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2. ABSTRACT

A large amount of waste dredged clay (WDC) was produced during the reconstruction of Kumamoto
Ohkirihata Reservoir. Due to its extremely high-water content, the WDC even makes transportation a
challenge. Experiments show that WDC with a natural water content of 1.1-1.3 times the liquid limit (1.1-
1.3w) under the condition that no matter what form of solidifying agent is difficult to effectively improve is
necessary to reduce the natural water content before improvement. This paper proposes a low-cost and low-
energy improvement method for on-site high-water content WDC treatment. Firstly, synthetic materials were
used to dehydrate WDC in its natural state. After one month of dehydration, the initial water content of WDC
decreased from 1.5 wr to 0.9 wr. Then, the curing agent was added to achieve high strength improvement
under a low mixing amount.

In addition, clays with high water content are normally treated by cement or cement-based solidifying
agent for utilization as geomaterial in the construction of soil structures. Selection of geomaterials is based
on mechanical properties such as strength and stiffness. The mechanical properties of clay improvement
greatly depends on the water content and content of solidifying agent. It is important to evaluate accurately
the improvement effect of clay with different physical or chemical properties for making high-quality
improved clay at a low cost. In order to assess the performance of high-water-content clayey sediments at
different liquid limits as the clays are treated with cement-based solidifying materials. Three clay samples
are obtained from different locations in the Kumamoto Reservoir. Two types of cement-based solidifying
agents, namely, Ordinary Portland Cement and a cement-fly ash binder, are used. Using the initial water
content of clay and the mixing amount of the solidifying agent as experimental variables, a cone penetration
test is performed on the solidifying-agent-stabilized clays to obtain the cone index (gc). The results showed
that when the water content to cementitious content ratio (w/4w) was used as a parameter for evaluating the
improvement of solidifying agent-stabilized clay, different forms of improvements were observed when
different water and solidifying agent contents were used. This implies that the parameter w/Ay, is not suitable
for evaluating the improvement of such clay. A new parameter, K, representing the content of solidifying
agent, is introduced to account for the water content. For all sampled clays, the correlation coefficients for
the K—In g. relationship exceed 0.9. Considering the effect of the liquid limit of the samples, the modified
content of the solidifying agent, Ki, is introduced to evaluate the cone index of the stabilized soils. It is
discovered that the proposed equation unifies the assessment of the improvement of the three samples of
Kumamoto clayey sediments owing to the new parameter K.

In order to judge the improvement effect of clay from the physical properties of clay, two types of
solidifying agents, namely ordinary Portland cement (OPC) and fly ash-containing solidifying agent (DF),
were used for five kinds of clays with different liquid limits (wr) and ignition loss. A cone penetration test
was performed on the improved clays to obtain cone index. A new parameter, Ki, for representing an effect
of content of solidifying agent was introduced by considering liquid limit. An empirical equation of the cone

index (gc) with the modified content of solidifying agent (K1) was proposed based on the experimental results.



It was clear that parameters on the g.-K1. empirical equation relate to liquid limit, ignition loss, and type of
solidifying agent.

The accumulation of a large amount of cow dung and oyster shells and the production of cement and
other solidifying agents have led to serious environmental problems. In order to solve this problem, this study
proposes a clay improvement case using calcined oyster shells (COS) and carbonized cow dung compost
(CC) as substitutes for cement to stabilize clay with high-water content. In this study, the solidifying
agent/water ratio, C/(w/100), was introduced as an important parameter to evaluate the improvement effect
of COS stabilized clay. Compared with ordinary Portland cement (OPC), the amount of COS required for
effective improvement is significantly reduced (~43%-46%). In addition, the incorporation of more
environmentally friendly carbonation materials improves the improvement effect of COS stabilized clay. A
comparison with commercial wood charcoal proved that CC with better adsorption capacity improved high-
water-content clay. The test results of energy-dispersive X-ray spectrometry (EDS) and scanning electron
microscope (SEM) show that with an increase in COS content, the reaction product hydrated calcium silicate
is formed, and the improvement effect of stabilized clay is enhanced. In addition, the incorporation of water-
absorbent materials reduced the void space in the clay structure, which is conducive to stabilizing the internal
cementation of clay. SEM evidenced the change of microstructure of the stabilized clay owing to the

solidifying materials.
Keywords: Waste dredged clay, Solidifying agent, Reutilization, Liquid limit, Cone index, Stabilized clay,

Evaluate method, High water content, clayey sediment, Cement, Fly ash, Soft clay, Solidifying agent,

Calcined oyster shell, improvement effect, carbide
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1. Introduction

1.1 Background

1.1.1 Production and utilization status of high-water content dredged clay

With the construction and renovation of infrastructures such as reservoirs and swamps, a large
amount of dredged clay at the bottom of the reservoir needs to be treated. According to the ministry
of the environmental survey in Japan, the reservoir and artificial lakes of above 10 million cubic meters
exceed 100,000 (MOE). From 1978 to 2010, with the decline of the water level line, the sediment
accumulation of reservoirs has increased year by year (Sumi., 2013). Due to the construction and
renovation of infrastructures such as reservoirs and swamps, about 2*¥107 m? of dredged soils is
produced yearly (JCMA, 2015). Fine-grained clay accounts for about 2/3 of the total. On the one hand,
the high-water content liquid dredged clay unearthed is difficult to be improved, and the transportation
cost is high. On the other hand, finding suitable land to treat waste dredged clay is difficult. In coastal
areas, the area of landfillable public waters is decreasing year by year. Inland areas, the long-distance
treatment of land and the high cost of treatment and transportation have become extremely obvious,
and the reuse of dredged clay has become an urgent problem to be solved. Dredged clay has high water
and organic content, resulting in poor engineering properties. Therefore, the mechanical properties of
the clay must be improved before it is used for construction.

One necessary treatment is dewatering slurry sediment before use as landfilling material or
dumping at the disposal site. According to Flemmy et al., (2019) and Zhang et al., (2019), dewatering
of slurry clay before adding admixture will reduce the amount admixing agents (lime, cement or fly
ash) needed for improving the strength of dredged clay. There are numerous techniques for dewatering
high-water content clay. However, a choice of dewatering method will be made by considering a
treatment cost, period of construction, efficiency of the technique, and environmental impact. The
dewatering of soft clay by preloading or surcharge method has been used widely in place of traditional
sun drying method which takes 2 to 4 months to satisfactorily remove water from slurry clay/dredged
sediment. However, dewatering by preloading without vertical drain is not spontaneous. During the
dewatering process using preloading method, fine particles shift into the void pores of the soil. When
this happens, the dewatering rate will be reduced. Generally, preloading method is not suitable for
treating highly sensitive clay. According to Ali A. et al., (2019), vertical drains (sand, paper or PVD)
are used to accelerate slurry clay dewatering rate.

Cement has been widely used to improve soft clay. At the initial stage of mixing the clay cement,

the natural bonds inside the clay matrices are destroyed, whereas new bonds are created owing to the
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effect by cement. A small portion of the dredged clay improved using cement-based solidifying agents
has been extensively used in port construction in many countries, such as Japan and Thailand (Satoh,
2003; Satoh et al., 2001; Jamnongpipatkul et al., 2009). In addition, fly ash (FA) is one of the materials
extracted from the flue gases of a furnace fried with coal from an electric power plant. Its generation
is significantly greater than its utilization. In fact, researchers have attempted to use fly ash from
industries to reduce cement input (Chindaprasirt et al., 2004; Singh et al., 2008; Yoobanpot et al., 2017;
Xiao et al., 2018; Yu et al., 2018). As a partial substitute for cement, fly ash has a positive effect on
improving soil environmental problems.

The Mw 6.2 foreshock and Mw 7.0 mainshock of the 2016 Kumamoto earthquakes occurred at
21:26 JST on April 14 and at 01:25 JST on April 16, respectively. The earthquake sequence damaged
significantly buildings and infrastructure around the Kumamoto City (Goda et al., 2016). During the
Kumamoto earthquake, violent shaking also occurred around the Ohkirihata reservoir. As shown in
Fig.1.1, the Ohkirihata reservoir diversion facilities are damaged, and a large amount of water leakage
leads to a serious decline in water level. During the investigation after the Kumamoto earthquake, a
fault was found directly below the Ohkirihata reservoir. According to the Kumamoto Restoration and
Rehabilitation 4-Year Strategy issued by the Kumamoto Prefecture of Japan in December 2016, it was
decided to build a new reservoir 237 meters upstream of the original Kumamoto Reservoir. The

resulting large amount of waste dredged clay needs to be treated. For waste dredged clay with high

water content from Kumamoto Ohkirihata Reservoir, to obtain high strength stabilized clay by adding

(a) Water diversion equipment damaged (b) leakage positions

(c) Damage to surrounding roads

Fig. 1.1. The disaster situation of Ohkirihata reservoir after Kumamoto earthquake in 2016.
(https://haradaoffice.biz/ohkirihata-dam/. )
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a large amount of cement-based curing agent, which is neither environmentally friendly nor
economical. In addition, liquid clay's dehydration methods usually include mechanical and natural
dehydration. Mechanical dehydration costs are high, and the additional power consumption causes
greenhouse gas CO; emissions. Natural dehydration requires transportation and storage, bringing
environmental problems and increasing management costs. A more environmentally and cost-effective

and easy-to-use recycling method for waste dredged clay is still in high demand.

1.1.2 Stabilization using cement

One of the common methods of chemical stabilization is to mix soil with cement to form a product
named as soil-cement (Croft, 1967). Soil-cement can be defined as a mixture of soil and measured
amounts of Portland cement and water and compacted to the desired density. Soil-cement has been
used as a base material as an adoption of improved measure in many projects, such as slope protection
of dams and embankments, pavement of highways, building pads, terminals for rail and truck,
composting facilities, cheap base for streets, parking lots, channels and reservoir linings, mass soil—
cement placement for dikes, foundation stabilization etc. It serves to amend the mechanical and the
engineering properties of the soil. The new performance depends on the ability of the additives to react
with the mixing soil. There are four main properties of soil; strength, permeability, volume stability,
and durability that can be enhanced with additives (Estabragh, et al., 2013; Anggraini, et al., 2014).
The choice of a specific additive depends on the type of soil, service that is required to serve and the
surrounding environment. When water is mixed with cement, hydration occurs, meaning cementing
compounds of calcium-silicate-hydrate (C—S—-H) and calcium—aluminate—hydrate (C—A-H) are
formed and excess calcium hydroxide (CaOH), is released, approximately 31% by weight (Parsons
and Milburn, 2003). Formation of C—S—H and C—A—H occurs when crystals begin forming a few hours
after the water and cement are mixed; crystals will continue to form as long as unreacted cement
particles and free water remain within the mixture (Khan, et al., 2015).

The other significant effects of soil-cement stabilization is reduction in shrinkage and swell
potential, increase in strength, elastic modulus, and resistance against the effect of moisture, freeze,
and thaw. Cement treated soils show a brittle behavior compare of non-treated soils (Jones and
Jefferson, 2012; Al-Rawas, et al., 2005). Cement can be applied to stabilize any type of soil, except
soils with organic content greater than 2% or having pH lower than 5.3 (ACI 230.1R-90, 1990). There
are many factors contributing to the length of curing time required for strength gain in soil-cement
samples. These include ambient air temperature, relative humidity, type of cement used, and

concentration of cement used.
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1.1.3 Stabilization using lime

Limestone is broken down at elevated temperatures to form lime (Chittoori, 2008). As a result,
three forms of lime are produced: quicklime (calcium oxide—CaO), hydrated lime (calcium hydroxide—
Ca(OH)»), and hydrated lime slurry; all of which can be used to treat soils. Quicklime is manufactured
by chemically transforming calcium carbonate (limestone—CaCO3) into calcium oxide. Furthermore,
hydrated lime is created when quicklime chemically reacts with water. When hydrated lime is mixed
with clay particles, it permanently forms strong cementitious bonds (Bell,1996; Tedesco, 2006; Louafi,
et al., 2015). Lime has been known to reduce the swelling potential, liquid limit, plasticity index and
maximum dry density of the soil, and increases its optimum water content, shrinkage limit and strength
(Croft, 1967; Pei, et al., 2015). It improves the workability and compact ability of subgrade soils (Jung
and Bobet, 2008).

If quicklime is used, it immediately hydrates (i.e., chemically combines with water) and releases
heat. Soils are dried, because water present in the soil participates in this reaction, and because the
heat generated can evaporate additional moisture. The hydrated lime produced by these initial
reactions will subsequently react with clay particles. These subsequent reactions will slowly produce
additional drying because they reduce the soil’s moisture holding capacity. If hydrated lime or hydrated
lime slurry is used instead of quicklime, drying occurs only through the chemical changes in the soil
that reduce its capacity to hold water and increase its stability. After initial mixing, the calcium ions
(Ca?") from hydrated lime migrate to the surface of the clay particles and displace water and other
ions. The soil becomes friable and granular, making it easier to work and compact. At this stage the
Plasticity Index of the soil decreases dramatically, as does its tendency to swell and shrink. The process,

which is called “flocculation and agglomeration” generally occurs in a matter of hours.

1.1.4 Stabilization using fly ash

For sustainable development purpose, the use of local soil, waste and industrial byproduct are
encouraged to supply earthwork and earthen structure (Furlan, et al., 2018; Siham, et al., 2008;
Phetchuay, et al., 2016). Two well-known industrial byproducts are often cited: bottom ash and fly ash.
The benefits of use of bottom ash for road construction was been recently studied by different authors
(Hung-Le, et al., 2018; Thuy Minh Nguyen, et al., 2018; Yoobanpot, et al., 2020). On the other hand,
the use of fly ash still requires further investigation because different mechanisms of interaction need
to be clarified. Researches in concrete technology has demonstrated that fly ash (FA) improves
mechanical properties of concrete, reduces the costs of production and is ecologically beneficial. FA
addition may enhance durability of the matrix and reduces the loss of heat energy during cement

hydration (Yin, et al., 2018; Lee, et al., 2003). FA is a waste from coal-fired electrical power plants
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that is being studied as admixture in soil stabilization (Furlan, et al., 2018; Horpibulsuk, et al., 2009;
Phetchuay, et al., 2016). Commonly, FA is composed by calcium, silicon and aluminium. The main
oxides are Ca0, SiO; and Al,O3. Class C Fly ash contains about 20% of CaO which might induce
cation exchanges, flocculation and pozzolanic reactions, resulting in strength gain. Aluminum rich
composition of FA might promote a specific cementitious compounds formation, such as C-A-H and
C-A-S-H (Solanki and Zaman, 2012; Chew, et al., 2004; Fernandez, et al., 2016).

