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This thesis aims to study the possibility of using melamine debris (MD) to
stabilize marginal lateritic soil to be a sustainable stabilized pavement material. The
thesis is mainly composed of three main parts. In this first part, a comprehensive suite
of geotechnical laboratory tests was undertaken on samples of melamine debris (MD)
blended with marginal lateritic soil (LS) at various ratios (50/50, 60/40, 70/30, 80/20
and 90/10) to ascertain it as an alternative unbound sub-base/base material. The
physical and mechanical tests include particle size distribution, specific gravity, water
absorption, consistency, Los Angeles (LA) abrasion, modified Proctor compaction
and California Bearing Ratio (CBR).-Since MD is a non-plastic and durable material,
the MD replacement improves soil plasticity, abrasion, CBR and swelling of the
marginal lateritic soil. The results indicate that physical and mechanical properties of
the 20% MD replacement blend are found to meet the requirement of local road
authority for engineering fill materials while the 50% MD replacement blend is found
to be at the borderline for subbase course material

The second part investigates the density, unconfined compression strength

(UCS) and durability against wetting and drying (w-d) cycles of cement stabilized
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LS/MD blends, at various cement contents and MD replacement ratios. The density
and UCS of stabilized LS/MD blends decreases significantly with the MD
replacement ratio. Even with the decrease in UCS, the soaked CBR and durability
against w-d cycles are improved by MD replacement. The optimum MD replacement
ratio is found to be 20%, which corresponds with the highest soaked CBR and w-d
cycled UCS. The 3% cement LS/MD blend at 20% MD can be used as a stabilized
subgrade material, while 5% cement LS/MD blends at 40% MD and 20% MD can be
used as stabilized subbase and base materials, respectively based on the specification
of Department of Highways, Thailand. These stabilized materials were found to
sustain up to 3 w-d cycles.

Last, the environmental assessment, the leachability of the heavy metals of
cement stabilized LS/MD blends were measured and compared with international
standards. The leachate results indicated that 5% C LS/20%MD blend can be safely
used in sustainable pavement applications, as the leachate heavy metal concentrations
were within the acceptable range. The outcome of this study will promote the usage of

waste MD in an environmentally friendly pavement construction manner.
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CHAPTER |

INTRODUCTION

1.1 Statement of problem

Presently quality materials used for pavement structure were greatly reduced due to
being used continuously. When no suitable materials are available and it is expensive to
bring the materials from distant sources, an alternative way, which is commonly used in
practice, is to replace the locally available soil by quality materials. For economical and
environmental impacts, the replacement by waste materials has been recently performed
(Arulrgah et a., 2014a and b).

The stockpile of waste materials generated by the everyday activities of a growing
population has become a persistent problem, which is furthermore exacerbated by the
lack of available technologies to adequately treat or dispose of these waste materias
(Ribeiro de Rezende et al., 2014). Several authors have researched on the utilization of
various recycled materials in geotechnical and pavement applications. The usage of
recycled materials to stabilize margina soils has significant economical and
environmental impacts and has been recently performed (Arulrgjah et al., 2014a and b;
Kampala and Horpibulsuk, 2013; Kampala et a., 2013 and Phetchuey et al., 2014). This
includes recycled glass for pavement and footpath bases (Disfani et al., 2014; Arulrgjah
et al., 2013, 2014a; 2014b and 2015), wastewater biosolids in road work embankments

(Arulrgjah et al., 2014), construction and demolition materials used with geotextile in



permeable pavements (Rahman et al., 2015), fine quarry wastes for pavement courses
(Ribeiro de Rezende et al., 2014), overburnt distorted bricks as aggregates for pavement
courses (Mazumder et al., 2006), sand reinforced with plastic wastes (Consoli et al.,
2002) and crushed brick as supplementary material in bound pavement (Disfani et a.,
2014). The utilization of these recycled materials has a significant impact on the
sustainability of our scarce natural resources and the reduction of construction and
industrial wastes.

Industrial wastes resulting from the rapid development in developed and
developing countries is the prime factor responsible for environmental degradation. The
recycling of industrial waste materials has consolidated its presence as an efficient
mechanism to minimize the problems arising from the wastes generated by anthropic
activities (Ribeiro de Rezende et al., 2014).

Melamine debris (MD) is a waste material resulting from plate and cup
manufacture. This MD cannot be reformed or reused for manufacturing plates and cups
(Siwadamrongpong et al. 2012). Presently, this MD is disposed by burning at a very
high temperature, which damages the air environment and is furthermore costly. The
sustainable usage of MD in civil engineering applications will provide lower a carbon
footprint and result in positive socia and economical impacts for governments, industry
and consumers.

The usage of MD in marginal soil improvement for pavement applications is
innovative and of interest to the industrial sectors and national road authorities,
particularly as road construction requires a large volume of quality material. This thesis

attempts to study the possibility of using the melamine debris for pavement applications



as unstabilized and stabilized materials. The environmental assessment of both materials
will be finaly evaluated to ascertain them as a sustainable pavement material. The
research is this significant in term of engineering, economical and environmental

perspectives.

1.2 Resear ch objectives

The main objectives of this study are as below:
1.2.1 To investigate a possibility of using MD as replacement material to
improve the mechanical properties of marginal lateritic soil.
1.2.2 To evauate the mechanical and durability properties of cement stabilized
melamine debris/marginal lateritic soil blends.
1.3.3 To investigate the environmental assessment of MD/marginal lateritic soil

blends with cement stabilization to ascertain them as green pavement materials.

1.3 Structure of presentation

Thisthesis consists of six chapters and outlines of each chapter are presented as
follows:

Chapter | presents the introduction of study.

Chapter |1 presentsthe review of previous research on waste materials, waste
materials in geotechnical engineering, existing research and summary of previous
researchers.

Chapter 111 presents the physical and mechanical properties of marginal lateritic

soil replaced by MD as a sustainable engineering fill material. The laboratory evaluation



program includes physical properties (specific gravity, water absorption, Atterberg
limits, and particle-size distribution tests) and mechanica properties (modified Proctor
compaction, Los Angeles abrasion, and California Bearing Ratio (CBR) tests).

Chapter 1V presents the environmental impact assessment, density, strength
and durability against wetting and drying (w-d) cycles of cement stabilized LS/MD
blends. The strength change with the MD replacement is illustrated the mineralogical
and microstructural changes using the application of X-ray diffraction (XRD) and
scanning electron microscopy (SEM) analyses. The change in the strength and physical
properties of cement stabilized LS/MD blends at various cyclic w—d cycles were
examined using unconfined compression strength (UCS) and weight loss tests.

Chapter V presents the conclusion of each chapter and overall conclusion.

The suggestion for further study is also presented in this chapter

1.4 References
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evaluation. Journa of Materials in Civil Engineering,doi:
10.1061/(ASCE)MT.1943-5533.0000966.

Arulrgjah, A., Disfani, M.M., Horpibulsuk, S., Suksiripattanapong, C. and Prongmanee,
N. (2014b). Physical properties and shear strength response of recycled
construction and demolition materials in unbound pavement base/subbase

pavement. Construction and Building Materials, 58:245-257.
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CHAPTER |1

LITERATURE REVIEW

2.1 Genera

Over the last few years, environmental and economic issues have stimulated
interest in the development of alternative materials that can fulfill design specifications.
The well established techniques of soil stabilization and soil reinforcement are often
used to obtain improved geotechnical materials through either the addition to soil of
cementing agents (lime, Portland cement, asphalt, etc.) or the inclusion of oriented or
randomly distributed discrete elements such as fibers and tire chips. Stabilized and
reinforced soils are, in general, composite materials that result from combination and
optimization of the properties of individual constituent materials (Cesar Consoli et al.,
2014). The viability of recycled material in construction industry would benefit in two
ways. First, the extraction of natural aggregate and waste disposal would reduce.
Second, the cost of construction project might be cheaper. To increase and enhance the
utilization of waste materials, the extensive study has widely investigated the possibility
of usage of waste materials for various applications. This thesis investigated the

physical and geotechnical properties of melamine debris for pavement applications.



