted to compare the electrical resistivity change
by the clay mixture injection. The clay mixture was injected attempting to fill-in
all the crack. The ERT monitoring shows a significant reduction of the electrical

resistivity within fissure networks. After the saturation, the ERT measurements
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show that the clay mixture within the cracking area was not washed out and
maintained its structure.

In both cases, the permeability was increased significantly by desiccation
cracking, especially it was remarkable on the section B with more complex
fissure networks. At the early stage of saturation, the permeability value was
much higher (i.e. close to a sandy soil). As time passed by during the saturation,
the crack networks started to close out from the surface, and consequently the
permeability decreased because of this phenomenon. The clay mixture injection
was applied to the section B, and the permeability values was decreased
dramatically with this treatment. Fissure networks were closed and adjacent soil
was densified by injection of filling materials. As a result, the clay mixture
injection within the desiccation cracking area can be considered as an effective
treatment to decrease the hydraulic conductivity of a cracked soil mass.

Direct shear tests were conducted for the natural soil only specimen and the soil
with clay mixture structure. The shear strength of the soil-clay mixture was larger
than that of the natural soil, but the residual stress was relatively lower. The
bonding between filling mixture and natural soil can be considered excellent and
the injection increased the strength of the treated soil.

Finally, the desiccated treated soil container was dismantled for the visual
observation of the natural soil and the clay mixture structure below the surface.
The soil structure was sliced vertically at pre-established depth intervals, and

dismantled from the surface to the bottom of the container. According to the
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visual observation of the soil, the clay mixture was successfully injected within
cracking area and maintained the initial mixture structure. Also, it was observed

an excellent bonding at the contact between the natural soil and the clay mixture.

Future works
Enhancement of the clay mixtures as possible remedial solutions with several
kind of biopolymers considering environmental aspects and cost
. Verification of applicability of the clay mixture injection within cracked area in
the field (e.g. water embankment and tunnel)
Economic evaluation of the clay mixture associated with the field applicability
and carbon reduction by using the eco-friendly materials
Enhancement of the Electrical Resistivity Tomography (ERT) technique to
investigate the desiccation cracks network in soils more precisely in the aspects

of dimension
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APPENDIX A
THREE DIMENSIONAL VISUALIZATION OF ERT RESULTS USING VOXLER

3D (SECTION B3)

Al. 3-D ERT results (section B3, phase 2)
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Figure A-1 3-D image of the ERT measured subsurface area (B3, phase 2)
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Figure A-2 Horizontal sliced cut of ERT measured subsurface area (Top view, B3,
phase 2)
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Figure A-3 Horizontal sliced cut of ERT measured subsurface area (Front view, B3,
phase 2)
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Figure A-4 Horizontal sliced cut of ERT measured subsurface area (3-D view, B3,
phase 2)
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Figure A-5 Vertical sliced cut of ERT measured subsurface area (Top view, B3,
phase 2)
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Figure A-6 Vertical sliced cut of ERT measured subsurface area (Side view, B3,
phase 2)
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Figure A-7 Vertical sliced cut of ERT measured subsurface area (3-D view, B3,
phase 2)
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A2. 3-D ERT results (section B3, phase 3)
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Figure A-8 3-D image of the ERT measured subsurface area (B3, phase 3)
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Figure A-9 Horizontal sliced cut of ERT measured subsurface area (Top view, B3,
phase 3)
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Figure A-10 Horizontal sliced cut of ERT measured subsurface area (Front view,
B3, phase 3)
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Figure A-11 Horizontal sliced cut of ERT measured subsurface area (3-D view, B3,
phase 3)
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Figure A-12 Vertical sliced cut of ERT measured subsurface area (Top view, B3,
phase 3)
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Figure A-13 Vertical sliced cut of ERT measured subsurface area (Side view, B3,
phase 3)
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Figure A-14 Vertical sliced cut of ERT measured subsurface area (3-D view, B3,
phase 3)

171