In concrete, FA addition stimulates reaction rate of cement hydration, promotes nucleation and
growth of cementitious compounds. The effects of FA action on soils are then physical and chemical.
At physical point of view, finer particles of FA would fill voids of soil particles. Chemically, pozzolanic
products induced by FA presence would fill pores. Both effects reduce porosity so that microstructure
becomes denser. As results, strength and stiffness are increased and compressibility is reduced (Kang,

etal., 2015).
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1.2 Objective and thesis structure

This study proposed a method for improving and evaluating clay with a high-water content ratio
based on the clay field reconstruction project in the Kumamoto Ohkirihata reservoir. The purpose is
to effectively improve high water content clay with low environmental load and cost.

Chapter 1 gives a brief introduction of the background, the objective and the structure of this
thesis.

In Chapter 2, the field investigation of the original Kumamoto Ohkirihata Reservoir was carried
out, and the accumulation of the abandoned dredged clay was obtained. An improved scheme is
proposed for the characteristics of high-water content and high organic matter content of waste-
dredged clay.

In Chapter 3, three clay samples were obtained from different locations of the Kumamoto
Ohkirihata Reservoir. Two types of cement-based solidifying agents, namely, Ordinary Portland
cement and a cement-fly ash binder, are used. Using the initial water content of clay and the mixing
amount of the solidifying agent as experimental variables, a cone penetration test is performed on the
solidifying-agent-stabilized clays to obtain the cone index (g.). The proposed equation unifies the
evaluation of the improvement of three samples of Kumamoto clay sediments.

In Chapter 4, two types of solidifying agents, namely Ordinary Portland cement (OPC) and fly
ash-containing solidifying agent (DF), were used for five kinds of clays with different liquid limits
(wr) and ignition loss. A cone penetration test was performed on the improved clays to obtain the cone
index. A new parameter, Ki, for representing an effect of the content of solidifying agent was
introduced by considering the liquid limit. An empirical equation of the cone index (gc) with the
modified content of solidifying agent (K1) was proposed based on the experimental results.

Chapter 5 introduces several methods of stabilizing high-water content clay under low
environmental load. The effect of calcined oyster shells (COS) on the mechanical properties of clay
was investigated. In addition, biochar (BC) was considered in the study to reduce the incorporation of
the solidifying agent in COS-stabilized soil. SEM, EDS and cone penetration tests were carried out to
study stabilized clay's microstructure and mechanical properties.

Chapter 6 summarizes the major conclusions obtained from the studies of this thesis.
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2. Investigation on dehydration and improvement effect of waste
dredged clay with high water content

2.1 Introduction

In Japan, the annual amount of waste dredged clay (WDC) produced by dredging projects is about
2X 107" m3 (JCMA, 2015). Nowadays, as land demand sharply increases, finding land to stack the
waste clays from dredging activities becomes more and more difficult. Several environmentally
friendly disposal methods for WDC have been identified. It mainly includes: used in agriculture,
forestry, and aquaculture, dumped on the coast for shoreline stability, aggregate manufacturing and
building materials (Siham et al., 2008). Solidifying agents such as cement and fly ash to stabilize WDC
have achieved the most promising results and has been widely used in infrastructure construction in
many countries (Satoh, 2003; Satoh et al., 2001; Jamnongpipatkul et al., 2009; Ifediniru and Ekeocha
2022). WDC usually has the characteristics of natural water content higher than its liquid limit and
high organic content, so the engineering performance is poor. As the most common soil stabilizers,
Portland cement and lime have been widely used to improve WDC. At the initial stage of mixing the
clay cement, the natural bonds inside the clay matrices are destroyed, whereas new bonds are created
owing to the effect by cement. In addition, fly ash is one of the materials extracted from the flue gases
of a furnace fried with coal from an electric power plant. Its generation is significantly greater than its
utilization. In fact, researchers have attempted to use fly ash from industries to reduce cement input
(Chindaprasirt et al., 2004; Singh et al., 2008; Yoobanpot et al., 2017; Xiao et al., 2018; Yu et al., 2018).
As a partial substitute for cement, fly ash has a positive effect on improving soil environmental
problems.

The Mw 6.2 foreshock and Mw 7.0 mainshock of the 2016 Kumamoto earthquakes occurred at
21:26 JST on April 14 and at 01:25 JST on April 16, respectively. The earthquake sequence damaged
significantly buildings and infrastructure around the Kumamoto City (Goda et al., 2016). During the
Kumamoto earthquake, the Ohkirihata Reservoir diversion facilities were damaged, and the water
level was seriously reduced due to a large amount of water leakage. During the investigation after the
Kumamoto earthquake, a fault was found directly below the Ohkirihata Reservoir. According to the
“Kumamoto Restoration and Rehabilitation 4-Year Strategy issued” by the Kumamoto Prefecture of
Japan in December 2016, it was decided to build a new reservoir 237 meters upstream of the original
Kumamoto Ohkirihata Reservoir. This process produces generates considerable amounts of dredged
sediments, which are classified as waste (Frihy et al., 2016). Since the straight-line distance between

the reservoir and Kumamoto crater is only about 15 km, volcanic ash may be mixed into the sediments.
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During the field investigation, WDC showed a high liquid limit different from other clays, and the
natural water content was higher than its liquid limit.

Several research studies have been carried out on the evaluation methods of fly ash-stabilized clay
in recent years. The clay-water/cement ratio (w/C), which is the ratio of the initial water content of the
clay to the cement content, is a standard parameter for investigating the engineering behavior of soft
clay stabilized with cement-based stabilizer (Miura et al., 2001; Horpibulsuk et al., 2005). In many
studies on the stabilization of clay with different properties by cement-based solidifying agents, the
same conclusion is obtained; there is an inverse relationship between the w/C and the strength of clay
(Lorenzo and Bergado 2004; Horpibulsuk et al., 2003; Horpibulsuk et al., 2011b). Therefore,
increasing the solidifying agent's content is an effective way to improve the strength of stable clay
from Kumamoto Ohkirihata Reservoir. For WDC with high water content from Kumamoto Ohkirihata
Reservoir, to obtain high strength stabilized clay by adding a large amount of cement-based solidifying
agent, which is neither environmentally friendly nor economical. The demand for vast amounts of
cement-based solidifying agents will cause environmental problems such as excessive greenhouse gas
emissions. In order to reduce the environmental load and improve the economic benefit, the dredged
clay should be dehydrated before mixing with the solidifying agent. Liquid clay's dehydration methods
usually include mechanical and natural dehydration. Mechanical dehydration costs are high, and the
additional power consumption causes greenhouse gas CO» emissions. Natural dehydration requires
transportation and storage, bringing environmental problems and increasing management costs. For
WDC with special properties, there is still a high demand for more environmentally friendly, cost-
effective, and simple recovery methods.

This study takes the treatment of waste dredged clay from the Kumamoto Ohkirihata Reservoir
in Japan as an example to introduce the recycling scheme of WDC. It aims to improve mechanical
properties while achieving a low-carbon environmental protection economy. The accumulation of
waste dredged clay to be treated in the Ohkirihata Reservoir was determined through field tests.
Kumamoto clay was obtained from three locations in the Kumamoto reservoir, cement and fly ash
were used for the improvement. A cone penetration test was performed on stabilized clays to obtain
the cone index. According to the research results, an on-site dehydration method is proposed to realize
the evaporation of water in the clay with low energy consumption by inserting a circulating dewatering
material into the on-site dredged clay. This treatment method has the advantages of low CO; emission

and low cost and has reference value for recycling WDC.
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2.2 Test Procedure

2.2.1 Characterization of the Clayey Sediment

As shown in the reservoir plan presented in Figure 2.1, to confirm the depth of the clay sediment
in the Kumamoto Ohkirihata Reservoir, a dynamic cone penetration test (JIS A 1230, 2018) was
performed in areas Ne 1 to 11. The driving hammer with a mass of 5 kg was freely dropped from a
height of 0.5 m, and the cone penetrometer had an initial angle of 60° and a diameter of 25 mm and
the number of blows per penetration depth of 0.1 m (Vg) required to penetrate 0.1-0.5 m cone was
measured. To determine the linear relationship between Nq and water content, the water content was
measured for soil samples at a depth of 0.1-0.5 m. A loss-on-ignition test was performed at 750 °C
(JIS A 1226, 2020) on the clays obtained from three locations to determine the organic matter content.
The loss-on-ignition (LOI) test results of Ne 1 to 11 are shown in Table 2.1.

Two types of cement-based solidifying agents were used. One was type 1 OPC, and the other was
a cement—fly ash binder (DF). DF comprises OPC (30%), coal fly ash (58%), and a heavy metal
dissolution inhibitor (12%). Heavy metal dissolution inhibitors are composed of inorganic metals and
chemicals. By mixing with heavy metal dissolution inhibitors, the effect of inhibiting the dissolution

of natural heavy metals in soil was achieved. To clarify the effect of the physical properties of clayey

sediment on the improvement, three different locations (in Figure 2.1) were selected to obtain clay
S — e : N N T "JQ ,

AT

~ A sample A

Fig. 2.1. Locations where dynamic cone penetration test and water content measurement was
performed; sampling position of Kumamoto clay
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samples (samples A, B, and C). The physical properties of clayey sediment are listed in Table 2.2. The
grain size distribution of clayey sediment obtained from the particle size test (JIS A 1204, 2020) is
shown in Figure 2.2. The test results show that the fine particle content of all the samples constituted
more than 60% of the clay. The water content of the three types of samples in the natural state was
160% in sample A, 152% in sample B, and 208% in sample C. Based on the experimental results of
the liquid and plastic limit of each sediment sample (JIS A 1205, 2020), the water content of the three
samples in the natural state is 10% to 50% higher than the liquid limit. Based on the results of the loss-
on-ignition (LOI) test performed at 750 °C, the range of LOI in the sediments was between 17% and
24%. A uniaxial compression test (JIS A 1216, 2020) was performed on an undisturbed sample
obtained from the location where sample C was acquired. In addition, the sample was kneaded after
the uniaxial compression test, and a uniaxial compression test was performed to obtain the sensitivity

ratio.

Table 2.1 Measurement results of organic matter (OM) content in Ne 1 to 11 area

No. 1 2 3 4 5 6 7 8 9 10 11

LOI (%) 26.15 2298 2824 30.23 28.68 2346 3561 29.07 17.60 3580 30.10

Table 2.2 Measurement Physical properties of Kumamoto clay

Fine particle Liquid limit ~ Plastic limit  Plasticity = Ignition loss Density ps Natural water
Clay type
content Fc* (%) wr (%) wp (%) index I, LOI (%) (g/em?) content wy (%)
Sample A 64.77 121.98 82.12 39.86 234 2.32 160
Sample B 65.05 142.00 93.68 48.32 19.2 2.27 156
Sample C 67.46 158.00 96.92 61.08 17.3 2.55 208
*Fine particle content Fc : The maximum particle size is 0.075 mm
100 pe———
90 }
80 |
gl
& 60 [ e
: 50 /I/
S 40 |
“ o0}
20 | —&—Sample A
Sample B
10 =& Sample C
0 I
0.001 0.010 0.100 1.000 10.000 100.000

Particle diameter (mm)

Fig. 2.2 Grain size distribution of Kumamoto clay
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2.2.2 Sample Preparation

All the clay was passed through a 4.75 mm sieve to remove the coarser particles. In the water
content adjustment experiments, the water content value was derived from a water content test (JIS A
1203, 2020). The water content of the clay was adjusted by adding free water and placing it in the
natural air-drying location at the ventilating place, and the water content of all the experimental clays
was equal to the target water content. During specimen preparation, the target clay was first mixed
uniformly with a mortar mixer. Then, the solidifying agent was added to the clay and fully mixed until
the whole sample attained form consistency. In order to prevent evaporation and absorption of
moisture in the test sample, the test sample was sealed with macromolecular polyethylene, and then
the sealed test sample was placed under constant temperature (25 + 3 °C) and humidity (90 + 3%).
Sample preparation was based on the standard of the Japanese Geotechnical Society’s method of
preparing samples by ‘Practice for making and curing compacted stabilized soil specimens using a
rammer’ (JGS 0811, 2020). Table 2.3 shows the cone penetration test conditions. After 28 days of
storage, the sample was compacted in a mold with a height of 127 mm and a diameter of 100 mm

using a hammer with a mass of 2.5 kg and a drop height of 300 mm. A compaction layer was set at

Table 2.3 Compaction and cone penetration test conditions

Clay Kumamoto clay (Sample A, Sample B, Sample C)

Type of solidifying

OPC and DF
agent
Mold Inner diameter is 100mm, and the capacity is about 0.001m?
The weight of the heavy hammer is 2.5kg, the falling height is 300mm, and the
Rammer
falling method is free fall
Solidification time 28days (Cone index test after 28 days of mixing)
Cone penetrometer Tip angle 30< bottom area 320 mm?
Penetration Rate lcm/s
The penetration resistance force at the distance of penetration of 50, 75, 100 mm
Measuring method is measured, and the value obtained by dividing the average value by the cone

bottom area is defined as the cone index.
Product type of load

RZTA-1000N produced by IMADA
measurement
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about 40 mm intervals to press the sample into the mold three times, and each layer had 25 compaction
cycles (JIS A 1210 A-c method: compaction energy about 550 kJ/m?). Then, a cone penetration test

was immediately performed.

2.2.3 Cone Index Determination

A cone penetration test was performed on the solidifying agent-stabilized clays to determine the
cone index (JIS A 1228, 2020). Table 2.4 summarizes the experimental conditions for the improved
clay. Two series of experiments were conducted in this study using different solidifying agent
contents(C) and initial water contents (w). In the first series of experiments, the initial water content
of the clay was constant, i.e., the initial water content of samples A and B was 160%, and that of
sample C was 200% because of the higher liquid limit. Different contents of solidifying agents DF and
OPC were used: 100, 200, 300, and 400 kg/m>. The objective of series 1 was to investigate the effect
of the solidifying agent content on the cone index of the improved clays. For series 2, the content of
the solidifying agent was constant, i.e., 100 kg/m? for all the samples. The initial water content of the
clay was different for each clay. The aim of series 2 was to investigate the effect of the initial water
content on the improved clays. The penetration resistance of the test sample at 50, 75, and 100 mm
was measured, and the average value divided by the cone bottom area was defined as the cone index.
For each clay type, solidifying agent type, and combination of water content and cement content, at
least three samples were tested under the same conditions to check for test consistency. In most cases,

the results under the same testing condition were reproducible.