2.2 Waste materials

Waste materia has been defined as any type of material byproduct of human and
industrial activity that has no lasting value (Tam and Tam, 2006). The growing
quantities and types of waste materials, shortage of landfill spaces, and lack of natural
earth materials highlight the urgency of finding innovative ways of recycling and
reusing waste materia (Arulrgjah et al., 2011). Additionaly, recycling and subsequent
reuse of waste materials can reduce the demand for natural resources, which can
ultimately lead to a more sustainable environment (Disfani et al., 2011).

Plastic is an excellent and a very useful material to replace ceramic, wood and
metals because it is very functional, cheap, hygienic, light and economic. The global
production of plastic, therefore, has grown sharply over recent years. The increase in
plastic consumption is largely responsible for the increase in solid wastes, and it has a
great impact on their management (Derraik, 2002; Al-Salem et a., 2009).

Plastics can be separated into two types. The first type is thermoplastic, which
can be melted for recycling in the plastic industry. These plastics are polyethylene,
polypropylene, ~ polyamide,  polyoxymethylene,  polytetrafluorethylene,  and
polyethyleneterephthalate. The second type is thermosetting plastic. This plastic cannot
be melted by heating because the molecular chains are bonded firmly with meshed
crosslinks. These plastic types are known as phenolic, melamine, unsaturated polyester,
epoxy resin, silicone, and polyurethane (Panyakapo and Panyakapo., 2008). Melamine
formaldehyde resin is one of the most common thermosetting plastics used for table

wares (Siwadamrongpong, et a., 2012).



2.3 Wastematerialsin geotechnical engineering

The study on evaluation of used fine quarry wastes in the midwest region of
Brazil for pavement construction. An experimental test asphalt pavement was built with
conventional materials and a soil fine quarry waste mixture. Field tests were conducted
to assess the behavior of these materias. It was verified that this waste is able to provide
the same performance levels for low volume roads while offering environmental and
economic advantages (Ribeiro de Rezende et al., 2014).

Cesar Consoli et al. (2014) reported that the unconfined compression tests,
splitting tensile tests, and saturated drained triaxial compression tests with local strain
measurement were carried out to evaluate the benefit of utilizing randomly distributed
polyethylene terephthal ate fiber, obtained from recycling waste plastic bottles, alone or
combined with rapid hardening Portland cement to improve the engineering behavior of
auniform fine sand. The separate and the joint effects of fiber content (up to 0.9 wt%),
fiber length (up to 36 mm), cement content (from O to 7 wt% , and initia mean
effective stress (20, 60, and 100 kN/m? on the deformation and strength
characteristics of the soil were investigated using design of experiments and multiple
regression anaysis. The results show that the polyethylene terephthalate fiber
reinforcement improved the peak and ultimate strength of both cemented and
uncemented soil and somewhat reduced the brittleness of the cemented sand. In
addition, the initial stiffness was not significantly changed by the inclusion of fibers.

Mazumder et a. (2006) investigated the the feasibility of utilizing these
overburnt bricks as coarse aggregates in highway pavement projects was explored.

Routine laboratory tests such as the Los Angeles abrasion, water absorption, specific
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gravity, and unit weight, were used to compare the properties of the overburnt bricks
with the best possible quality picked bricks from the same stockyards in Bangladesh. It
was found that overburnt brick aggregates are much stronger, less absorptive, and
denser in general than the ones from the picked bricks. Therefore, these bricks may be
conveniently and economically used as highway pavement coarse aggregates.

Arulrgiah et al. (2013) focused on the the possible application of recycled

crushed glass blended with crushed basaltic waste rock as a footpath base material.
A field demonstration footpath comprising two sections of recycled glass waste rock
blends with 15% and 30% recycled glass content and a third control section with only
waste rock was subsequently constructed on the basis of the outcomes of the initia
laboratory tests. Subsequently field tests with a nuclear density gauge and Clegg impact
hammer were undertaken, as well as laboratory testing of field samples to assess the
geotechnical performance of the trial sections. The field and laboratory test results
indicated that adding crushed glass may improve the workability of the crushed waste
rock base material but subsequently results in lower shear strength. The research
findings indicate that recycled crushed glass in blends with crushed waste rock is a
potential alternative material to be used in footpath bases.

Arulrgah et al. (2014) focused on engineering properties of highly organic
materials have been undertaken to determine their engineering properties when used as
road embankment fill materials. A prime contributor of organic wastes in municipal
landfills is spent coffee grounds from cafes and domestic households. As part of this
research, an extensive suite of engineering and environmental tests were undertaken on

spent coffee grounds obtained from several popular cafes in Melbourne, Australiato
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evaluate their properties and potential use as a non-structura fill materia in road
embankments. From an environmental perspective, coffee grounds were found to pose
no environmental and leaching issue for use as an embankment fill material. From an
engineering material perspective, the high organic content, low maximum dry densities
and high optimum maoisture content restricts the usage of this material to non-structural
fill applications where the material will not have to sustain high traffic loadings. The
usage of spent coffee grounds as non-structural fill material in embankments was found
to be a viable end-of-life option to divert coffee grounds from landfills and furthermore
to maximize the naturally high organic content present in the coffee grounds for
vegetation purposes.

Rahman et a. (2015) investigated the suitability of recycled construction and
demolition (C&D) materials as alternative subbase materials for permeable pavements.
Permeable pavements are increasingly being used as urban storm water management
systems. Three commonly found recycled C&D waste materials, crushed brick (CB),
recycled concrete aggregate (RCA), and reclaimed asphalt pavement (RAP), were
investigated to assess their suitability as permeable pavement subbase materials.
Geotextile was aso used in this research to trap pollutants.. It was found that the
geotextile layer did not have any effect in terms of permeability of the C&D materials.
The chemical assessment included organic content, pH value, trace element, and
leachate concentration for a range of contaminant constituents and compared with
maximum allowable limits in soil and natural water as well as with the environmental
protection authorities’ requirements. In terms of geotechnical and chemical assessment

for permeable pavement applications, RCA was found to be a suitable aternative
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construction material for permeable pavements, while CB was borderline and RAP did
not meet some of the specified requirements

Edeh et al. (2014) presents the results of a laboratory evaluation of the
characteristics of lateritic soil (LS) stabilized with sawdust ash (SDA), subjected to
British standard light (BSL) compactive effort to determine their index, compaction,
unconfined compressive strength (UCS), and California Bearing Ratio (CBR) results.
The results of the laboratory tests show that the properties of LS improved when
stabilized with SDA. The particle-size distribution improved from poorly graded, sandy,
gravelly material for 100% lateritic soil and silty material for 100% SDA to the
gradation with 94.9-99.9% coarse aggregates of sand and gravel, described as gravelly
sand and sandy gravel materia for SDA-stabilized LS. The CBR results obtained from
the study show that, using the Nigerian general specifications, the maximum CBRs of
19.4% (soaked for 24 h) and24.1% (unsoaked) achieved for the mix proportion (70%
LS + 30% SDA), which fals under American highway and transportation industry
standards, can be used as subgrade material.

Kampala and Horpibulsuk (2013) presented basic and engineering properties of
the recycled Calcium Carbide Residue (CCR) stabilized clay. For the same compaction
energy and CCR content, the unit weight of the recycled CCR stabilized clay is lower
than that of the CCR stabilized clay because the harder attached pozzolanic products
resist the compaction. The strength development and the reductionin void ratio with
time confirm that the pozzolanic reaction still prevails even after remolding. This
implies that the pozzolanic reaction occurs mainly on the surface of the clay-CCR

clusters. The remolding of CCR stabilized clay breaks down the cementitious bonds
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between the CCR—clay clusters and the unreacted CCR and clay particles in the clusters
are then free to interact with water. The research outcome reinforces the possibility of
using the recycled CCR stabilized clay asfill and pavement materials

Amadi and Agapitus (2013) reported that the bentonite mixtures are finding
wide application as buffer material for waste repositories for their favorable self-sealing
qualities. The swelling properties of such materials which serve as a measure of their
self-sealing capabilities and, thus, the efficiency of the repository in sealing off their
contents from the environment are closely related to the chemistry of the leachate that
emanate from the wastes. Experimental results showed that swelling potential based on
thefree swell together with the maximum swell pressures of compacted soil mixtures
measured at equilibrium increased approximately linearly with increase in the amount
of bentonite when inundated with processed tap water and the three leachate solutions.
On the other hand, these swelling parameters decreased as the ionic strength of the
leachate solutions measured by their electrical conductivity increased for the various
soil mixtures. These results provide an insight into the swelling behavior and the
possible degradation in the efficiency of the proposed lateritic soil- bentonite mixtures

in relation to their use as buffer material in waste landfills.

24 Existing research

Zhou et a. (2014) focused on the characteristics of the landfill mined plastic
wastes and their recovery potential was the key points to determine the feasibility of
landfill mining projects. They were collected municipal solid waste samples of different

storage years from the landfill and did mechanical screening and manual separating to
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To address the environmental concerns of using recycled glass in road work
applications, a comprehensive series of chemical and environmental tests including total
and leachate concentration for a range of contaminant constituents including heavy

metals and aromatic hydrocarbons were carried out.

Table 2.2 US EPA drinking water and hazardous waste thresholds (Wartman et

al., 2004).
USEPA Hazardous waste
Contaminant drinking water designation (mg/L)
standard (mg/L)
Arsenic 0.05 5.0
Barium 2.0 100.0
Cadmium 0.005 1.0
Chromium 0.1 5.0
Lead 0.015 5.0
Mercury 0.002 0.2
Selenium 0.05 1.0
Silver 0.05 5.0

Test results were compared with environmental protection authorities’
requirements and indicated that no leaching hazard will be experienced during the
service life of recycled glass in road work applications. Other possible environmental
risks along with health and safety precautions and management suggestions have also
been discussed.

Panyakapo and Panyakapo (2008) presented the utilization of thermosetting
plastic as an admixture in the mix proportion of lightweight concrete. Since this type of

plastic cannot be melted in the recycling process, its waste is expected to be more
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valuable by using as an admixture for the production of non-structural lightweight
concrete. Experimental tests for the variation of mix proportion were carried out to
determine the suitable proportion to achieve the required properties of lightweight

concrete, which are: low dry density and acceptable compressive strength.

Table 2.3 Mechanical and physical properties of melamine (Panyakapo and

Panyakapo, 2008).

Description Properties
Specific gravity 1.48
Tensile strength (M Pa) 60
Tensile elongation (%) 0.79
Notched izod impact (J/m) 16.0
Temperature resistance () 300
Water absorption (%) 5.6

The mix design in this research is the proportion of plastic, sand, water cement
ratio, aluminum powder, and lignite fly ash. The experimental results show that the

plastic not only leads to alow dry density concrete, but also alow strength.

Table 2.4 Comparison between plastic lightweight concrete and various standards

(Panyakapo and Panyakapo.,2008).

Compressive Dry density
Description strength (N/mm?) (kg/cm?)

Plastic lightweight concrete
(this study) cement:sand:fly 4.14 1,395
ash:melamine = 1.0:0.8:0.3:0.9
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Aerated lightweight concrete 25 300-500
(TIS 1505-1998) Class 2 '
Aerated lightweight concrete
(Quality Construction Products, 2001) 3.0-80 500-700
Clay brick (commercial) 2.0-3.0 1800

It was found that the ratio of cement, sand, fly ash, and plastic equa to
1.0:0.8:0.3:0.9 is an appropriate mix proportion. The results of compressive strength
and dry density are 4.14 N/mm? and 1,395 kg/m®, respectively. This type of concrete
meets most of the requirements for nonload-bearing lightweight concrete according to

ASTM C129 Type Il standard.

25 Summary of previousresearchers

Previous research studies showed the possibility of use of wastes in geotechnical
engineering applications, which can reduce the environmental impact and the
construction cost. With the continuous increase in amount of research MD and its lows
density, MD can be used to make lightweight concrete. This thesis attempts to study the
possibility of using the melamine debris to develop lightweight pavement base and

subbase, which is significant in term of engineering and environmental perspectives.
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IMPROVEMENT OF MARGINAL LATERITIC SOIL

USING MELAMINE DEBRIS REPLACEMENT FOR

SUSTAINABLE ENGINEERING FILL MATERIALS

3.1 Introduction

Quality pavement subbase/base and engineering fill materials are becoming
increasingly scarce to source for road infrastructure projects. When no suitable
materials are available at a construction site, these materials need to be hauled from
distant sources, which is uneconomical and at a cost to the environment. Therefore,
modification of soils on site is an attractive, economical and environmental friendly
option to improve their mechanical properties (Horpibulsuk et a., 2006, 2012 and 2013
and Du et a., 2013 and 2014). The most common soil improvement technique is to
compact the locally available soil blended with quality materials. Compaction is ssimple,
practical and economica technique to improve the mechanical properties of soils.
Compaction is the process of increasing the soil unit weight by forcing the soil particles
into a tighter state with less air void, by the addition of either static or dynamic force
(Horpibulsuk et a., 2008 and 2009 and Bo et al., 2014).

The stockpile of waste materials generated by the everyday activities of a
growing population has become a persistent problem, which is furthermore exacerbated

by the lack of available technologies to adequately treat or dispose of these waste
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materials (Ribeiro de Rezende et a., 2014). Several authors have researched on the
utilization of various recycled materials in geotechnical and pavement applications. The
usage of recycled materials to stabilize marginal soils has significant economical and
environmental impacts and has been recently performed (Arulrgjah et a., 2014a and
2014b; Kampala and Horpibulsuk, 2013; Kampala et a., 2013 and Phetchuey et al.,
2014). This includes recycled glass for pavement and footpath bases (Disfani et al.,
2014; Arulrgiah et al., 2013, 2014a; 2014b and 2015), wastewater biosolids in road
work embankments (Arulrgjah et al., 2014), construction and demolition materials used
with geotextile in permeable pavements (Rahman et a., 2015), fine quarry wastes for
pavement courses (Ribeiro de Rezende et al., 2014), overburnt distorted bricks as
aggregates for pavement courses (Mazumder et al., 2006), sand reinforced with plastic
wastes (Consoli et al., 2002) and crushed brick as supplementary material in bound
pavement (Disfani et al., 2014). The utilization of these recycled materials has a
significant impact on the sustainability of our scarce natural resources and the reduction
of construction and industrial wastes.

Industrial wastes resulting from the rapid development in developed and
developing countries is the prime factor responsible for environmental degradation. The
recycling of industrial waste materials has consolidated its presence as an efficient
mechanism to minimize the problems arising from the wastes generated by anthropic
activities. (Ribeiro de Rezende et a., 2014).

Melamine debris (MD) is a waste material resulting from plate and cup manufacture.
This MD cannot be reformed or reused for manufacturing plates and cups

(Siwadamrongpong, et a. 2012). It was reported by Srithai Superware Public Co., Ltd, a
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largest melamine tableware company in Thailand, that the company releases 400 tons of
MD annually. Presently, this MD is disposed by burning at a very high temperature,
which damages the air environment and is furthermore costly. The sustainable usage of
MD in civil engineering applications will provide lower a carbon footprint and result in
positive social and economical impacts for governments, industry and consumers.

The usage of MD in marginal soil improvement for pavement application is
innovative and of interest to the industrial sectors and national road authorities,
particularly as road construction requires a large volume of quality material. This paper
investigates physical and geotechnical properties of margina lateritic soil blended with
MD at various replacement ratios to ascertain it as an engineering fill materia. This
research will enable MD traditionally disposed to landfill, to be used in a sustainable
manner as a non-plastic replacement materia for marginal soil (high fine content)
improvement. The outcome of this research in MD is significant in term of engineering,

economical and environmental perspectives for developed and devel oping countries.