Table 2.4 List of experimental programs

Series Sample  Water content (%) Content of solidifying Type of solidifying
agent (kg/m?3) agent
A 160 100, 200, 300, 400 OPC, DF
1 B 160 100, 200, 300, 400 OPC, DF
C 200 100, 200, 300, 400 OPC, DF
A 100, 120, 140, 160 100 OPC, DF
2 B 100, 115, 135, 160 100 OPC, DF
C 120, 140, 160, 200 100 OPC, DF
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2.3 Dehydration test
2.3.1 Dehydration of waste dredged clay

The maximum value of the water content of a clay soil in the range of plastic consistency is
defined as the liquid limit (wi). As a physical property for keeping free water in the soil, liquid limit
(wr) is proved to have an important role in assessing the engineering properties of remolded and
natural clay (Horpibulsuk et al., 2011c). In addition, Zhang et al. (2022) proved that reducing the water
content below the liquid limit can be a noticeable improvement for the stable Kumamoto dredged clay
with high water content. In order to realize the effective utilization of dredged clay with high water
content under the low solidifying agents mixing amount, the water content of dredged clay should be

reduced to below its liquid limit by a dehydration test.

4,* IOmm &

MJ’ g .."

(a) Composite string polyester (diameter 9mm) (b) Nonwoven geotextile (thick 0.6mm)

Fig. 2.3 Drainage materials

2.3.2 Methodology

Two drainage materials were used to accelerate the dewatering rate of the dredged sediment by
inserting them in the slurry clay. As shown in Figure 2.3, the drainage materials include string
(composite polyester) and non-woven cloth (geotextile materials). The drainage materials were
installed in the slurry clay in each case of the test condition at specific distance in order to accelerate
the dewatering rate of the slurry clay. For the field dewatering conditional, the drainage materials in

Fig. 2.3 (a) and (b) were installed in the slurry clay at 100 mm pitch.
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2.3.3 Field dewatering test

It has been proved in previous dehydration tests that chemical polymer mixing rope and woven
polyester are excellent drainage materials, and the vertical placement of dehydrated materials
significantly improves the dehydration efficiency (Flemmy et al., 2019; Flemmy et al., 2020; Flemmy
et al., 2022). The field dewatering test of waste dredged clay was conducted under two dewatering
conditions. The test conditions using simple vertical drains were designated as Case 1 and 2 with the
installation of vertical drainage material. Woven polyester is used as the vertical drainage material for
Cases 1, while for Case 2, chemical polymer mixture rope is used as the vertical drainage material.
The thickness of the woven polyester is 0.60 mm, and the diameter of the chemical polymer mixing
rope is 8.80 mm. For Case 1, the vertical drainage material with a size of 1.2 m * 1 m was connected
to the steel rod with a transverse spacing of 100 mm. For case 2, a vertical drainage rope with a length
of 1 m was selected and connected to the steel rod with a transverse-longitudinal spacing of 100 mm.
The steel rod was set at the upper end of the square woven polyester bag, and the surrounding was
fixed with a wire mesh, as shown in Fig. 2.4 (a). The field test photos of Cases 1 and 2 are shown in
Fig. 2.4 (b). Finally, the wire meshes and the stands having the drainage materials at definite spacing
are incorporated to the sunshine dewatering method of NCPWT to form the simple vertical drain
method under field dewatering conditions.

The clay used in the field dewatering test is the clay near the Sample A sampling site in Fig.2.1.
The clay was used as excavated from the pond without adjusting its natural water content. Then, the
soft clay was poured into two dehydration boxes with different vertical drainage materials. The
dewatering of waste dredged clay under field conditions after a while is shown in Fig. 2.5. As shown
in Fig. 2.5 (a) and (b), the degree of saturation of clay is high and presents a high wet state in the initial
stage after dumping. In Fig. 2.5 (c) and (d), the clay surface has begun to show a dry state after one
week of dehydration. In Fig.2.5 (c), it can be observed that the area where the dehydrated material is
embedded in the clay has an obvious dehydration gap due to the faster evaporation of water. After one
month of clay dehydration, the surface clay shows an extremely dry state, as shown in Figs. 2.5 (e)
and (f).

In order to determine the change in clay water content, three sampling points are set for each
measurement. Sampling was carried out in the depth range of 0.05m-0.6m at each sampling point.
Ensure that the experimental average water content comes from at least eight clay samples at different
locations or depths. The average water content was calculated according to the water content of all
samples. Figures.2.6 (a) and (b) show the experimental results of water content distribution with depth
in case 1 and case 2, respectively. The initial average water content after adding clay is 145 %. The
average water content after 7 days was 108 % in Case 1 and 110 % in Case 2. The average water

content after 1 month was 84.3 % in Case 1 and 83.9 % in Case 2. The clay with initial moisture
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content of about 145 % decreased to about 110 % in one week and less than 90 % in one month. The
suction measured by pF sensor showed that a large negative pressure of 20-30 kPa appeared after one

month.

7 /]
12m/ / ||||||| |]||||| 1
; / ity
H
im i
v
Case 1 (Woven polyster) @ Case 2 (Chemical polymer mixing rope)

Square box seamed
/ by polyesteraround
and bottom

Wire mesh

e

(a) Illustration of field dewatering test with simple vertical materials

(b) Photograph of the field dewarering test, the left is Case 1 ; the right is Case 2.

Fig.2.4 Setup of field dewatering test of waste dredged clay.
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As shown Fig. 2.7, the field pF value simultaneously increases as void ratio of the clay decreases.
The increase of the suction pF and the reduction of the void ratio is aided by the daily dissipation of

water from the soil through the drainage material installed in the slurry clay.

(e) Case 1 (1 month) (f) Case 2 (1 month)

Fig.2.5 Dewatering situations of waste dredged clay under field conditions
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2.4 Results

2.4.1 On-Site Sediment Characterization

The uniaxial compression test results for the undisturbed and remolded clays of sample C are
shown in Figure 2.8. The sensitivity ratio (S;) is defined as the compressive strength (gui) of

undisturbed clays relative to the compressive strength (g.2) of remolded clays.
St:qul/QuZ (21)

Clays with a value of St exceeding 10 were classified as super-sensitive clay. The test results
indicated an S;= 11; therefore, Kumamoto sediment was regarded as a super-sensitive clay. This means
that although the Kumamoto sediment exhibited 30 kPa of unconfined compressive strength, its
strength would become very low, less than 3 kPa, once disturbed.

When burned at high temperatures, the organic matter (OM) in clay begins to ignite at about
200 °C and will be completely depleted at about 550 °C (Santisteban et al., 2004). Loss-on-ignition
(LOI) is a parameter that represents the organic matter content (Nielsen and Stefanakis., 2020).
Generally, clays with an LOI of more than 20% are regarded as highly organic clay (Aitkenhead et al.,
2004). The LOI test was carried out on the sediments from areas Ne 1 to Ne 11. The LOI test was
performed on the sediments from areas Ne 1 to Ne 11, and the results are shown in Table 2.1. In addition
to the LOI = 17.6 % in area Ne 9, the LOI of all other areas is higher than 20 %. In areas No 4, Ne 7, Ne
10 and Ne 11, the LOI is even more than 30 %. Combined with the LOI test results of samples A—C in

Table 2.2, the sediment was classified as high-organic clay. This indicates that the sediments of
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Fig. 2.9 Locations where dynamic cone penetration test and water content measurement was
performed; sampling position of Kumamoto clay

Kumamoto Reservoir not only have extremely high natural water content but also contain high organic
components mixed in the clay.

Figure 2.9 shows the relationship between the water content and the number of blows per
penetration depth of 0.1 m (Ny) determined by the dynamic cone penetration test. Usually, in the case
of a very soft foundation, the penetration depth in 1 blow or several blows will be more than 10 cm.
At this time, the respective unit penetration depth (d) is calculated according to the cumulative
penetration depth (Unit penetration depth = cumulative penetration depth — depth before penetration).

The number of blows per penetration of 10 cm is calculated according to the formula:
Na=(N/d) <10 (2.2)

N : Number of blows (times)

d : Unit penetration depth (cm)

N /d : Number of blows per penetration depth of 1cm (times /cm)

The Ng value is usually used to correspond to the depth of the site to reflect the difficulty of each
10 cm penetration in the surface depth of the site. In order to understand the state of the site foundation.
The sediment samples for measuring the water content were obtained from a depth range of 0.1 to 0.5
m from the surface of the Kumamoto reservoir. Based on the results of all samples, the following

correlations were derived:
w (%) =157.55—29.35N4 2.3)

As shown in Equation (2.3), the water content in the depth direction can be calculated using Ng.
Figure 2.10 shows the distribution of converted water content with depth in the areas No 1-11
calculated from Ng. The purpose of measuring the actual water content is to correct the distribution
curve. This figure shows the distribution of natural water content in the sediments of the Kumamoto
reservoir. It was discovered that clay with a high water content (exceeding 100%) was deposited at a

depth of 1 to 2 m.
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2.4.2 Effect of OPC and Cement—Fly Ash Binder on the Clayey Sediment Improvement

In soil stabilization by cement, cement hydration provided calcium silicate hydrate (CSH) and
calcium aluminate hydrate (CAH), resulting in increased improvement at a curing period of 28 days
(Ghosh and Subbarao., 2007). Similar to OPC, DF indicated increased strength owing to the reaction
of calcium hydroxide with siliceous and aluminous materials to produce CSH and CAH (Horpibulsuk
et al., 2010). The original water content in the clay promoted hydration and pozzolanic reactions,
which rapidly generated ettringite. The hydration products of the cement were observed in the pores

of the microstructure, and the amount of cementitious products increased significantly. The
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Fig. 2.11 Relationship between cone index of stabilized clay and content of solidifying agents. (a)
Stabilized clay by OPC, (b) Stabilized clay by DF
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cementitious products not only enhanced the inter-cluster bonding strength, but also filled the pore
space. The volume of pores smaller than 0.1 pm reduced significantly, thereby reducing the total pore
volume. Consequently, the strength increased significantly (Wang et al., 2013). The fly ash particles
were discovered to be beneficial for reducing voids in the clay structure and making the microstructure
denser, resulting in improved clay strength after curing (Furlan et al., 2021; Silitonga et al., 2010).

In series 1 under the constant water content condition (samples A and B: w = 160%; sample C: w
= 200%), the relationship between the content of the solidifying agent and the cone index is shown in

Figure 2.11(a) and (b). As shown in Figure 2.11(a), the OPC reached the improved ‘turning point zone’
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Fig. 2.12 Relationship between cone index and water content at constant content of solidifying
agent (100 kg/m?) (a) Stabilized clay by OPC, (b) Stabilized clay by DF
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when the content reached 200 kg/m?. This means that more than 200 kg/m? of stable clay had been
significantly improved. Meanwhile, the cone index of the soil stabilized by DF increased rapidly when
the content of DF exceeded 300 kg/m?, as shown in Figure 2.11(b). When using cement—fly ash binder
containing 30% cement to stabilize sediment with high water content, a certain amount of hydration
products must be produced to facilitate the embedding of fly ash particles into the gap of gel materials.
Therefore, the DF needs more mixing quantity to reach the ‘turning point zone’ in the improved Figure
2.11(b). It was assumed that DF was applicable for improving Kumamoto clay, although the required
content of DF was much higher than that of OPC. Since the OPC content in DF was only 30%, it

afforded low CO; emission in comparison with OPC.

2.4.3 Effect of Reducing Water Content of Clayey Sediment

For the test results of series 2, Figure 2.12(a)(b) shows the relationships between the cone index
and the initial water content of the three types of Kumamoto clay under a constant content of the
solidifying material (100 kg/m?). The cone index of the soils stabilized by the solidifying agents
significantly decreased as the initial water content increased. This is because the sample with a higher
clay water contents is easy to break up the cementation bond under the influence of higher void ratios,
which affects the hardening rate (Miura et al., 2001). Consequently, the improvement became less
prominent as the water content increased. By contrast, the decrease in the water content of the clay
reduced the distance between the particles or cluster of particles, and the amount of hydration products
increased. Under the same improvement conditions, the degree of improvement depended on the OM
content of the sediment. The higher the OM content, the more difficult it was to effectively improve.
Based on the results of the field composite string polyester and nonwoven geotextile dehydration test,
the water content of clay decreased by about 25 % after one week, and the water content of clay
decreased by about 38 % after one month. Corresponding to the experimental results in Fig.2.12, the
strength of 100 kg/m? OPC stabilized three sample clays after one week of dehydration is 200 ~ 400
kN/m?, and the strength of 100 kg/m? DF stabilized three sample clays is about 200 kN/m?. In addition,
both 100 kg/m?® OPC and DF were effectively improved after one month of dehydration.

2.5 Conclusions

This study investigated the feasibility of improving dredged clay with high water content by

dewatering and adding a solidifying agent. Through the confirmation of the accumulation of dredged
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clay on site, as well as the study of the effect of the on-site dehydration test and the mechanical
properties of the samples mixed with the solidifying agent, a set of schemes for treating dredged clay

with high water content was summarized. The specific conclusions are as follows:

1. The field test results of Kumamoto Ohkirihata reservoir indicated the presence of mass

sediments of clay with high water and high organic matter within 1-2 m of the reservoir sediment.

2. The dehydration effects of two kinds of composite materials on high water-content dredged
clay are similar. That is, after one week the water content of clay was below the liquid limit, and after

one month the water content decreased by about 40 %.