3.2 Materialsand methods

Margina lateritic soil samples were collected from a borrow pit in Maung
district, Sakonnakhon province, Thailand (Figure 3.1a) at approximately 1.5 meter
depth. The lateritic soil is composed of 21.7% fine-grained particles and 78.3% coarse-
grained particles in which 25.6% is gravel and 31% is sand. The specific gravity of
coarse-grained particles is 2.67 and the liquid and plastic limits are 40.7% and 20.9%,
respectively. According to the Unified Soil Classification System (USCS), the lateritic
soil is classified as clayey sand (SC). The grain size distribution curve is shown in

Figure 3.2 and basic properties are summarized in Table 3.1. According to the local
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road authority specifications for subbase material (DH-S205/2532) and for engineering
fill material (DH-S208/2532), this lateritic soil does not meet the standards, and will
require blending with a higher quality material if it is to be considered as a pavement
subbase or fill material.

Melamine Debris (MD) was obtained from Srithai Superware Public Co., Ltd,
Nakhon Rachasima, Thailand. MD particles are shown in Figure 3.1b. The grain size
distribution of MD (Figure 3.2) shows that MD is composed of 0.9% fine-grained
particles and 99.1% coarse-grained particles. It is anon-plastic material and is classified
as poorly graded sand (SP) based on USCS. The bulk specific gravities of fine-grained
and coarse-grained particles are 1.45 and 1.38, respectively.

The laboratory evaluation program on margina lateritic soil/MD blends
included specific gravity, water absorption, Atterberg limit, particle-size distribution,
modified Proctor compaction, Los Angeles (LA) abrasion, and California Bearing Ratio
(CBR) tests. All tests were undertaken following relevant American Association of
State Highway and Transportation Officials (AASHTO) and American Society for
Testing and Materials (ASTM). The lateritic soil : MD ratios studied were 100:0, 50:50,
60:40, 70:30, 80:20, 90:10 and 0:100. Figure 3.1c shows the particles of lateritic
s0il/MD blend at 50:50 ratio.

The specific gravity and water absorption tests were performed in accordance
with AASHTO T 85-70 and AASHTO T 84, respectively. Atterberg limit tests were
performed in accordance with AASHTO T 90. Particle size distribution analysis tests

were performed in accordance with AASHTO T 27-70. The particle size distribution



analysis and Atterberg tests were conducted on samples both before and after modified
compaction tests to investigate the particle breakage due to compaction.

Modified compaction effort was used to determine the maximum dry density
(MDD) and optimum moisture content (OMC) of the lateritic soil/MD blends. The
modified compaction tests were conducted by following the AASHTO T 180. LA
abrasion test was performed in accordance with ASTM C131-69 and C535-69. LA
abrasion test is the most widely specified test for evaluating the resistance of aggregates

to abrasion and impact forces (Papagiannakis and Masad, 2007).

Table 3.1 Geotechnical properties of marginal lateritic soil, MD and lateritic soil/MD
blends before modified compaction test.

Sample Description MD : Remark
50:50 |60:40 |70:30 [80:20 |90:10|  Soil
- . . AASHTO
Bulk specific gravity Coarse-grained 138 2.01| 208 | 221|220 219 2 67 T85-70
Bulk specific gravity Fine-grained |1.45| 1.98 | 203 | 2.17 | 2.02 | 2.29 3.03 AASHTO 84
Apparent specific gravity Coarse- AASHTO
grained 153| 232 | 241 | 257 | 257 254 318 T85-70
Apparent specific gravity Fine-
grained e e AN N 2.86 347 AASHTO 84
. . AASHTO
Water absorption Coarse-grained 6.99| 6.64 | 6.61 | 6.40 | 6.58 | 6.34 505 T85-70
Water absorption Fine- grained (%) [9.72| 9.59 | 9.32 | 9.56 | 9.93 | 8.65 4,19 AASHTO 84
. ASTM
LA abrasion value (%) 11.3| 41.1 | 433 | 47.6| 504 | 514 581 C131 C535
LL. (%) - | 378|384 389|398 | 399 40.7 |AASHTOT90
PL. (%) - | 26.7| 258|238 | 232|229 209 |AASHTOT90
Pl. (%) - | 111|126 | 151 | 16.6 | 17.0 19.8
D1 (mm) 0.90| - - - - - -
D3 (mm) 2.00( 125|200 | 085|150 | 1.20 1.80
D5 (mm) 3.00| 350 | 400 | 350|380 |350| 450
Deo (mm) 3.80| 4.75| 5.20 | 5.00 | 5.30 | 4.90 5.50
Cy 4.22| - - - - - -
Cc 117 - - - - - -
Gravel size content(%) 24.6| 41.3 | 41.8 | 41.9 | 44.2 | 409 47.3 |Retained #4
; Passed#4-
0,
Sand size content(%) 745| 41.8 | 36.8 | 36.9 | 35.9 | 389 310 |Retair200
Fines size content(%o) 09169 | 184 | 21.2 | 199 | 20.2 21.7 |Passed#200

Classification-USCS SP|SM | SM | SM | SC | SC SC
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above the upper boundary and MD particles finer than 1.05 mm (Dy) are below the
lower boundary.
Table 3.2 Geotechnical properties of marginal lateritic soil, MD and lateritic soil/MD

blends after modified compaction test.

Lateritic Soil : MD Lateritic
Sample Description MD ) Remark
P P 50:50|60:40|70:30/80:20/90: 10| Soil
Compaction (Modified):Max Dry AASHTO
Density(KN/m’) 82/16.0(17.3/182|189|194| 216 |[T180
Compaction (Modified):OMC (%), - | 14.0 | 125 120 9.0 AASHTO
: 100 “*P |42 =Y 2 10| 760 [T180
California Bearing Ratio (Soaked AASHTO
4y (%) - |210/200/160(155| 1| o3 7103
AASHTO
Swell (Soaked 4 days) (%) - 1031|055/ 086160 | 5 0c| 640 |T103
AASHTO
LL. (%) - 381388407 430|449| Lo (7o
AASHTO
PL. (%) - |27.1]264|249|253/259| L, |1og
PI. (%) - 1110|124 |158|17.7|190| 210
Dy (Mm) 08l - |- | - | - |- -
D3, (Mm) 1.75 0.65 | 0.85| 0.60 | 0.65| 055 | -
Dso (Mmm) 260 2.75|3.25| 2.75 | 3.00| 290 | 250
Deo (Mm) 3.20/4.00 | 450 | 4.00 | 450 | 420| 4.00
C, 40 - | - | - | - | - -
Ce e s e T\ \ P :
Gravel size content(%) 195351 |37.7| 344|386 |37.3| 358 |Retained#4
: Passed#4-
Sand size content(%) 781/ 462|419 41.9|364|375| 329 |Retain#200
Fines size content(%) 24187204 |237|25.0[252| 313 |Passed#200
Classification-USCS SPSM|SM | sclsc|sc| sC

Figures 3.2 to 3.6 show that MD replacement reduces the fine contents of
lateritic soil. Almost all particle sizes of the lateritic soil/MD blend at 50% MD
replacement are within the boundaries for base and subbase materials except the fine
content being dlightly higher than upper boundary (15%). This blend is possibly used as

subbase materia if more MD replacement (>50%) is used. Even though the gradation of
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all tested blends does not meet this specification, the fine content is reduced
significantly with increasing MD replacement ratio and can be possibly used as the
selected material. Due to the reduction in fine content, the liquid limit (LL) and
plasticity index (PI) reduce; i.e., LL is 39.9%, 39.8%, 38.9%, 38.4% and 7.8% and Pl is
17.0, 16.6, 15.1, 12.6 and 11.1 for MD replacement ratios of 10%, 20%, 30%, 40% and
50%, respectively. LL and Pl of these blends meet the consistency limits specified for
selected material (LL < 40% and Pl < 20%). Consequently, the lateritic soil/MD blends
approach to silty material with increasing MD replacement ratio; i.e., they are classified
as SM, SM, SM, SC and SC for MD replacement ratios of 10%, 20%, 30%, 40% and
50%, respectively while the lateritic soil is classified is SC.

Besides the physical properties, the durability of the lateritic soil particles is
improved by the MD replacement. The MD has a relatively low LA abrasion of 11.3%
compared to the lateritic soil whose LA is 58.1%. Therefore, the MD replacement
improves the LA abrasion of the lateritic soil by reducing the LA abrasion value for the
blends. The LA abrasion of lateritic soil decreases from 58.1% (for 0% MD
replacement) to 41.1% (for 50% MD replacement). Even without the MD replacement,
this lateritic soil is considered as durable for subbase and selected materials based on
LA abrasion requirement of < 60% (DH-S, 1996).

It is now to examine the mechanical properties of compacted blends as an
engineering fill material. The modified compaction test results (Table 3.2 and Figure
3.7) show that the blends at various MD replacement ratios exhibit bell-shaped
compaction pattern, typical of traditional geo-materias (Horpibuksuk et a., 2008 and

2009). The maximum dry density (MDD) of the MD is relatively low (8.2 kN/m®)
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The MD replacement also has the advantage with particle breakage of the blends
due to compaction as evident from Figures 3.2-3.6. The lateritic soil particles are
broken down significantly, particularly for particles smaller than 10 mm while the MD
particle breakage is insignificant. By comparing Tables 3.1 and 3.2, it is evident that
after compaction, the gravel-sized and sand-sized particles of lateritic soil decrease
while the silt-sized and clay-sized particles increase; i.e., the coarse (gravel and sand)
content decreases from 78.3% to 68.7% while the fine (silt and clay) content increases
from 21.7% to 31.3% after compaction. The coarse (gravel and sand) content of MD
decreases from 99.1% to 97.6% while the clay content increases from 0.9% to 2.4%
after compaction. The change in coarse content of MD is minimal because the decrease
in gravel-sized particles is associated with the increase in sand-sized particles (Table
3.2). As such, the MD replacement possibly prevents the breakage of the coarse
aggregate and hence the minimal reduction of the fine content as noted by the small

increase in fine content with increasing MD replacement ratio.
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The difference in fine content of the blends before and after compaction is 5.0%,
5.1%, 2.5%, 2.0% and 1.8% for MD replacement ratios of 10%, 20%, 30%, 40% and
50%, respectively. Thisimplies that the higher MD replacement results in lesser particle
breakage. The soil classification of the blends before and after compaction remains the
same for al MD replacement except 30% MD replacement. At 30% MD replacement,
the soil classification changes from SM to SC, which indicates that this replacement
ratio isthreshold limit for this replacement method.

The particle breakage leads to the increase in liquid limit and plastic limit of
lateritic soil. Without the MD replacement, LL increases from 40.7% to 45.6% and Pl
from 19.8% to 21.0% after compaction. Whereas the change in LL and Pl after
compaction is insignificant particularly for 50% MD replacement. Since the
geotechnical properties of compacted materials is governed by the gradation and
physical properties of after-compaction properties, the more particle breakage resultsin
the poorer geotechnical properties. In other words, the MD replacement prevents the
particle breakage and hence the improvement of mechanical properties. Two
mechanical properties required for subbase and fill materials are CBR and swelling.

Generally, bearing capacity or CBR and swelling of the compacted materials are
controlled by fine content. The higher fine content causes the higher water holding
capacity in which the water acts as a lubricant among the soil particles and results in
lower bearing capacity or CBR. Since the higher MD replacement results in the lower
fine content and water holding capacity, the higher CBR. The CBR values at modified
Proctor energy of each blend are 13.5%, 15.5%, 16.0%, 20.0% and 21.0% for 10%,

20%, 30%, 40% and 50% replacement.
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Figure 3.9 shows the swelling versus logarithm of E relationship for various
MD replacement ratios. Similar to the soaked CBR versus logarithm of E relationship,
the E = 2681 kJ/m® is regarded as threshold limit separating the first and second slopes
of swelling versus logarithm of E relationship for lateritic soil. Without MD
replacement, E can reduce the swelling, especially when E > 2681 kJ/m?® as seen that the
second slope is remarkably lower than the first sope. Besides E, MD replacement
significantly reduces the swelling. By replacing lateritic soil with MD, the swelling
significantly reduces; i.e., the swelling of lateritic soil reduces more than twice when
only 10% MD is replaced. The first and second slopes of the blends are essentially the
same and can be represented by a gentle linear function when MD replacement is
greater 20%. In other words, the swelling of the blends is significantly reduced even at a
small E level unlike the marginal lateritic soil (without MD), which requires high E
level to increase attractive forces among soil particles.

Based on an analysis of soaked CBR and swelling test results, it is practica to
relate the soaked CBR and swelling of blends at various compaction energies in term of
MD replacement. Figures 3.8 and 3.9 shows that the improvement rate of CBR is
significantly dependent upon E. E = 2681 kJ/m® is found to be the threshold limit while
the improvement rate of swelling is marginally dependent upon E. As such, the
predictive equations for soaked CBR and swelling in term of MD replacement ratio are

presented as follows:

—CCB;QAOD =1365exp(0.010MD) for 1197 k¥m® <E < 2681 kJ/m?® (3.1)
CBRu _1 231exp(0.009MD) for 2681 kIm® < E < 3591 ky/m’ (3.2)

CBR,
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Subbase Engineering Lateritic Soil : MD

Sample Material Mgtg:i a4 MD Lateritic
Description (DH- (DH- 50:50 60:40 70:30 80:20 90:10 Soil
S205/2532) S208/2532)
LA abrasion
value (%) <60 <60 11.3 41.1 433 47.6 504 51.4 58.1
Cdifornia
Bearing Ratio >25 >10 -
(%) 21.0 20.0 16.0 155 135 93+
Swell (%) <4 <3 - 031 055 0.86 1.60 3.05* 6.40*
LL (%) <35 <40 - 378 384 389 39.8 399 40.7*
Pl (%) <11 <20 - 111 126 151 16.6 17.0 198
Meet to Selection *
Remark - Material Not meet.
3 1 | 1 | 1 | 1 | 1 | 1
I CBRy;5/CBR, = 1.365exp(0.010MD) ]
L R2:O.972 .
o 2 _
14
m = =
O
> J
> = .
14
m L 4
O 1L CBRy,p/CBR, = 1.231exp(0.009MD) B
2
- R =0905 X E=1,197.03kJ/m* 7
- O E,=2681.35kdm? -
R O E,=3591.09 kJ/m? .
0 I 1 ] 1 ] 1 ] 1 ] 1 ] 1 ]
0 10 20 30 40 50 60

MD Replacement (%)



Normalized Swelling , Syp/Sy
©c o o o o o O
PN W O O N

o

C T T T T T T T T T T ]
o Sup/So = 0.867exp(-0.06M D) X E;=1,197.03 kJ/m®
- X 2 OE,=2,681.35kJ/m*® 7
C : OE,;=3,591.09 kJ/m® 1
r . I I . I \ I \ I . .

0 10 20 30 40 50

MD Replacement (%)

(o))
o



50

3.4 Conclusons

The marginal lateritic soil improvement by Melamine Debris (MD) replacement
is found to be a sustainable engineering fill material based on this research. The
laboratory evaluation of the lateritic soil/MD blends at different MD replacement ratios
includes physical properties (particle size distribution, Atterberg limits, compaction, LA
abrasion tests) and mechanical properties (soaked CBR and swelling tests). The
conclusions can be drawn as follows:

1. The MD can improve both physical and mechanical properties of marginal
lateritic soil. The MD is a non-plastic and coarse-grained material. Hence, the liquid
limit and plasticity index of lateritic soil reduce with increasing MD replacement. With
low LA abrasion (of 11.3%) of MD, the MD replacement enhances the durability
againgt traffic load to the marginal |ateritic soil.

2. Due to the low specific gravity of MD, the unit weight of blends decreases
with increasing MD replacement. With this lower unit weight and better geotechnical
properties, the lateritic soil/MD blends provide lower overburden of the pavement
structure on foundation and higher stability than the conventional pavement materials.

3. The compaction breaks down the coarse grains of the lateritic soil and hence
the increase in fine content. With higher abrasion of MA, the MD replacement improves
the particle breakage due to compaction, resulting in lower fine content. This lower fine
content of compacted blends with higher MD replacement ratios increases soaked CBR
and decreases swelling.

4. The compaction energy, E affects the rate of soaked CBR development with

MD replacement ratio. The development rate at E < 2681 kJ/m® is essentially the same
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even with different MD replacement ratios. The higher rate of soaked CBR
development is noticed when E > 2681 kJ/m>. As such, two predictive equations for
soaked CBR in term of MD replacement ratio are proposed for E < 2681 kJ/m® and E >
2681 kJ/m>, respectively.