3. DF was applicable to the improvement of Kumamoto clay, although the required content was
much larger than that of OPC. DF is a recycling material composed primarily of fly ash; hence, it

affords less environmental pollution owing to its low CO; emission.
4. After the high water content dredged clay is simply dehydrated by inserting the composite

material, the improvement of the high water content dredged clay under the low solidifying agent

mixing amount can be realized.
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3. Evaluation on improvement effect of Kumamoto waste dredged clay

3.1 Introduction

It is important to predict the improvement of stabilized clays for preliminary design and cost
analysis. A simple method has been established for soft clay admixed with cement to estimate the
unconfined compressive strength ¢, of cement-treated soils while considering cement and water
contents (Tang et al., 2001). The clay-water/cement ratio (w/c), which is the ratio of the initial water
content of the clay to the cement content, is a standard parameter for investigating the engineering
behavior of cement-stabilized clays at high water contents (Miura et al., 2001). The generalized
strength equation based on Abrams’ law (1919) can be realized as the target strength and the desired
levels of strength and compressibility obtained in laboratory tests (Horpibulsuk et al., 2005). It was
demonstrated that (C/W):era1, which is the ratio of cement to the total volume of water in a mass, is an
effective parameter for predicting the improvement of cement-stabilized clays (Sakka et al., 2002).
The cement content required to stabilize roof tile waste-silt soil can be estimated using strength
equations involving the unconfined compressive strength and porosity/volumetric cement content ratio
(Moreira et al., 2019). Many studies have focused on the behavior of cemented clay. However, the
improvement afforded by cement-based solidifying materials is significantly affected by the unique
physical properties of the clay, such as its particle size composition, organic matter content, clay
minerals, and pH (Babasaki et al., 1996; Mitsui et al., 2001; Hussan et al., 2022). Therefore, for
reservoir clay with high organic matter content and high natural water content, the applicability of the
evaluation behavior should be considered.

Reservoir clays typically exhibit high water and organic matter contents, which vary widely based
on region. Therefore, the improvement by solidifying agents should be assessed under different mixing
conditions. In this study, Kumamoto clay was obtained from three locations in the Kumamoto reservoir,
and two types of cement-based solidifying agents were used for the improvement. The improvement
of the three types of Kumamoto clays with high water content was expounded in terms the solidifying
agent and water contents. A cone penetration test was performed on cement-stabilized clays to obtain
the cone index. An empirical equation for assessing the improvement of Kumamoto clays mixed with
cement-based solidifying agents is discussed herein based on laboratory test results and a new

parameter, which is the modified content of the solidifying agent.
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3.2 Description of the evaluation method

3.2.1 The w/A., Ratio as a Factor for Assessing the Improvement of Stabilized Clayey Sediment

It is important to predict the improvement of stabilized clays for preliminary design and cost
analysis. In previous studies, the contents of stabilization binders and water have been proven to be
the main factors affecting improvement (Horpibulsuk et al., 2006; Horpibulsuk et al., 2003b;
Horpibulsuk et al., 2011a). Some researchers de-fined the content of stabilized binder (4y) as the ratio
of stabilization binder weight to the dry weight of clay and used the ratio of water content (w) to Aw
as a controlled parameter to study the behavior of stabilized clay. The results show that w/4, described
well the mechanical properties of stabilized clay, and the correlation coefficient R? reached 0.953
(Lorenzo and Bergado, 2004; Jongpradist et al., 2010). In this section, an assessment of the
improvement by the solidifying agents is pro-vided while considering the effect of w/A4y.

Figure 3.1 shows the relationship between the cone index (g.) and w/A4. on the clay stabilized by
OPC in the three types of Kumamoto clay. The results indicate different trends under constant water
and solidification agent contents. The difference in qc became more evident as w/4y, decreased. This
is due to the different effects of water content and curing agent addition on the improvement effect. It
can be found from Fig.3.1 that when the water content is constant, the amount of solidifying agents
added is the only variable in w/4y. The greater the amount of solidifying agents added, the more
obvious the improvement effect. In addition, when the amount of solidifying agents is constant, the

water content is the only variable in w/4y. The greater the water content, the more difficult to be
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Fig. 3.1 Cone index g. vs. w/4,, ratio of clays stabilized by OPC in three types of Kumamoto clay

effectively improved. Comparing the development trend of the improvement effect under the influence
of the two variables, it can be concluded that the effect of water content on the improvement effect is
greater than that of solidifying agents addition for Kumamoto clay. A similar trend was observed for
the clay stabilized by DF, as shown in Figure 3.2. All g-—w/A relations did not show a unique line;
therefore, it was concluded that the previous evaluation method was not suitable for Kumamoto clay

with high water and organic matter contents.
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3.2.2 The K Parameter as a New Factor for Assessing the Improvement of Stabilized Clayey

Sediment

Highly organic soil contains bitumen, fulvic acid, and other humic acids with different degrees
of organic matter decomposition. Substances in the humic acid dissolved in acidic methanol

hydrochloride affect the solidified strength (Uchida et al., 1985). In addition, the inhibition of cement

11

10

09 r

08

0.7

06

R2

05 r

04

03

02 A Kumamoto clay A

x
o1 + Kumamoto clay B

< Kumamoto clay C

0.0

0.5 1.0 15 2.0 25 3.0 35 4.0 45

11

09

08

06

R2

05

03

02 A Kumamoto clay A

x Kumamoto clay B

© Kumamoto clay C

00 L L L L L L
05 1.0 15 2.0 25 3.0 35 4.0 45

(b) DF
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hydration by humic acid occurs when eluted Ca?" reacts with humic acid. Its calcium salt is deposited

on the surface of unhydrated cement particles or forms a complex. Humic acid inhibits cement

hydration and delays the reaction (Okabayashi et al., 2004). Therefore, for clays with high liquid limits

and organic matter contents, a parameter to replace w/4, should be considered. Considering the effect

of the water content on g, a new parameter, K (kg/m?), was introduced, as shown in equation (2):

K = C/(w/100)“ 3.1
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Fig. 3.4 Relationship between In ¢ and K for clay stabilized by OPC or DF
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where d is a parameter representing the effect of the water content, C (kg/m?) is the cement
content, and w is the initial water content of the clay. In this study, the following equation correlating

gc and K is used:

qc= Aexp(BK) (3.2)

where 4 (kN/m?) and B (m?/kg) are constants. Eq. (3.2) can be converted into Eq. (3.3), which

shows a linear relationship between In ¢c and K.
In gc=Ind + BK (3.3)

Figures 3.3 (a) and (b) show the changes in the correlation coefficient R? of Eq. (3.2) for different
d values of the clay stabilized by OPC or DF, respectively. It was discovered that R? indicated a peak
value above 0.9 in all stabilized clays. In the clay stabilized by OPC, when R? reached its peak, the
corresponding d ranged from 2.3 to 2.5. In the clay stabilized by DF, the correlation coefficient R?
reached its peak when d was 2.8-3.3. The value of d corresponding to the highest R?> was applied for
each stabilized clay.

Figures 3.4 (a) and (b) show the relationship between ¢. and K obtained from the test results. The
relationship between In g. and K can be represented by a straight line with an R? exceeding 0.9 for all
samples of Kumamoto clay. The constant 4 in Eq. (3.3) represents the intercept of this line and
corresponds to the value of g. at K = 0, namely, the g. of the clay without a solidifying agent. The
constant B represents the inclination of the straight line. It is assumed that B and d are affected by the
physical properties, such as the liquid limit and organic matter content of the clays. Table 3.1
summarizes the parameters 4, B, and d for the stabilized clay obtained from Figs.3.4 (a) and (b). The
improvement of each sample was assessed based on Eq. (3.3). In other words, the proposed equation
is crucial for calculating the required content of solidifying agents in an arbitrary water content in the

clay to obtain the target cone index.

Table 3.1 Parameters 4, B, and d of Eq. (3.2) for stabilized clay

Sample Solidifying agent d A (KN/m?) B (m’/kg) R?

DF 33 7.52 0.045 0.90

Sample A
OPC 2.5 7.36 0.0506 0.92
DF 3.0 5.33 0.0547 0.98

Sample B
OPC 23 7.97 0.0523 0.97
DF 2.8 14.96 0.0703 0.92

Sample C
OPC 2.3 14.41 0.0713 0.91
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3.2.3 A Liquid Limit-Based Parameter as a Unified Factor for Assessing the Improvement of
Stabilized Clayey Sediment

Although the expression shown in Eq. (3.3) can estimate the cone index of each stabilized clay
effectively, the effect of the physical properties of clay must be considered when assessing the
improvement in a unified manner. Hence, a unified estimation formula must be devised to describe

the improvement of all samples of Kumamoto clay. The w/wy ratio is an important parameter for
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assessing the engineering properties of remolded and natural clays, where w is the water content of
clay, and wy, is the liquid limit (Horpibulsuk et al., 2011b). Considering the effect of the liquid limit of
the samples, the content of the solidifying agent (as indicated in Eq. (3.1)), K (kg/m?), changes to the
modified content of the solidifying agent K1 (kg/m?), as follows:

Ki=C/w/wi) % (3.4)

where dL is a coefficient representing the effect of the water content based on the liquid limit. By

introducing the new parameter K, Egs. (3.2) and (3.3) can be redefined as follows:

qc= AL exp(BLKL) (3.5)

In gc=IndL+ BLKL (3.6)

where A1 (kN/m?) and By (m?/kg) are constants.

Figures 3.5 (a) and (b) show the relationship between ¢. and K for the clays stabilized by OPC
or DF. A straight line representing Eq. (3.6) is presented in the figure in addition with the measured
cone index of all the stabilized clays. It was observed that Eq. (3.6) unifies the assessment of the
improvement of Kumamoto clay using Ki. Table 3.2 summarizes the coefficient dr and the
corresponding parameters 4Ar and By, based on the highest correlation coefficient R%. The R? of Eq.
(3.6) for the clays stabilized by OPC and DF were 0.83 and 0.82, respectively, which indicated good
correlations and satisfies the number of data required for the significance level of 5%. As listed in
Table 3.2, the value of di. of the clay stabilized by DF was larger than that stabilized by OPC. This
indicates that the improvement of the clay stabilized by DF was more sensitive to the water content
compared with that by OPC. However, this suggests that the cone index of the stabilized clay with a
higher value of di. can be effectively increased by reducing the water content to less than the liquid
limit. Based on this result, the authors attempted to reduce the water content of Kumamoto clay to less

than the liquid limit using a simple dehydration method (Flemmy et al., 2019; Flemmy et al., 2020).

Table 3.2 Parameters of A, Br, and dL in Eq. (3.5) for stabilized clay

Solidifying agents ~ Sample size dv Ar (kKN/m?) BiL(m’/kg)  Correlation coefficient R?

DF 21 2.9 11.7 0.0178 0.82"

OPC 18 23 16.71 0.0219 0.83"

*Significant level: 5%
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3.2.4 Evaluation of Estimate Methods

In the case of DF and OPC, the comparison results of estimated value and actual value of cone index
value of the three sample clays are shown in Figs. 3.6 (a) and (b). The estimated values respectively in the

diagram are from Eq. (3.1) ~ (3.3). The actual values are the experimental results of the cone index of three
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kinds of clay mixed with solidifying materials after 28 days. Comparing Figs. 3.6 (a) and (b), it can be seen
that both at DF improvement and OPC improvement, the measured and estimated values for the three clays
are relatively evenly distributed, and all of the correlation coefficients R? are generally larger than 0.9,
indicating that the estimating formula is somewhat accurate.

The results are shown in Figs. 3.7 (a) and (b) after comparing the estimated and actual values of

cone index of all Kumamoto clays. The estimated values respectively in the diagram are from Eq. (3.4) ~
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(3.6). Due to the huge amount of clay sediment in the field, there is a certain distance between the three
acquisition points. Therefore, with the increase of clay sample type in Figs. 3.7 (a) and (b), the correlation
coefficient is slightly lower than the three separate estimates (The correlation R? of OPC improvement
decreased from 0.91~0.97 to 0.84, while the correlation R? in DF improvement decreased from 0.90~0.98
to 0.82) . Similar to Figs. 3.7 (a) and (b), when qc is low, the estimated value is closer to the actual value.
And Figs. 3.4~3.5 show that there is a positive correlation between K (or K.) and qc. Therefore, it can be

said that the lower the value of K (or K.) the higher the estimate accuracy of the related derivation formula.

3.3 Conclusions

In this study, sediments from the Kumamoto reservoir were investigated via a field test. The
experimental results indicated the presence of mass sediments of clay with high water and high organic
matters within 1-2 m of the reservoir sediment. Two types of cement-based solidifying agents, i.e.,
OPC and DF, were added to three samples obtained from different locations, and a cone penetration
test was performed. The following conclusions were obtained:

(1) The w/4w was not applicable to Kumamoto clay with high water and organic contents as a
parameter for evaluating the improvement of clay stabilized by OPC or DF.

(2) A new parameter representing the content of the solidifying agent, K, was introduced by
considering the effect of water content. The relationship between In qc and K can be represented by a
straight line with R? exceeding 0.9 for each sample of Kumamoto clay.

(3) Considering the effect of the liquid limit of the samples, the modified content of the
solidifying agent, K1, was introduced to evaluate the cone index of the stabilized soils. It was
discovered that the proposed equation unified the assessment of the improvement of the three

Kumamoto clay samples in a unified manner owing to the new parameter Ki.
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4. Unified Evaluation of the Improvement Effect of Different Clay
Types Based on the Physical Properties of Clay

4.1 Introduction

Along with the construction of river bays and reservoirs, a large number of river bed dredged
clays have been produced. It has become a social problem to find an economical and environmentally
friendly solution to deal with and eventually recycle these clays. The undesirable properties of soft
clay, namely low shear strength and high compressibility, can improve clay strength by mixing cement-
based solidifying material (Frioozi et al., 2017). The mechanism of strength development in clay
stabilized with cement can be explained by chemical reactions. When cement and water are mixed
with clay, primary and secondary reaction products from the hydration reaction are formed and
improve the clay properties. The primary products are comprised of calcium silicates hydrates (CSH),
calcium aluminates hydrates (CAH) and lime. The secondary products resulting from the pozzolanic
reaction between lime and clay minerals, clay silica and clay alumina were continuously formed as
CSH and CAH after a curing period (Japan Cement Association, 2012). As a result of both reaction
products, the clay became denser, stronger and harder, which resulted in an increase in the treated clay
strength after curing (Chang et al., 2007). In Japan, cement-based solidifying material modified clay
as ground materials has been widely used in highway and port construction (Sato et al., 2003; Watabe
and Noguchi., 2011).