5. Even though the water absorption of blends increases with increasing MD
replacement, the swelling decreases with increasing MD replacement ratio because MD
is non-plastic material. The rate of swelling reduction with MD replacement is
essentially the same for all E values tested. Consequently, a unique predictive equation
for swelling in term of MD replacement is proposed for various E values. The predictive
equations for soaked CBR and swelling proposed are useful for geotechnical and
pavement practitioners. The soaked CBR and swelling of blends at various MD
replacement ratios and E values can be predicted once the soaked CBR and swelling of
lateritic soil (without MD) are known. The formulation of the proposed equations is
based on sound principle and can be extended to other types of marginal soils.

6. The MD replacement can improve the geotechnical property requirement for
engineering fill material according to national local authority. The MD traditionally
destined for landfill can be used as a replacement material to stabilize lateritic soil for
developing the sustainable fill material. With 20% MD replacement, the physical and
mechanical properties of blends meet the requirement. The 50% MD replacement blend

is at the borderline of the specification for subbase material.
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CHAPTER IV
DURABILITY AGAINST WETTING-DRYING CYCLES
OF LIGHTWEIGHT CEMENT STABILIZED MARGINAL
LATERITIC/MELAMINE DEBRISBLENDS FOR

PAVEMENT APPLICATIONS

41 Introduction

Presently there is a scarcity of high quality pavement materials due to the rapid
depletion of virgin quarry sources. Furthermore, haulage costs of high-quality quarry
materials is exceedingly expensive. An alternative and sustainable manner isto stabilize
the locally marginal soil with Portland cement. This technique is economical because
cement is readily available at a reasonable cost in many countries including Thailand.
Moreover, adequate strength can be achieved in a short duration of time (Horpibulsuk,
et a., 2010). High plasticity marginal soils are typically blended with a non-plastic
material before cement stabilization. The usage of recycled waste materials in blends
with marginal soil is of international interest, given the many environmental benefits
(Arulrgah et a., 2014a and b).

Severa authors have researched on the utilization of various recycled materials
in geotechnical and pavement applications. The usage of waste by-products in civil

infrastructure enables an alternative to quarried materials resulting in conservation of
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natural resources, decreased energy use, and reduced greenhouse gas emission. In recent
years, extensive research works on innovative and environmentally friendly solutions
have resulted in the applications of green technologies in pavement construction, which
have led to the more efficient use of natural resources and recycled materials (Moreno et
al., 2012). The usage of recycled materias in pavement applications has significant
economical and environmental impacts and has been recently researched (Arulrgjah et
al., 2014a and b; Kampala and Horpibulsuk, 2013; Kampala et al., 2013 and Phetchuey
et a., 2014). For example, recycled plastic wastes were blended with demolition wastes
to form pavement base materials (Arulrgjah et al., 2017), spent coffee grounds were
used as road embankment fills (Arulrgjah et a., 2014c), cement-stabilized construction
and demolition materials were used as pavement base and subbase materias
(Mohammadinia et a., 2015), quarry waste was used in pavement applications
(Guilian, et a., 2014 and Ribeiro de Rezende et a., 2014), calcium carbide residue and
fly ash were used to improve the strength of problematic silty clay to be a subgrade
material (Horpibulsuk, et al., 2012 and Kampala et al., 2014), crushed glass was used to
replace a natural aggregates (Wartman et al., 2004) and recycled asphalt pavement and
fly ash geopolymers were used as a pavement base material (Hoy et al., 2016b and
2017).

Melamine debris (MD) is a waste material resulting from the manufacturing
process of plates and cups. MD cannot be reformed or reused for manufacturing plates
and cups (Siwadamrongpong et a., 2012). It was reported by Srithai Superware Public
Co., Ltd, alargest melamine tableware company in Thailand, that the company releases

400 tons of MD annually. Presently, this MD is disposed by burning at a very high
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temperature, which is costly and damages the air quality. MD is a non-plastic and
coarse-grained waste material and has been successfully used as a replacement material
to improve the engineering properties of marginal lateritic soil (LS) (Donrak et a.,
2016). The MD could improve both physical and mechanical properties of marginal LS.
The liquid limit and plasticity index of LS reduced with increasing MD replacement.
With low LA abrasion of MD, the MD replacement enhanced the durability against
traffic load to the marginal lateritic soil. With 10-50% replacement, the improved soil
could be used as an engineering fill material according to the specification by the
Department of Highways, Thailand.

In addition to unbound pavement applications, the MD can be used to adjust the
gradation, improve plasticity and of marginal LS before cement stabilization. Cement
stabilization is commonly used in practice because of high strength after short period of
stabilization. However, the cementation bond degraded with the weather changes. The
durability of stabilized materials under severe climatic conditions is a crucial parameter
when used in road construction applications. The study on durability of cement
stabilized LS/MD blends is however still initsinfancy. Dempsey and Thompson (1967)
defined durability as the ability of the materials to retain their stability and integrity and
to maintain adequate long-term residual strength to provide sufficient resistance to
climate conditions.

Cyclic wetting-drying (w-d) test, simulates weather changes over a geological
age, and is considered to be one of the most appropriate simulations that can induce
damage to pavement materials (Allam and Sridaran,1981 and Sobhan et a., 2007).

Kampala et a. (2014) have investigated the influence of w-d cycles on the durability of
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CCR-FA stabilized clays in pavement applications to ascertain its serviceability. The
optimal CCR and FA contents were reportedly 7% and 20%, respectively. The strength
of the CCR stabilized clay reduced significantly with the number of w-d cycles. Al-
Obaydi et a. (2010) and Al-Zubaydi. (2010) indicated that the cyclic w-d cycles caused
crack propagation, resulting in severe effects on the engineering properties of the
materials, particularly in terms of their residual strength and stability.

Although the utilization of stabilized LS/MD blends in highway construction
can be considered as having significant impacts on resource management, the hazardous
compounds that can leach out and pollute the water resource should also be assessed.
The stabilized LS/MD blend must not pose any risk to the groundwater resources. A
potential risk associated with the use of waste materials is the excessive release of
heavy metas, as these are known to seriously endanger human health (Arurgjah et al.,
2015; Dawson, 2009 ; Zhuang et al., 2009). The most commonly used method to assess
such associated risks is the Environmental Protection Agency (EPA)’s toxicity
characteristic leaching procedure (TCLP). This is used by regulatory agencies for
classifying hazardous waste, as well as by waste-disposal contractors to compare the
leaching performance of different waste forms (Huang et al., 2016).

This research attempts to study the impact environmental assessment, density,
strength and durability against wetting and drying (w-d) cycles of cement stabilized
LS/MD blends. The strength change with the MD replacement is illustrated by the
mineralogical and microstructural changes using the application of X-ray diffraction
(XRD) and scanning electron microscopy (SEM) analyses. The change in the strength

and physical properties of cement stabilized LS/MD blends at various cyclic w—d cycles
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were examined using unconfined compression strength (UCS) and weight loss tests.
The outcome of this research will enable the development of construction guidelines for
researchers, pavement engineers and end-users in assessing suitable cement stabilized

LS/MD blendsin future road construction applications.

4.2 Materialsand methods

Marginal lateritic soil (LS) samples were obtained from a borrow pit in Maung
district, Sakonnakhon province, Thailand (Figure 4.1a) at 1.5 meter depth. The lateritic
soil was composed of 20.7% fine-grained particles and 79.3% coarse-grained particles
in which 49.6% was gravel and 29.7% was sand. The bulk specific gravity of coarse-
grained and fine-grained particles were 2.67 and 3.03, respectively and the liquid and
plastic limits were 40.7% and 20.9%, respectively. According to the Unified Sail
Classification System (USCS), the LS was classified as clayey gravel (GC).