Considering the cost of clay improvement and potential environmental impacts, many studies
have focused on the development of new cementitious materials to replace ordinary portland cement
(OPC) as a soil solidifying agent. Fly ash (FA) has long been understood as an industrial by-product
with pozzolanic material properties in a concrete field. Fly ash is usually used to add to the cement
solidifying agent, as a part of the cement substitute to improve the microstructure (fabric and
cementation bond) of cement stabilized clay, resulting in the improvement of engineering properties
(strength compressibility, permeability, and durability) (Horpibulsuk et al., 2009). Studies have shown
that the mixing of cement-clay mixture and air foam as two “lightweight cemented clays” has been
widely used (Jamnongpipatkul et al., 2009; Kikuchi et al., 2011). A few studies revealed that the use
of the cement kiln dust (CKD) as a potential clay stabilizer is comparable to that of the OPC, and it
can be used to increase clay strength, reduce the permeability of the clay (Peethamparan et al., 2009;
Amadi., 2014; Safari et al., 2017). Red ceramic waste (RCW) as supplementary cementitious materials
in structural concrete to maintain mechanical properties while reducing carbon dioxide emissions to
achieve a circular economy (Pavesi et al., 2021). Although this new solidifying agent has many

advantages and has been proved to be applicable in geotechnical engineering to improve the strength
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of clay and increase the bearing capacity, it is still necessary to consider the appropriate additional
amount before use. Therefore, it is very important to correctly evaluate the relationship between the
amount of solidifying agent and the improvement effect before construction.

For soft clay admixed with cement, a simple method has been established to estimate the
unconfined compressive strength g, of cement-treated soils by taking into account the cement content
and water content, a good correlation between empirical and measured values in the range of 0~3000
kN/m? (Tang et al., 2001). Clay—water/cement ratio (wc/c) which is the ratio of the initial water content
of the clay (%) to the cement content (%) and void/cement ratio(v/c) was proved as a standard
parameter for investigating the engineering behavior of cement-stabilized clay at high water content
(Mitsui et al., 2001; Horpibulsuk., 2012). The generalized strength equation based on Abrams' law
(1919) can be realized the target strength and obtains the compressibility level at the target strength in
the test (Horpibulsuk et al., 2005). At the same time, other studies have summarized the influence of
cement-fly ash ratios on the unconfined compressive strength of admixed clay, and successfully
predicted the strength of the mixture through the empirical equation of cement-fly ash ratio
(Jongpradist et al., 2010). However, many factors will affect the improvement effect of high organic
clay, including several internal factors of the clay itself, such as pH value, particle size composition
and mineral composition (Babasaki et al., 1996). In this study, a modified content of solidifying agent
K1 considering a liquid limit is introduced to evaluate the effects of the content of solidifying agent
and water content of clay. Based on the test results of five kinds of clays, the relationship between the

physical properties of clay and the parameters in the empirical formula is discussed.

4.2 Materials and methods

4.2.1 Soil samples

In this study, five kinds of clays with different physical properties were used, namely Kaolin clay,
Kibushi clay and three kinds of clays from the Kumamoto reservoir (Kumamoto clay A, Kumamoto
clay B and Kumamoto clay C) in Japan. Kaolin and Kibushi clay were obtained by commercial
products, while Kumamoto clays were obtained by field sampling. Sampling was performed from the
depth of 1 to 2 m in the clay layer. The physical properties of all clays were summarized in Table 4.1.
The higher organic content in Kumamoto clay leads to the lower density of three types of Kumamoto
clay. Based on the Unified Soil Classification System (USCS), the Kaolin clay was classified as
inorganic clay of low plasticity (CL) and the Kibushi clay was classified as inorganic clay high

plasticity (CH). The X-ray diffraction (XRD) results of the two clays show that the kaolin clay consists
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mainly of kaolinite and subordinate illite; and the Kibushi clay consists are quartz and kaolinite, and

trace feldspar, montmorillonite and illite (Takehisa et al., 1986). The clay of Kumamoto was classified

as organic clay of high plasticity (OH) based on the USCS. The particle size curves of the clays are

shown in Fig. 4.1.

The composition of fly ash varies considerably depending on the nature of the coal burned and

the power plant operational characteristics but grinding does not have much effect on chemical

composition (Erdogdu and Turker, 1998). Ground fly ashes might be partially replacing cement to

produce low-cost environmentally friendly cement-based solidifying agents. Type 1 Ordinary Portland

Cement (OPC) similar to ASTM C150, a recycled material (DF) consisting of cement (30% of the

total), fly ash (60% of the total) and a mixture of heavy metal insoluble agents were used in this study.
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Fig.4.1 Grain size distribution curves of Kumamoto clay, Kaolin clay and Kibushi clay

Table 4.1 Physical properties of clays

100.000

Properties K;Ig‘imm OKEI:;‘EM K;Z?rgom Kibushi clay  Kaolin clay
Liquid Limit, w (%) 121.98 142.00 158.00 71.95 44.40
Plastic limit, wp (%) 82.12 93.68 96.92 54.24 2428

Plasticity index, /, 39.86 48.32 61.08 17.71 20.12
Density, ps (g/cm?) 232 2.27 2.55 2.58 2.62
Ignition loss, L; (%) 23.40 19.20 17.30 13.00 11.82
Naturalwiv?otz; content, 185.0 152.0 208.0 ; ;
Fine p;rctig}/‘:)comem’ 64.77 65.05 67.46 99.92 84.60
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4.2.2 Methodology

All the clay was passed through a 4.75mm sieve to remove the coarser particles. In the water
content adjustment experiments, the actual water content was derived from the water content
experiment (JIS A 1203 2020). The water content of clay was adjusted by adding free water and placing
it in the natural air drying at the ventilating place, and the actual water content of all experimental
clays was within the target water content of #2%. In the mixing experiment, samples of the clay
(Kumamoto clay, Kibushi clay, and Kaolin clay) were

prepared by mixing them uniformly with the solidified agent for 5 minutes using a stirrer.
According to different water content, the unit mass of clay samples ranges from 1.4x10% kg/m3 to
1.5x10° kg/m?. After uniform mixing, to prevent the evaporation and absorption of moisture in the test
sample, the test sample is sealed with macromolecular polyethylene, and then the sealed test sample
is placed under constant temperature (25 =3 <C) and humidity (90 £3 %). The mold height is
126.94mm, and the inner diameter is 99.66mm. A compaction layer is set at about 40 mm intervals to
press the sample into the mold three times, and each layer has 25 compaction cycles (JIS A 1210 A-c
method: compaction energy about 550 kJ/m?) (JIS A 1210 2020). The number of setting compaction
cycles may be appropriately changed according to the strength of the stabilized clay specimen. Table
2.3 shows the cone penetration test conditions. After 28 days of storage, cone penetration tests will be
conducted according to the standard sample size (JIS A 1228 2020).

Table 4.3 summarizes the test conditions for making the stabilized clays. In this study, in order
to achieve the evaluation of the improvement effect by the content of solidifying agent (C) and water
content, the experiment is divided into two series, namely, series 1 experiment with the added amount
of solidifying agent as the variable and series 2 experiment with the initial water content as the variable.
In the first series of experiments, the initial water content of the clay is constant, and the content of
the 2 types solidifying agents (DF and OPC) was used as a variation for the experiment. w/w,_ has been
considered as an essential parameter for evaluating specific clay void ratios (Horpibulsuk et al., 2007).
Therefore, w/wy is used as an important basis for the setting range of water ratio in the test. In the test,
the values (w/w.) of Kumamoto clay and Kibushi clay are in the range of 0.7-1.4. But for low swelling
clay (Kaolin clay), the particles are associated with each other in an edge-to-face manner (Olphen,
1963); i.e. the clay exhibits an open flocculated fabric with greater shear strength. Even at the same
state (w/wy), more water should be added to kaolin to have the same viscosity (Horpibulsuk et al.,
2012). Therefore, the value (w/w) of Kaolin clay is set in the range of 1-2. The objective of Series 1
is to investigate the effect of the amount of solidifying agent added when the water content remains

constant. In Series 2 for investigating the effect of initial water content, samples were prepared with
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the constant content of solidifying agent. The cone index of all stabilized clays was obtained by JIS A

1228 (2020). For each clay type, solidifying agent type and combination of water content and cement

content, at least three samples were tested under the same conditions to check for test consistency. In

most cases, the results under the same testing condition were reproducible.

Table 4.3 Compositions of the specimens for making the stabilized clays

Content of solidifying
Series Sample Water content (%) Solidifying agent
agent (kg/m?)

Kumamoto clay A 160 100,200,300,400 OPC,DF
Kumamoto clay B 160 100,200,300,400 OPC,DF

1 Kumamoto clay C 200 100,200,300,400 OPC,DF
Kibushi clay 100 15,25,50,75,100 OPC,DF

Kaolin clay 44 20,40,60,80 OPC,DF

Kumamoto clay A 100,120,140 100 OPC,DF
Kumamoto clay B 100,115,135 100 OPC,DF

2 Kumamoto clay C 100,140,160 100 OPC,DF
Kibushi clay 60,70,80,90,100 100 OPC,DF

Kaolin clay 60,70,80,90 100 OPC,DF

4.3 Results

4.3.1 Effect of solidifying agents content on clay improvement effect

In the relationship between unconfined compressive strength and cement content, it can be

considered that the range with high improvement effect of cement content is defined as the active zone

(Zhang et al., 2013; Horpibulsuk et al., 2003). In terms of microstructure in the active zone, hydration

products are seen in the pores and the cementitious products significantly increase with the increase
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of cement content. The cementitious products not only enhance the inter-cluster bonding strength but
also fill the pore space, the volume of pores smaller than 0.1pm is significantly reduced with cement,
thus, the reduction in total pore volume. As a result, the strength significantly increases with cement
(Horpibulsuk et al., 2010). Similar to OPC hydration, CSH (calcium silicates hydrates) is the main
hydration product in the process of DF stabilizing clay. It is found that FA particles are beneficial to

reduce the voids in clay structure, resulting in the improvement of clay strength after curing (Wang et
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Fig. 4.2 Relationship between cone index of stabilized clay and content of OPC and DF
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al., 2013). This CSH fabric along with FA particles embedded in the clay structure (Yoobanpot et al.,
2013). FA particles filled the gap in the clay will result in the improvement effect.

Figure 4.2 (a) and (b) are the results of series 1, showing the relationship between the cone index
of the stabilized clay and the content of solidifying agent. As shown in Fig. 4.2 (a), cone index of the
stabilized clays increases considerably beyond a certain range of content of OPC. This trend depends
on type of clays. Although DF solidifying agent contains small amount of cement (30 %) and 60 % of
fly ash, a trend of increasing cone index on the stabilized clays by DF is similar to that of the stabilized
clays by OPC and the improvement effect is smaller than that of OPC. The reason can be considered
as the result of the initial inadequate calcium hydroxide products from the hydration process for
pozzolanic reaction and hydration products increased with the addition of DF with fly ash. In addition,
the mineral composition and pH of clay and the content of organic matter in clay are external factors
affecting water and reaction (Aoyama et al., 2002; Babasaki., 1996; Uchida et al., 1985). However,
compared with the abundant CSH fabric produced in the OPC hydration reaction process, the
hydration reaction process of DF is more affected by the physical properties of clay.

4.3.2 Effect of water content in clay on the improvement effect

The experimental results of series 2 are shown in Fig.4.3 (a) and (b). When the content of
solidifying agent was constant, the improvement effect decreased with the increase of water content
in clay. The reason is that excess water from the hydration process caused the increase in distance of
particle spacing, the decrease of hydration products which affect drop of strength (Miura et al., 2001).
Water content influences not only the hydration products but also the pore volume, with the increase
of porosity, the improvement effect also showed a downward trend. By comparing the improvement
effects of OPC and DF, it can be found that when the same improvement effect is achieved, the water
content in the stabilized clay by DF is lower than that of OPC. This is because there is not enough
cement hydration reaction in the improvement process, namely FA particles cannot play its filling
function, and the improvement effect becomes low. In addition, the difference in improvement effect
between clays may be caused by the difference in excess moisture content in clay (Nagaraj et al., 2000).
The liquid limit has been used as the main control factor to describe the water state of clay in previous
studies. Actually, the improvement effect is not only affected by external conditions such as water
content and amount of solidifying agent but also controlled by the physical properties of the clay itself.
For evaluating the improvement effect of various types of clays, it is important to consider a difference

of consistency property such as the liquid limit in each clay.
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4.4 Discussion

4.4.1 Evaluation of Improvement Effect by Modified Content of Solidifying Agent

The improvement effect of ordinary clays has been evaluated by cement-water ratio C/W (Sakka
et al., 2002; Kalim et al., 2017; Tsuchida et al., 2013; Omine et al., 1999; Kaneshiro et al., 2004).
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Fig. 4.4 A change of correlation coefficient R? in Eq. (3) in different value of d
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However, it became clear that the cement-water ratio is not suitable for high organic clay and another
evaluation method should be considered. As a physical property for keeping free water in the soil,
liquid limit (w) is proved to have an important role in assessing the engineering properties of
remolded and natural clay (Horpibulsuk et al., 2011b). The following new parameter, a modified
content of solidifying agent K. (kg/mq), for representing an effect of content of solidifying agent was
introduced by considering liquid limit.

KL=C/(w/iw)® (4.1)

Where C (kg/mq) is the content of the solidifying agent, w and w_ are the water content and liquid
limit of the clay, respectively, and d is a coefficient for representing the influence of water content. In
this study, the following relationship between the cone index gc and the modified content of solidifying

agent K is proposed.
gc=Aexp(BLKL) 4.2)

Where A (kN/m?) and B. (m®/kg) are constants of this equation, gc (kN/m?) is the cone index
obtained from the cone penetration test. Eq. (4.2) can be converted to Eq. (4.3) with a linear
relationship between Ingc and K.

In gc=InA+BLKL (4.3)

Table 4.4 Summary of the parameters in the empirical equation

Sample Solidifying agent A (kN/m2) BL (m®/kg) d R?
OPC 7.39 0.0308 25 0.92
Kumamoto clay A
DF 8.00 0.023 3.3 0.90
OPC 8.00 0.0234 3.0 0.97
Kumamoto clay B
DF 5.31 0.0191 2.3 0.98
OPC 14.59 0.0249 2.8 0.92
Kumamoto clay C
DF 14.59 0.0195 2.3 0.91
OPC 37.71 0.0396 0.7 0.94
Kibushi clay
DF 14.44 0.0417 0.7 0.95
OPC 7.69 0.0876 0.9 0.99
Kaolin clay
DF 5.75 0.0576 0.9 0.94
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Figure 4.4 (a) and (b) shows a change of correlation coefficient R? in Eq.(4.3) with different d on

the stabilized clay by OPC or DF, respectively. It is found that R? has an obvious peak value above

0.9 in all stabilized clays. A value of d at the maximum value of R? is selected in this study. As shown

in Fig.4.4, the value of d on low plasticity clay such as Kaolin clay and Kibushi clay is approximately

Cone index Ingc (KN/m?)