The grain size distribution curve is shown in Figure 4.2 and basic properties are
summarized in Table 4.1. According to the Department of Highways specifications of
Thailand for subbase material (DH-S205/2532) and for engineering fill material (DH-
S208/2532), the Califarnia bearing ratio (CBR), swell and liquid limit (LL) of LS do not
meet the required standards (Table 4.2). LS thus requires chemical stabilization, in

order to be used as bound base, subbase and subgrade materials.
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graded sand (SP) based on USCS. The bulk specific gravities of fine-grained and

coarse-grained particles were 1.45 and 1.38, respectively.

Table 4.1 Geotechnical properties of Lateritic soil, MD and Lateritic soil/MD blends.

Lateritic Soil : MD

Sample Description MD Lateritic Remark
60:40 80:20 Sail
. ASTM
0,
LA abrasion value (%) 11.3 43.3 50.4 592 C131 .C535
LL. (%) - 384 39.8 40.7 AASHTO T90
PL. (%) - 25.8 23.2 20.9 AASHTO T90
Pl. (%) - 12.6 16.6 19.8
Dyo (mm) 0.90 - - -
D3 (mm) 2.00 2.10 1.90 2.10
D5, (Mm) 3.00 3.80 4.50 4.50
Deo (mm) 3.80 5.30 5.80 6.00
Cu 4.22 - - -
Cc 1.17 - - -
Gravel size content(%) 24.6 42.4 48.9 49.6 Retained #4
. Passed#4-
0,
Sand size content(%) 745 40.0 311 29,7 Retai 200
Fines size content(%o) 0.9 17.6 20.0 20.7 Passed#200
Classification-USCS SP GM GC GC
Bulk specific gravity Coarse- AASHTO
grained 1.38 .08 p 2.67 T85-70
Bulk specific gravity Fine-grained 1.45 2.03 2.02 3.03 AASHTO 84
Apparent specific gravity Coarse- AASHTO
grained — 2o . 3.18 T85-70
Apparent specific gravity Fine-
grained LES 281 5 347 | AASHTOS4
. . AASHTO

Water absorption Coarse-grained 6.99 6.61 6.58 505 T85-70
Water absorption Fine- grained (%) 9.72 9.32 9.93 419 AASHTO 84

Table 4.3 summarizes the chemical composition of MD using XRF analysis.

MD was composed mainly of 26.65% SiO,, 23.82% TiO,, 20.90% Fe,O3, and 15.83%

Ca0. The peaks of main amorphous phases, including quartz, calcium carbonate,

calcium sulfate, and rutile were detected by XRD analysis (Figure 4.3). The CaO in

MD can react with silicaand aluminain LS for an enhanced pozzolanic reaction. In this
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research, 2 MD replacement ratios of 20% and 40% were selected for improving

physical and mechanical properties of LS.

Table4.2 Materia properties of lateritic soil/MD blends compared with requirements

for engineering fill material and subbase materials.

Sub-base Engineering Fill e
Sample Description Material (DH- Material MD I(‘Lag't'c Soil
S205/2532) (DH-S208/2532)
LA abrasion value (%) <60 <60 11.3 |59.2
California Bearing Ratio "
at 95% Max Dry Density(%) | 22 >10 N
Swell (%) <4 <3 - 5.27*
LL (%) <35 <40 - 40.7*
Pl (%) <11 <20 - 19.8
Remark *Not meet.

Table 4.1 presents the physical and mechanical properties of LS/MD blends at

various MD replacement ratios. The grain size distribution parameters including D1y,

D30, Dso, Deo, Cu, Ce, gravel, sand, and fine contents are also summarized in Table 4.1

Figures 4.2 shows the particle size distribution curves of the LS/MD blends at 20% and

40% MD replacement compared with those of LS and MD. It is noted that the MD

replacement increased the coarse contents and reduced the fine contents; therefore the

reduction in plasticity index.
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tests. All tests were undertaken following relevant American Association of State
Highway and Transportation Officials (AASHTO) and American Society for Testing
and Materials (ASTM).

Table 4.3 Chemical composition of Lateritic soil and MD by using XRF analysis.

Chemical formula (%) LS MD
Na,0 0.70 N.D
MgO 0.84 0.36
Al,O; 12.41 4.82
S0, 65.08 26.65
P,0s 0.86 1.37

SO, 0.07 3.28

Cl 0.40 0.18
K0 421 1.06
Ca0 1.01 15.83
TiO, 1.46 23.82
Cr,05 0.02 0.28
MnO 0.13 0.89
Fe;,0s 12.51 20.90
Cuo 0.01 0.14
10, 0.19 0.22
Lol 0.57 5.20

Modified compaction effort was used to determine the maximum dry density

(MDD) and optimum moisture content (OMC) of the specimens. The modified
compaction tests were conducted by following the AASHTO T 180. UCS test on
cement stabilized LS/MD blends were performed after 7, 14 and 28 days of curing. The

UCS samples were wrapped in vinyl bags and stored in a humidity-controlled room of
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constant temperature. The tests were run according to the American Standard for
Testing and Materials ASTM D 1633 (ASTM 2000). CBR test method followed the
AASHTO T 193. The CBR tests were carried out on the blends subjected to modified
Proctor compaction effort at the OMC and soaked for 4 days to simulate the worst-case
scenario (Arulrgjah et a., 2014b).

The method of cyclic wetting and drying test as per ASTM D 559-03(ASTM
2003) was carried out on cylindrical samples with 152 mm in diameter and 116.43 mm
in height. The cylindrical samples were wrapped in vinyl bags and stored in a humidity-
controlled room of constant temperature until 28 days of curing before wetting and
drying test. The samples were submerged in deionized water at room temperature for 5
h. The samples were then dried in the oven at a temperature of 70 °C for 48 h and air-
dried at room temperature for at least 3 h. This process is referred to as 1 w—d cycle.
After attaining the target w—d cycles, the samples were immersed in deionized water for
2 h at the constant temperature of 25 +2 °C. UCS test were then undertaken with a rate
of vertical displacement of 1 mm/min. The 0, 3, 7 and 12 w—d cycles were considered in
this study.

The microstructural change of stabilized LS/MD blends a various MD
replacement ratios were illustrated by X-ray diffraction (XRD) and scanning electron
microscopy (SEM) analyses. The SEM samples were frozen at —195°C by immersion in
liquid nitrogen for 5 min and evacuated at a pressure of 0.5 Pa at —40°C for 5 days
(Miuraet a., 1999; Horpibulsuk et al., 2010). All samples were coated with gold before

SEM (JOEL JSM-6400) analysis. The XRD analyses were done on the powder samples,
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which were compacted in a Cu X-ray tube. The XRD traces were obtained by scanning
at 0.1° (26) per min and at steps of 0.05°(26) (Hoy et a., 2016a).

The TCLP test is the method prescribed by the US EPA guidelines to determine
whether the solid waste is hazardous (Townsend, 1998). The TCLP tests were assessed
on MD and 5% cement stabilized LMD blends with 0% and 20% MD content. In the
leachate test, the 28 days cured samples were crushed to smaller particles of smaller
than 9.5 mm. The crushed sample was diluted using an acetic acid solution (pH =4) ina
volume with a solid to liquid ratio of 1:20. The mixture was agitated for 18 hoursin an
extraction vessel rotated in an end-over-end manner at 30 rounds per minute. The
leachate was then filtered through a 0.45 pm membrane filter to remove suspended
solids for determining the metal contents in the leachate using Inductively Coupled
Plasma Optical Emission Spectrometry (ICP-OES) technique. The average values were

obtained by testing in triplicate samples to ensure the data consistency.

4.3 Resultsand discussion

4.3.1 Density and Unconfined Compression Strength

Based on the Department of Highways specifications for stabilized base and
subbase materials (Table 4.4), the gradation of the LS meets the requirement but LL is
higher than the specification and must be reduced before the chemical stabilization. By
replacing LS with 20% and 40% MD, all the index properties were improved (Table
4. 4) and meet the specification. The LA abrasion reduces from 59.2 to 43.3%, LL
reduces from 40.7% to 38.4% and Pl reduces from 19.8% to 12.6% when MD is

replaced by 40%.
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Table 4.4 Compared between typical specification from Department of Highway,

Thailand and test result.

ol Stabilized Sub- | Stabilized Base
Do gtion base (DH- Lateritic Soil :MD | MD
(DH-S206/2532) | S204/2533) | 1000 | 8020 | 6040
Max. size <50 |Max. size <50 254 5.4 54 127
mm. mm.
Gradation NS Passeditl0 < | o95 | 305 | 288 |300
70%
Passed#200 < | Passed#200 <
00% i 207 | 200 | 176 |09
LA (%) NS. <60 502 | 504 | 433 |11.3
LL (%) <40 <40 40.7% | 398 | 384 | -
Pl (%) <20 <15 198 | 166 | 126 | -
NS. = Not specified. *Not meet.