Cone index Ingc (KN/m?)

10000

1000

100

10

10000

1000

100

10

In qc=0.0876K, +n7.69 /

In qc=0.0396K, +In37.71

In qc=0.0308K +In7.39
R2=

R2=0.99 : R?=0.94 g 0.92
- LA _ 7 In qc=0.0249K, +In14.59
G R
«” Ve N :%
,//A ) / .
A Ry
P P T In qc=0.0234K, +n8
sT0 X R2=0.98
® -
7.
e
@ e ,»;
/// ,(’} ’
o
A Kumamoto clay A (w is constant) A Kumamoto clay A (C is constant)
X Kumamoto clay B (w is constant) + Kumamoto clay B (C is constant)
@ Kumamoto clay C (w is constant) © Kumamoto clay C (C is constant)
® Kibushi clay (w is constant) O Kibushi clay (C is constant)
B Kaolin clay (w is constant) O Kaolin clay (C is constant)
0 50 100 150 200 250 300
Ky (kg/m®) value when OPC is used for improvement
(a)
In qc=0.023K_+In8
» R2=0,90
In gc=0.0576K +In5.75 In qc=0.0417K +In14.44 .
— | — 2
R=0.94 RE=0.95 /%0:0.0195K,_+In14.59
o R2=0,91
®¢’II/ .
P < re
s g
b~ P
P " Inqc=0.0191K, +h 5.31
£ A% R?=0.98
® _-
. / :
/,./’ v
L
.~ : :
- A Kumamoto clay A (w is constant) A Kumamoto clay A (C is constant)
X Kumamoto clay B (w is constant) + Kumamoto clay B (C is constant)
@ Kumamoto clay C (w is constant) <© Kumamoto clay C (C is constant)
@® Kibushi clay (w is constant) O Kibushi clay (C is constant)
E# Kaolin clay (w is constant) O Kaolin clay (C is constant)
0 50 100 150 200 250 300 350

K, (kg/m®) value when DF is used for improvement

(b)
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clays
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0.7-0.9 and it is close to 1. On the other hand, the value of d on high organic clay such as Kumamoto
clays is greater than 2.

Figure 4.5 (a) and (b) shows the relationships between gc and K. obtained from the test results
and by the empirical equation of Eq.(4.3) on the stabilized clay by OPC or DF, respectively. As shown
in Fig.4.5, the relationship between gc and K. can be represented by an approximation of a straight
line in spite of a wide range of water content and content of solidifying agent for all stabilized clays.
The meaning of parameters A and By is that A is an intercept of the line between g and K (at K =0)
and By represents an inclination of the line. Table 4.4 shows the summary of the parameters (A, BL
and d) in the empirical equation in Fig.4.5 (a) and (b). According to the empirical equation, the
improvement effect of the target clay can be evaluated when the values of C and w/w_ are known, and
all empirical formulas have a certain correlation. In addition, this proposed equation has a guiding role
in determining the required content of solidifying agents at changing the water content of clay in

practice.

4.4.2 Relationship between Physical Properties and Parameters

A value of 4 in Eq.(4.3) corresponds to the cone index at K1=0, namely g. on the clay without
solidifying agent. Based on the corresponding 4 value of each clay in Table 4.4, the 4 value is similar
in most cases when the same type of clay is improved. At this time, the 4 value represents the cone
penetration index of the target clay without adding a solidifying agent under the condition of the initial
water content setting. In this study, when the target clay is improved, the set value of water content is
almost near or higher than the liquid limit, and the 4 value under this water content is minimal and
can be considered to be roughly constant in this range. Therefore, for any clay improvement, 4 value
can be determined by the cone index obtained under the initial water content state.

In Eq. (4.1), when w=wr, K1 is equal to C independent of d. It is therefore that By in Eq (4.2) can
be regarded as an important coefficient for representing the improvement effect of the stabilized clay
at the same water condition such as the liquid limit. Figure 4.6 shows the relationship between Br. and
wt on the stabilized clays. The value of Br decreases with the increase of liquid limit for both stabilized
clays of two solidifying agents. The value of Br., on the stabilized clays by OPC for low liquid limit is
larger than that of DF. On the other hand, the values in the condition of high liquid limit become almost
the same independent of the solidifying agents of OPC and DF.

In Eq (4.1), d is regarded as an important parameter for representing the influence of water content.
Highly organic soil contains humic acid, bitumen, and fulvic acid. The inhibition of humic acid on
cement hydration is due to the reaction between dissolved Ca?* and humic acid, which makes calcium

salts deposit on the surface of unhydrated cement particles or form chelates, thereby reducing the
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concentration of Ca®* significantly delaying the subsequent hydration reaction (Uchida et al., 1985;
Okabayashi et al., 2004). This characteristic more easily occurs in high water content clay with a large
gap ratio. Therefore, the reason for the d value difference can be explained by clay organic matter
content. Figure 4.7 shows the relationship between d and ignition loss L; of the clays. When L; is less
than 13%, it is usually considered as clay with low organic content and the value of d is close to 1
independent of the type of solidifying agent. When L; is more than 17 %, it is usually regarded as clay
with high organic content and the value of 4 indicates above 2 depending on L; and type of solidifying
agent. Compared with the clay of the low organic matter content zone, the improvement effect of clay
in this zone is more easily affected by the change in water content.

The ignition loss is one of the parameters for representing the content of organic matter. The test
result shows that the value of d depends on the ignition loss ;. In the high organic content zone, the
value d the stabilized clay by DF is larger than that of the stabilized clay by OPC. It indicates that the
stabilized clay by DF is influenced by water content more sensitively. This is because even if the
organic content is the same, the OPC hydration reaction with higher cement content is more complete,
and the hydration product CSH fabric is far more than DF. The relationship between Ki/C and w/wr
obtained from Eq. (4.1) is shown in Fig.4.8. The value of Ki/C means an influence degree on the
content of solidifying agent. When w=wt, K1/C is equal to 1. In the condition of w>wr, K1/C reduces
with increase in the value of d. On the contrary, in the condition of w<wr, K1/C increases largely with
increase in the value of d. This is important for high organic clays with high water content. Because it
suggests that a large improvement effect can be obtained for the stabilized clay with a high value of d
by reducing the water content less than the liquid limit. In Fig. 4.3, when the water content of the target

clay gradually drops below the liquid limit, the growth rate of g. of Kumamoto three clays with higher
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Fig.4.6 Relationship between Br and liquid limit wi on the stabilized clays
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d value is generally higher than that of Kaolin clay and Kibushi clay, so this trend is also verified in

Fig. 4.3. Based on this result, the authors attempted to reduce the water content of Kumamoto clay

less than the liquid limit by a simple dehydration method at the field (Flemmy et al., 2019; Flemmy et

al., 2022).
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4.5 Conclusions

In this study, the improvement effect of cement-stabilized clays with different solidifying agent
addition and water content was investigated based on the test results of cone index using five kinds of
clays. Two types of solidifying agents, namely ordinary portland cement (OPC) and fly ash-containing

solidifying agent (DF), were used. The conclusion obtained from this study can be drawn as follows:

1. A new parameter, K1, for representing a modified content of solidifying agent was introduced
by considering the liquid limit. An empirical equation of the cone index (g.) with the modified content
of solidifying agent (K1) was proposed based on the experimental results. The validity of the proposed
equation was confirmed for all the stabilized clays with different water content and two types of
solidifying agents.

2. It was clarified that the parameters on the ¢.-K1. empirical equation in different types of clays
relate to liquid limit, ignition loss and type of solidifying agent.

3. The proposed empirical equation has a guiding role in determining the required content of
solidifying agent in different water content of clay. The proposed formula mentioned in this paper has

guiding significance for specific clay in the range of Li = 11 ~24 %, w/wL = 0.7 ~2.
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5. Investigation on Improving Method of High Water Content Clay
under Low Environmental Load

5.1 Introduction

Reservoir clay has high water content, high compressibility, and low shear strength. Therefore,
the mechanical properties of clay must be improved to make effective use of reservoir clay. Clay
improvement using cement-based solidifying agents has been extensively used in highway and port
construction in many countries, such as Japan and Thailand (Satoh, 2003; Satoh et al, 2001;
Jamnongpipatkul et al, 2009; Chompoorat et al, 2021; Chompoorat et al, 2021). Despite the significant
advantages of solidifying agents such as ordinary portland cement (OPC), fly ash (FA), and coal mines
in stabilizing soft clay (Chompoorat et al, 2022; Julphunthong et al, 2018; Chompoorat et al, 2021;
Amiri et al, 2021), environmental and rising costs problems caused by the production of solidifying
agents should still be considered. For example, a large amount of carbon dioxide is emitted during the
production of cement, a major greenhouse gas.

In 2020, Japan’s oyster production was 158 900 tons, with oyster shells (OS) accounting for 80%
of the weight (Ministry of Agriculture, Forestry and Fisheries, 2020; Okayama Agriculture, Forestry
and Fisheries Department, 2013). Even though these wastes can be used as fertilizers, most waste OS
are not effectively used (Imokawa and Souda, 2001). In an attempt to recycle OS in large quantities,
some studies used OS as a substitute for aggregates to increase the strength of stabilized clay,
particularly as a partial fine aggregate replacement (Yang et al, 2010; Wang et al, 2013; Mo et al, 2018).
However, a higher OS substitution leads to a decrease in the aggregate-paste bond (decreasing
mechanical performance), an increase in porosity. It also affects the hydration process, and has the
potential to negatively influence the concrete’s long-term strength increment (Martinez-Garcia et al,
2017; Cuadrado-Rica et al, 2016). The oyster shell aggregate mixing content should be considered to
obtain the optimum strength (Yang et al, 2005). These attempts are highly applicable from the
perspective of improving the strength of stabilized clay and the effective utilization of waste, but the
utilization rate is very low.

Opysters are renewable natural resources, and the main component of OS ash is calcium carbonate
(Chiou et al, 2014; Yoon et al, 2003); which can be converted into lime by calcination. The quicklime-
based fixation/stabilization of heavy metals in contaminated soil is considered an effective remediation
technology and has been widely applied (Zhang et al, 2022; Yi et al, 2015; Ok et al, 2010; Kostarelos
et al, 2006). Numerous studies have investigated the use of calcium oxide extracted from calcined
oyster shells (COS) (Chiou et al, 2014; Khan et al, 2018) and considered the possibility of using COS
as a cementitious material additive (Li et al, 2015; Seo et al, 2019; Naqi et al, 2020). However, the
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process of converting CaCOs3 into CaO by calcination usually occurs at a relatively high-temperature
(about 1000 °C), and continuous high-temperature calcination brings extremely high production costs.
At the same time, the large amount of CO; produced during calcination is an important contributor to
the greenhouse effect (Shakoor et al, 2021). Therefore, although COS is an excellent soil stabilizer,
the amount of COS must be reduced. The use of waste materials in the solidifying agent mixture can
reduce the use of solidifying agents and solve the problem of waste recycling. The possibility of using
waste rubber powder (WRP) instead of cement and coarse aggregate as environmentally friendly
concrete has been investigated in the new research. However, a considerable amount of cement is still
needed to maintain the strength of the sample, and whether it is suitable for improving high water-
content clay remains to be investigated.

It was reported that domestic animal excrement in Japan was more than 8.0 x 107 tons in 2020.
The yield of cow dung reached 4.5 x 107 tons, 286 times that of OS (Ministry of Agriculture, Forestry
and Fisheries, 2020). The accumulation of domestic animal excrement is a public resource. In addition,
there are many problems in the storage and use of raw manure, such as odor and emissions of harmful
compounds, which poses a challenge to its effective treatment and application. Although fertilizer are
available as subsidiary agricultural products, cow dung compost production is much more than annual
utilization. In an existing studies, carbonized cow dung compost has been considered a replacement
for wood charcoal (WC) as fuel (Sanaa, 2011). Biochar (BC) is a carbonaceous product formed by
heating raw biomass under anaerobic or low-oxygen conditions (ur Rehman et al, 2020). Compared
with waste materials such as rice husk ash, blast-furnace slag and silica fume, BC has achieved the
most promising results in improving the mechanical behavior of composites (Arif et al, 2021;
Navaratnam et al, 2021; Taiwo et al, 2022). In the extensive research on BC, BC is considered a new
green gel material due to its low cost (Mian et al, 2018), high adsorption capacity and geological
abundance (Guo et al, 2016). Studies have shown that BC formed after carbonization of cow dung
compost and waste wood improves soil aggregates by utilizing its porous surface structure (Kameyama
et al, 2021; Glaser et al, 2002; Hayashi et al, 2014; Lee et al, 2015; Navaratnam et al, 2021; Taiwo et
al, 2022). Compared to COS, BC has lower costs owing to its low carbonization temperature and short
carbonization time. Therefore, COS-stabilized clay with BC as its aggregate can be an efficient,
environmentally friendly and economical new solidifying agent applied to stabilize high water content
dredged clay. However, there is less literature available on BC than on solidifying agents to stabilize
high water content clay.

Research on the utilization of carbonized cow dung compost (CC) as a substitute to COS in
stabilized clay can contribute to the disposal of CC and the development of new solidifying agents.
The objective of this research was to clarify whether recycled materials such as COS and CC can be
used as solidifying agents for stabilizing clay with high water content and as substitute materials.
Based on a cone index test, the effects of COS and OPC on the clay improvement were compared.

According to the mixing amount of carbonized material (CC and WC), the effect of carbonized

68



Zichen Zhang, Nagasaki University

Process Scrubbing Grinding Calcining

Image of the
resultant
product
1. The surface of collected oyster shell 1. Place oyster shells at room temperature 1. A crushed oyster shell was calcined in an
wastes is washed with a brush to remove and pulverize to pass a 2-mmsieve. electric furnace at 1000<€ for 2.5h.
surface organic matter and soaked in water
for a week or more to remove salt and foreign 2.The calcined oyster shell powder was
Description substances. slowly co'oled down to roomtemper'ature in
the electric furnace and then pulverized to
2. Washed oyster shell was dried for 24h in a pass a 2-mmsieve.

110<€ electrical furnace.

Fig.5.1 Calcium oxide powder was prepared by calcining oyster shell waste.

materials replacing COS on stabilized clay was quantitatively investigated. To elucidate the hydration
characteristics and microstructure of the stabilized clay, scanning electron microscopy (SEM) and

energy-dispersive X-ray spectrometry (EDS) were conducted.

5.2 A case study of improving high water clay by calcined oyster shell and
carbonized cow dung compost

5.2.1 Materials and Test Procedure
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Fig.5.2 Grain size distribution of Kaolin clay.
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Table.5.2 Physical properties of Kaolin clay.

Properties Kaolin clay
Liquid Limit, w_ (%) 444
Plastic limit, w , (%) 24.28
Plasticity index, I, 20.12
Density p (g/cm®) 2.62
Ignition loss Li(%) 11.82
Fine particle content F ¢ (%) 84.6

The waste oyster shells used in this study were from the southern coast of Japan. The process
flow of calcining waste oyster shells to prepare calcium oxide (CaO) powder is shown in Fig. 5.1. In
order to remove salt and organic matter attached to the surface, the oyster shell (OS) surface is brushed
and soaked in water for at least 7-days. The washed oyster shells were dried in an electrical furnace at
110 °C for 24 h. The temperature was lowered to room temperature and then pulverized to pass through
a 2-mm sieve. The crushed oyster shell powder was calcined at 1000 °C for 2.5 h. The ignition loss
(ignition loss = mass loss / mass before calcination % 100) of all COS powder was controlled at
approximately 45 %. The COS powder will cool in an electric furnace until it reaches room
temperature and then be crushed again. CaO was obtained from Hayashi Pure Chemical Co., Ltd.
(CaO content is above 93%). The EDS results for the obtained COS are shown in Table 5.1. The
content of CaO in COS obtained by the EDS test is 94.16%, which is close to the content of CaO in
commercial CaO (95.46%).

Kaolin clay was obtained from nendoyasan.com, Japan. The grain size distributions of the kaolin
clay are presented in Fig. 5.2. The physical properties of the kaolin clay are listed in Table 5.2.

The fermented cow dung compost was supplied by pastures in Kyushu, Japan. The cow dung
compost was placed in an electric furnace at 110 °C for more than 24 h to obtain dry cow dung compost.
Different calcination temperatures will affect the mesopore volume of carbides, thus affecting the
adsorption capacity of carbides. In order to obtain the heating temperature for the best adsorption

capacity, the heating temperature of the metal tank filled with dry cow dung compost (approximately

Table.5.1 Comparison of chemical ingredient of commercial CaO and COS (unit; wt, %).

Elementary Experimental material (kg/m%F
analysis (%) COos Commercial CaO

Ca0 94.16 95.46

C 521 2.95

MgO - 1.59
SO; 0.45 -
Sio;, 0.08 -
FeO 0.09 -
AlLOq 0.01 -
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(c) WC (d) SEM micrographs for WC

Fig.5.3 Carbide in test and SEM micrographs for carbonized cow dung compost (CC: calcination

temperature is 400 °C) and wood charcoal (WC).

500 g) was set to 200-900 °C. A set of water absorption rate tests were carried out every 100 °C in
this temperature range, and the sample was maintained under an isothermal condition for 30 min.
Remove the sample from the furnace and cool it to room temperature. The obtained carbonized cow
dung compost (CC) was passed through a 2 mm sieve to remove coarse particles. The water absorption
rate was determined according to the water absorption rate test method of JIS A 1110 and reflected the
adsorption capacity of the carbide (JIS A 1110; 2020). To illustrate the effectiveness of the experiment,
the WC obtained from NAFCO Co., Ltd. was used as the experimental control material. WC is crushed
and passed through a 2mm sieve to obtain WC particles of the same size as CC. The particles of the
WC and CC (400 °C) were observed using SEM, which illustrated that the particles have a smooth

surface, sharp corners, and are non-uniformly shaped, as shown in Fig. 5.3.

5.2.2 Preparation of sample

Cement-water ratio (C/(w/100)) has been generally proved to be an important parameter to
evaluate the mechanical properties of cement-stabilized clay (Zhang et al; 2022). In the experiment,
to compare the improvement effects of COS and OPC on clay with high water content, the stabilized

clay needed to be effectively evaluated. Therefore, the initial water content (w: %) and the content of
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solidifying agent (C: kg/m®), which are used to describe the mixing conditions of the solidifying agent,
were set as test variables. As shown in Table 5.3, in the preparation of sample Series 1, stable clay
samples were prepared by changing the content of solidifying agent based on a determination of the
initial water content of clay (COS stabilized clay w = 70%; OPC stabilized clay w = 44%). Series 2
are the stable clay samples obtained by adjusting the initial water content based on the constant content
of the solidifying agent (C = 30 kg/m? for COS improvement and 100 kg/m? for OPC improvement).
Finally, based on the cement-water ratio (C/(w/100)), the mixing conditions of stabilized clay samples
were described uniformly. The specific water content adjustment was achieved by adding water or
natural drying.

As shown in Table 5.4, to evaluate the contribution of carbides to the strength of COS-stabilized
clay, COS of 30 kg/m? and carbide were added to the clay with an initial water content of 70 % at the
same time in the test of mixed carbide prepare the mixed sample. The content of COS (30 kg/m?) and
the initial water content of clay (70%) were constant in the test. To compare the difference in
improvement effect caused by the mixing amount of two carbides (CC and WC), the mixed amounts
of carbides were 30, 60, 90 and 120 kg/m?, respectively.

During specimen preparation, the clay was first uniformly mixed using a mortar mixer. The
solidifying agent and water-absorbent materials were then added simultaneously to the clay and fully
mixed until the entire sample attained uniform consistency. The unit mass of the samples ranged from
1.6 x 10° to 1.7 x103 kg/m? depending on the amount of water. The test sample was sealed with

macromolecular polyethylene to prevent evaporation and moisture absorption, and the sealed sample

Table.5.3 Mixture proportion of COS and OPC.

Content of solidifying agents C (kg/m% Cement-water ratio

Series Water content w (%) o5 e C /(w/100) (kg/mF
70 20, 30, 40, 50 - 29,43,57,71
. 44 - 20, 40, 60 45,91, 136
40, 50, 60, 70 30 - 75, 60, 50, 43
? 70, 80, 90 - 100 143, 125, 111

(*OPC: Ordinary Portland Cement, from Terada Co., Ltd.)

Table.5.4 Mix proportions of COS and carbonized material.

Water content ~ Content of COS Mixed amount of carbides (kg/m$
Sample o
w (%) C (kg/m¥ WC cC
COS30C30 - 30
COS30C60 70 20 - 60
COS30C90 - 90
COS30C120 - 120
COS30W30 30 -
COS30W60 70 30 60 -
COS30W90 0 -
COS30W120 120 -
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was placed at constant temperature (25 + 3 °C) and humidity (90% = 3%). The stabilized clay samples
were subjected to testing after 28 days of curing. A cone penetration test was performed on COS-
stabilized clays to determine the cone index. In this study, the cone index was used as an important

parameter to evaluate the improvement.

5.2.3 Testing procedure

Sample preparation is based on the standard of the Japanese Geotechnical Society's method of
preparing samples by ‘Practice for making and curing compacted stabilized clay specimens using a
rammer’ (JGS 0811, 2020). Table 5.5 lists the cone penetration test conditions. After 28 days of storage,
the sample was compacted in a mold with a height of 127 mm and diameter of 100 mm using a hammer
mass of 2.5 kg and a drop height of 300 mm. The sample was pressed into the mold in three compaction
layers. Approximately 40 mm intervals were set between compaction layers to press the sample into
the mold three times. Each layer had 25 cycles of compaction (JIS A 1210 A-c method: compaction
energy approximately 550 kJ/m?) (JIS A 1210, 2020), except that part of the weakly stabilized clay
specimen was unable to compact. Subsequently, a cone penetration test was performed immediately.
The penetration resistance of the test samples at 50, 75, and 100 mm was measured, and the average
value divided by the cone bottom area was defined as the cone index. At least three samples for each
sample type were tested under the same conditions to ensure consistency. In most cases, results
obtained under the same testing conditions were reproducible.

When COS is used as the curing agent, it is necessary to evaluate the changes in the main components
that transforms to CaO under high-temperature OS conditions. X-ray diffraction (XRD) analysis was
performed to compare the composition changes of OS and COS to clarify this. The structural
characterization of the samples was performed using a Rigaku MiniFlex 600 powder X-ray diffractometer
operated at 40 KV and 15 mA, and phase identification was performed using the PDXL2 (Rigaku) software.
Thermogravimetric analysis (TGA) was performed using thermogravimetric-differential thermal analysis
(TG-DTA) (Shimadzu: DTG-60, resolution = 1 |g) equipment with a thermogravimetric analyzer and the
temperature difference between the sample and a standard substance (DTA). It was used to evaluate the
thermal decomposition of calcium carbonate (CaCO3) at a rate of 10 <C/min from 0 to 1000 <C. In addition,
TGA was also used to determine the mass change rate of CC in the range of 0-900 <C. The sample mass
used for the testing was 10 mg.

SEM analysis was used to further investigate changes in the microstructure of the stabilized clay. The

stabilized clay reaction products were studied using EDS.
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Table.5.5 Test program and cone penetration test conditions.

Clay Kaolin clay
Type of solidifying agent COS and OPC
Type of carbides WC and CC
Mixing condition The solidifying agent and carbides were then added simultaneously to the clay.
Mixing method Use a mortar mixer to mix until the entire sample reaches a uniform consistency.

. . The samples were stored in a sealed state and maintained at a constant temperature (25 <) and
Curing condition n
constant humidity (90 %) state.

Solidification time 28days (Cone index test after 28 days of mixing)
The sample was pressed into the mold in three compaction layers using a rammer. Each layer was set

Press the sample into the mold . . . .
with 25 compaction cycles with an interval of 40 mm.

Mold Inner diameter is 100mm, and the capacity is about 0.001m?
Rammer The weight of the heavy hammer is 2.5kg, the falling height is 300mm, and the falling method is free
fall
Cone penetrometer Tip angle 30< bottom area 320 mm?
Penetration Rate lem/s

) The penetration resistance force at the time of penetration of 50, 75, 100 mm is measured, and the
Measuring method ) o ) ) )
value obtained by dividing the average value by the cone bottom area is defined as the cone index.

Product type of load
RZTA-1000N produced by IMADA
measurement

5.3 results of test on site

5.3.1 XRD and TG-DTA analyses

Figure 5.4 shows the XRD results for OS, COS, and commercial CaO powders. The main
crystalline phase of OS was determined to be CaCO3 by XRD patterns. In addition, the main crystalline
phase of COS and commercial CaO was CaO. The diffraction patterns (relative intensity and peak
positions) of COS and commercial CaO were similar. A small number of peaks from Ca(OH), were
also observed in commercial CaO. Based on the XRD analysis, it can be demonstrated that COS
obtained by the calcination of OS and commercial CaO possess similar crystal phases and chemical
compositions.

The TG-DTA results of bulk oyster shell waste are shown in Fig. 5.5. OS exhibits weight loss in
two ranges: from 20 to 560 °C and from 560 to 750 °C. A weight loss of 7.7% by mass when the
temperature reaches 560 °C corresponds to the ignition of organics in oyster shell waste (Arias and
Fernandez, 2003). The primary endothermic reaction of OS between 560 and 750 °C is considered the
thermal decomposition of CaCOs. The product CaO is generated, and carbon dioxide (CO-) is emitted.
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Crystalline content: 0S:86%; CO0S:96%; Commercial Ca0:82%

A - Lime(CaO)
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o - Calcite (CaCOj3)
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Fig.5.4 XRD test results of OS, COS and Commercial CaO.
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Fig.5.5 Thermogravimetric (TG-DTA) data for oyster shell powder (OS).

The actual mass change ratio attributed to CO; emissions was measured as 40.4 mass% for OS (48.1%
—7.7% = 40.4%). The value is slightly lower than the theoretical mass change ratio of 44% (100% —
56% = 44%). Therefore, the calcination of OS powder was considered to be the conversion of calcium
carbonate to calcium oxide. When the temperature reached 990 °C, calcium carbonate was almost
completely converted to calcium oxide. This result was also confirmed from the XRD results of the
COS powder.
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5.3.2 Investigation of water absorption rate

Figure 5.6 shows the effect of calcination temperature on the water absorption rate of the cow
dung compost and the TGA results. When the temperature was maintained at 400 °C for 30 min, the
water absorption rate peaked to 348% (water absorption rate is calculated as (my/my) x 100, where,
m; is the mass that is in a saturated surface-dry condition after water absorption and my is the mass
that is in an absolutely dry condition), which is more than twice that of WC (the water absorption rate
of WC is 160%) as shown in Fig. 5.6(a). Compared to other temperature conditions, cow dung compost
has a larger average pore size and mesoporosity at 400 °C, which may lead to higher adsorption

capacity (Qian et al, 2007). The results of the TGA in Fig. 5.6(b) show that the yield decreased at
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higher pyrolysis temperatures because of carbon burning-off and tar volatilization. At 400 °C, the

carbonized cow dung compost yield was 47% of the initial yield.

5.3.3 Evaluation of the improvement effect of COS stabilized clay

In this study, the mechanical properties of OPC-stabilized clay at a curing time of 28 days were
used as a reference to explain the effectiveness of calcined oyster shell (COS) improved clay. In
previous studies, the contents of the solidifying agent (C) and water (w) were proven to be the main
factors affecting improvement (Horpibulsuk et al, 2003; Horpibulsuk et al, 2006; Horpibulsuk et al,
2011). Zhang et al. utilized C/(w/100)? to effectively evaluate the improvement effect of cement
stabilized high water content dredged clay (Zhang et al, 2022). The control parameter d represents the
effect of the water content, mainly affected by clay organic matter content. When the ignition loss L;
is less than 13 %, the clay is classified as a ' low organic matter content zone ', and the clay d =1 in
this zone can still maintain a high coefficient of determination (Zhang et al, 2022). Therefore, in this
study, the solidifying agent/water ratio, C/(w/100) (kg/m?), was used as an essential parameter to
evaluate the improvement effect of solidifying agent stabilized clay. Figure 5.7 shows the cone index
(gc) and C/(w/100) of all samples in Table 5.3 at 28 days of curing. Furthermore, the R? of the
evaluation formula reached 0.97 in the evaluation process of COS stabilized clay by the solidifying
agent/water ratio C/(w/100). It was confirmed that the solidifying agent/water ratio C/(w/100) could
be applied to the evaluation of COS-stabilized clay.

In contrast to the hydration process of cement, the improvement effect of lime stabilized clay is
mainly due to cation exchange, flocculation, and agglomeration. Subsequent pozzolanic reactions
cause stable clay to exhibit long-term strength (Bell, 1996; Kassim and Chern, 2004; Prusinski and
Bhattacharja, 1999). Therefore, the COS-stabilized clay exhibited a higher improvement effect than
the OPC-stabilized clay for 28 days. Compared with OPC, the addition of COS required for the cone
index g. to reach 500-1000 kN/m? was significantly reduced (approximately 43%-46% reduction).
When the cone index reached the maximum value of 1630 kN/m?, the mixing amount of COS
decreased by 47% compared with OPC. In other words, when effective improvement is achieved, the
cement content required under the same water content is almost twice than that of COS. Onitsuka et
al. obtained similar results after comparing the improved strength of high water-content clay stabilized
by quicklime and cement. After 28 days of curing time, when the quicklime mixing amount is in the
range of 5 % - 10 %, the mixing amount of cement is twice that of quicklime under the same improved
strength condition. From the improvement effect, COS is similar to quicklime. It can be concluded
that COS has the potential to be used as a cementitious material to enhance stabilized clay with high

water content.
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Fig.5.7 The improvement effect development up to 28-days for COS and OPC.

5.3.4 Influence of mixing water-absorbent material

Although COS-stabilized clay improves the mechanical characteristics of clay, it has some
limitations. Carbon dioxide (CO>) is one of the main factors contributing to warming (Zhang et al,
2012). COS manufacturing emits CO; via calcined oyster shells, burning fossil fuels, electricity, and
transportation. Therefore, high-temperature calcination of oyster shell for a long time emits CO; in
large amounts. For the above reasons, this study considered using carbides (CC and WC) to replace
parts of COS to alleviate the environmental and cost problems caused by COS production.

The improvement effect within a curing time of 28 days with a 30 kg/m3 of COS addition was
used as a reference to determine the effectiveness of both carbides (CC and WC) in this study. Figure
8 presents the cone index (¢.) development for all stabilized clay specimens. The cone index increased
slowly with increasing CC and WC contents in the initial range of 0-30 kg/m3. The cone index
increases rapidly when the CC content exceeds 30 kg/m3. When the CC content reached 120 kg/m?,
the cone index, gc, was 621 kN/m?. According to the evaluation formula for COS and OPC in Fig. 5.7,
under the same water content (w = 70%), the COS mixing amount required for g = 621 kN/m? is 44

kg/m?, and the OPC mixing amount is 78 kg/m?. Compared with CC, the cone index development of
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WC was slow. When the mixing amount of CC was approximately 80 kg/m?, the cone index was the
same as that when the mixing amount of WC was 120 kg/m?.

Similar to CaO, COS modifies the properties of clay through cation exchange, flocculation,
agglomeration, and pozzolanic reactions. In the process of adding carbides to improve the
improvement effect of COS-stabilized clay, the following factors are mainly considered to cause
changes in the improvement effect. With the addition of carbide, the water content in the mixture
decreases, and the cone index increases significantly because the content of the solidifying agent
remains unchanged. Further screening of CC and WC samples using a 0.075 mm sieve yielded a 0.075
mm particle pass rate of 6.5 % for WC and 7.04 % for CC. Therefore, the incorporation of WC or CC
as an aggregate effectively fills the clay in terms of particle size. Therefore, the cone index
significantly increased with the addition of carbides. Furthermore, it may lead to a reduction in the
available water for the reaction process with an increase in the CC content and a stronger water
absorption capacity. When the mixing amount of CC was more than 90 kg/m?, the cone index began
to decrease, as shown in Fig. 5.8. This can be attributed to the mixing of a large amount of CC with
high water absorption in the stable clay, and the lack of sufficient water in the stabilized clay that reacts
with COS, which affects the development of the improvement effect. Considering that the water
absorption rate of WC was lower than that of CC, the improvement effect of WC was relatively lower
than that of CC at the same content.

As shown in Fig. 5.9(a), when adequate quantities of COS were added to high-water-content clay,
the pH of the soil rapidly increased. Strong alkaline conditions (pH > 10.5) released silica and alumina
from the clay minerals and eventually reacted with lime to form new cementation products (Guney et

al, 2017). Studies have shown that the density of charge decreases with increasing pH for the process

800

Cone index g, (kN/m?)

0 30 60 90 120 150
Amount of carbide (kg/m3)

Fig.5.8 Effect of carbide content on COS-stabilized clay.
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Fig.5.9 The pH change of the sample with COS and absorbent materials

of lime stabilized kaolin. The edge becomes slowly uncharged because of the increasing negative edge
charges generated through dissociation of Si-OH, and in the stronger alkaline range, through Al-OH
dissociation (Ghobadi et al, 2014). The stabilizer must be capable of maintaining a high-pH
environment for a long period of time for pozzolanic bonding to become a significant factor in
improving the strength and durability of the system. Because the alkalinity of the water-absorbent
material was lower than that of calcined oyster shells, adding water-absorbent material diluted the
overall alkalinity of the stabilized clay (Fig. 5.9 (b)). The pH value of stabilized clay was maintained
at 11.5 when the mixing amount of CC was 120 kg/m?, which was greater than the required alkaline
conditions for releasing silica and alumina from the clay mineral. Therefore, it can be considered that

even if the mixing amount of CC is four times the mixing amount of COS, its impact on the alkaline
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environment is weak and cannot hinder the pozzolanic reactions that produce calcium silicate hydrates

(C-S-H).

5.3.5 Changes in microstructures of stabilized clay using SEM observation

When quicklime (COS) is added to clay soil in an aqueous medium, the following lime hydration

reactions occur:
CaO + H,O — Ca(OH),

On one hand, incorporating COS absorbs part of the free water in the clay. On the other hand, the
heat produced during the reaction drives off some of the water in the clay in the form of water vapor,
thereby reducing the water content in the test sample. The reactions between lime, water, silica, and
alumina in clay to form cementitious products are referred to as soil-lime pozzolanic reactions
(Nidzam and Kinuthia; 2010). The formed C-S-H, C-A-H, and C-A-S-H flocculent gel crystals
connected clay particles, carbides, and a small amount of calcite combined the entire matrix. Owing
to these reactions, the strength of the COS-stabilized clay mixed with carbonized materials increased.

The microstructure of clay with a high-water content stabilized by COS and carbides as
cementing materials was observed by SEM. Because the pozzolanic reaction and further dissociation
of lime in the long-term reaction consumed Ca(OH),, portlandite was not observed in the stabilized
clay. In the SEM images, C-S-H gel was the major gel material in the two types of carbides added to
the COS-stabilized clays. Observe Figs. 10 (a) and 10 (b), the flocculent C-S-H gel was distributed on
clay aggregates and absorbent particles. In Figure 11, EDS test results support this statement. Figures
11 (a) ~ (c) present the EDS test results of the sample. Al, Si, and Ca in the EDS element mapping
represent C3S, C,S, and C3A phases, which were detected in the form of oxides. Although EDS
analysis confirmed that the main products were C-S-H and C-A-H, and the C-S-H gel formed a cross-
linked structure by bonding particles, significant gaps between aggregates can still be observed in both
COS30C30 and COS30W30 after pulverization in anhydrous phases distributed (Saussaye et al, 2015;
Snellings et al, 2014). This is due to the limited adsorption and filling ability of low-dose of carbides
to high water-content clay. In Fig.8, it is reflected that when the mixing amount of carbonized materials
is 30kg/m?, no obvious improvement effect is shown.

When the carbides content increased to 90 kg/m?, a denser cementation structure was observed
in Fig.10 (c) and (d). Owing to the incorporation of more water-absorbent materials, the decrease of
water content in the mixture caused the decrease of pores between particles, which will facilitate the

cementation of the hydrated product. Therefore, it was observed that the C-S-H gel was distributed
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and filled the void space between the clay and water-absorbent material particles. This reduces the
void volume in the clay structure, resulting in an overall denser structure.

Furthermore, the main reason for the difference in the improvement of WC and CC when the
carbide blending amount is 90 kg/m?® in Fig.8 is attributed to the difference in carbide adsorption
capacity. The stabilization method of the mixture sample is the effective filling of the pore space
composed of soil particles and carbide particles with water and products such as C-S-H gel (Maki and
Goto, 1982). A smaller pore space CC is more conducive to improving the cementation and strength
between particles. Therefore, carbides with strong water absorption reduce the pores between clay

particles and make the clay denser by adding carbide particles.

(c) COS30W90 (d) COS30C90
Fig. 5.10. SEM micrograph of calcining oyster shell clays stabilized by carbonized cow dung compost
(CC) and Wood charcoal (WC).
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Fig. 5.11. Chemical element compositions of COS30C30, COS30W30 and COS30 in 28 days were

measured with an energy dispersive X-ray spectrometer (EDS) as weight %.
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5.4 Conclusions

In this study, the improvement effect of COS-stabilized clay was first investigated. Secondly, the
possibility of using CC to reduce COS incorporation in COS-stabilized clays was studied. SEM, EDS,
and cone penetration tests were performed to investigate the microstructure and mechanical properties

of the stabilized clay. Based on this investigation, the following conclusions were drawn:

1. COS has the potential to stabilize high water-content clay. Compared with ordinary portland
cement, the amount of calcined oyster shell (COS) required for effective improvement is
significantly reduced (approximately 43%-46% reduction). Considering the problems of the
environment and cost, the content of COS in stabilized clay should still be controlled.

2. The addition of carbides CC with a high-water absorption rate significantly improved the
improvement effect of COS-stabilized clay in the range of 0-120kg/m?3. Under 400 °C calcination
temperature condition, the water absorption rate of CC was the highest, reaching 348%

3. The SEM and EDS analysis results showed that the main products of COS hydration were C-S-
H and C-A-H. Compared with WC, the carbide CC with stronger adsorption capacity is beneficial
to shorten the particle spacing, and the hydrated C-S-H gel fills the pores between particles.
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6. Summaries

In this thesis, firstly, from the perspective of reducing the mixing amount of solidifying agents
such as cement, a simple and effective improvement method is proposed based on the field test of
Kumamoto reservoir clay. Then, the influence of the physical properties of different clays on the
improvement effect was investigated, an empirical formula for predicting the improvement eftect
based on the physical properties of clay was introduced. Finally, a new consolidation material of
calcined oysters mixed with carbonized cow dung compost was proposed to realize waste recycling
and reduce the addition of traditional solidification materials such as cement. This chapter summarizes
the main conclusions.

Chapter 2 investigates the feasibility of using composite materials to carry out simple on-site
treatment of clay, followed by a mix of solidifying agents to achieve high water content clay
improvement. Through the confirmation of the accumulation of dredged clay on site, as well as the
study of the effect of the on-site dehydration test and the mechanical properties of the samples mixed
with the solidifying agent, a set of schemes for treating dredged clay with high water content was
summarized. Firstly, the field test results of Kumamoto Ohkirihata reservoir indicated the presence of
mass sediments of clay with high water and high organic matter within 1-2 m of the reservoir sediment.
Second, the dehydration effects of two kinds of composite materials on high water-content dredged
clay are similar. That is, after one week the water content of clay was below the liquid limit, and after
one month the water content decreased by about 40 %. In addition, DF was applicable to the
improvement of Kumamoto clay, although the required content was much larger than that of OPC. DF
is a recycling material composed primarily of fly ash; hence, it affords less environmental pollution
owing to its low CO, emission. Third, after the high-water content dredged clay is simply dehydrated
by inserting the composite material, the improvement of the high water content dredged clay under
the low solidifying agent mixing amount can be realized.

In Chapter 3, two types of cement-based solidifying agents, i.e., OPC and DF, were added to three
samples obtained from different locations, and a cone penetration test was performed. Using the initial
water content of clay and the mixing amount of the solidifying agent as experimental variables, a cone
penetration test is performed on the solidifying-agent-stabilized clays to obtain the cone index (q.).
The results show that the water cement ratio (w/4y), an important parameter for evaluating mechanical
properties in previous studies, is not suitable for Kumamoto clay with high water content and organic
matter content as an improved parameter for evaluating OPC or DF stabilized clay. Considering the
effect of the liquid limit of the samples, the modified content of the solidifying agent, Ki, was
introduced to evaluate the cone index of the stabilized soils. It was discovered that the proposed
equation unified the assessment of the improvement of the three Kumamoto clay samples in a unified

manner owing to the new parameter Ki.
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In Chapter 4, the improvement effect of cement-stabilized clays with different solidifying agent
addition and water content was investigated based on the test results of cone index using five kinds of
clays. Two types of solidifying agents, namely ordinary portland cement (OPC) and fly ash-containing
solidifying agent (DF), were used. An empirical equation of the cone index with the modified content
of solidifying agent was proposed based on the experimental results. The validity of the proposed
equation was confirmed for all the stabilized clays with different water content and two types of
solidifying agents. It was clarified that the parameters on the empirical equation in different types of
clays relate to liquid limit, ignition loss and type of solidifying agent. The proposed empirical equation
has a guiding role in determining the required content of solidifying agent in different water content
of clay.

Chapter 5 introduces a methods of stabilizing high-water content clay under low environmental
load. The effect of calcined oyster shells (COS) on the mechanical properties of clay was investigated.
In addition, biochar (BC) was considered in the study to reduce the incorporation of the solidifying
agent in COS-stabilized soil. Compared with ordinary portland cement, the amount of calcined oyster
shell (COS) required for effective improvement is significantly reduced (approximately 43%-46%
reduction). Addition of carbonation materials with high water absorption rate improves the
improvement effect of COS stabilized clay. Under 400 °C calcination temperature condition, the water
absorption rate of cow dung compost was the highest. Mixing absorbent materials is beneficial to
hydrate C-S-H gel in filling the pores between soil particles.

Chapter 7 summarizes the major conclusions obtained from the studies of this thesis.
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