Table 4.5 and Figure 4.4 show the modified compaction test results of the
stabilized LS/MD blends at various MD replacement ratios and cement contents
compared with those of LS and MD. All compaction curves of LS/MD blends exhibit
bell-shaped compaction pattern, typical of traditional geomaterials (Horpibuksuk et a.,
2008 and 2009). The MDD of MD is relatively low (8.2 kN/m®) compared to that of LS
(21.6 kN/m®). For a particular MD replacement ratio, the cement stabilization increases
the OMC of the LS and LS/MD blends because of the higher water required for cement
hydration. The higher cement content results in the higher OMC; i.e., the OMC values

of LS are 7.6%, 11.0%, and 12.5% for 0% C, 3% C and 5% C, respectively. While the
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input of cement has minimal effect on the MDD of stabilized LS/MD blends similar to

the finding by Horpibulsuk et al (2006).

Table 4.5 Modified Compaction Test and California Bearing Ratio of Lateritic soil ,

MD , Lateritic soil/MD blends And Lateritic soil/MD blends with Cement

stabilized.

Lateritic Soil : MD

Sample Description 0%Cement | 3%Cement | 5%Cement |MD| Remak
o o (@) o o (@] o o (@)
SIS I§/8 8§/ 38/8/F
o o o o o o o o o
i [e0) (o) — o0 O — foo) ©
MDD (kN/m?) 216/189/17.3| 21 |185|142/208(17.5140| 8.2 | A4S0 TO
OMC (%) 76|90 |125| 11 | 115165 12.5/13.0 17.5100 “A50C
California Bearing Ratio AASHTO
(Sonked 4 dayg) () 11.9/18.3200|44.4 57.2|48.1(52.9/89.5/525 - |0
Swall (Socked 4cys) (06) |5.27| 1.41]0.35| 072 038 011/ 00/0.18 0.08] | AASHTO

For a particular cement content, the increase in MD replacement increases OMC

and reduces MDD significantly of the stabilized LMD blends; i.e., a C = 3%, OMC

and MDD are 11% and 21 kN/m?® for 0% MD, 11.5% and 18.5 kN/m® for 20% MD and

16.5% and 14.3 kN/m® for 40% MD, respectively. The reduction in MDD with

increasing MD replacement is due to the very low unit weight of MD. This significant

reduction in MDD can decrease the overburden on the foundation, which is an

advantage over traditional stabilized pavement material.
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4.3.2 Soaked CBR and Durability Against w-d Cycles

Figure 4.9 shows the relationship between soaked CBR and MD
replacement ratio. It is of interest that the CBR versus MD pattern is different from the
UCS versus MD pattern. The soaked CBR increases with increasing MD replacement
and decreases after the maximum value (the maximum soaked CBR is found at 20%
MD) while the UCS decreases with increasing MD replacement. Even though the
soaked CBR reduces after the maximum value (at 20% MD), the soaked CBR values of
40% MD samples are still higher than those of 0% MD samples for both C = 3% and
5%. This shows the advantage of MD replacement in developing a more durable
lightweight material against soaking condition. This result implies that for serious
immersion condition of 4 days, the stabilized LS/MD blends is more durable than the
stabilized LS even with lower UCS. The higher soaked CBR vaue might be because
MD minimizes the swelling pressure under long-term immersion condition. The higher
swelling pressure leads to the lower load bearing capacity due to the break-up of
cementation bond. The swelling pressure is directly related to swelling of stabilized
LS/MD blends under the same sitting load of 2.54 kPa in CBR test as presented in
Figure 4.10 for various MD replacement ratios and cement contents. It is evident that
the MD replacement reduces the swelling for both 3% and 5% C; hence, lower swelling
pressure. Without MD replacement, the swelling values are high as 0.72% and 0.30%
for 3% and 5% content, respectively. The relationship between swelling and MD

replacement almost linear for both C = 3% and 5%.
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formation of calcium hydrates due to the presence of Ca*?, OH™ and SiO,4 and AlOg ions
(from soil particles). Also drying at 70°C for w-d test evidently enhances the
cementitious products (C-A-S-H) (Brue et al., 2012 and Jiang and Y uan, 2013); i.e., an
increased temperature results in a faster moisture diffusivity of the cementitious
materials and hence fast chemical reaction (Jooss and Reinhardt, 2002; Drouet et al.,
2015; Wang et al., 2016).

For N > 3, the integrity of the samples was not preserved; i.e., the samples

gradualy crumbled, fragmented and splintered. Deterioration and crack propagation
occurs due to the desiccation kinetics causing the loss of the moisture (Aldaood et al.,
2014 and Hoy et al, 2017). Following by the wetting process, the available pore spaces
and cracks are filled with water. As such, the UCS increase due to the growth of
cementitious products up to N = 3 and then decrease onward. Similar observations were
reported by Cuisinier et al. (2011) and Hoy et al. (2017) on soil stabilized with lime and
recycled asphalt pavement stabilized with geopolymer, respectively.
The UCS values of 5% C samples are higher those at 3% for both 20% and 40%MD
replacement for all N tested. It is notable that although the 3% and 5% C stabilized LS
(without MD replacement) possesses higher UCS than the 3% and 5% C stabilized
blends, all the 3% and 5% C stabilized LS samples fail after the 3 cycle. The MD
replacement improves the durability against w-d cycles significantly.

The degradation of stabilized LS/MD blends due to w-d cycles can be observed
by weight loss and surface cracks. The relationship between the weight loss of cement
stabilized LS/MD blends at various N is illustrated in Figure 4.12. The weight loss of

3% and 5% C samples for both 20% and 40% MD replacement increases significantly
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Although the UCS of cement stabilized LS meets the specification of
Department of Highways, Thailand; 3% C for stabilized subbase and 5% C for
stabilized base, the w-d cycle test results indicates that the 3% and 5% cement stabilized
samples fail after the 2™ w-d cycle and the UCS is almost zero after the first w-d cycle.
The MD replacement can prolong the service life of the stabilized materia up to three
cycles. The 3% C with 20% and 40% MD can be used as lightweight stabilized
subgrade material while the 5% C with 20% MD can be used as lightweight stabilized
base material and 5% C with 40% MD can be used as lightweight stabilized subbase
material.

4.3.3 Impact Environmental Assessment

To be used as a sustainable material, even due to rainfall or stormwater
events, the cement stabilized LS/MD blends must not pose any risk to the groundwater
tables or water streams beyond. Therefore, in order to use the cement stabilized LSMD
blends in road construction, the environmental risk assessment needs to be ascertained.
Table 4.6 shows the measured leachate heavy metal concentrations for MD, 5% C
stabilized LS and 5% C stabilized LS/MD blends using acetic leachate extraction and is
compared with those of drinking water by the U.S. Environmental Protection Agency
(EPA.., 2009a and 2009b). Wartman et a. (2004) reported that a material is designated
as a hazardous waste according to U.S EPA if any detected metal is present in
concentrations greater than 100 times the drinking water standards. Based on this

criterion, Table 4.6 indicates that all metal contaminants are within allowable limits.
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Table 4.6 Leachate analysis datafor MD, LS and 5% C stabilized LS/MD blend.

Samples of acid leachate extraction (mg/L) Drinking water
Parameter MD 5% C 5% C stabilized re%lélgtA'?ns
stabilized LS LS/MD blend 2009a) (mg/L)

pH 3.16 4.37 4.39 6.5-85
Arsenic BDL BDL BDL 0.01
Cadmium BDL BDL BDL 0.005
Chromium BDL 0.058 0.057 0.1
Copper BDL BDL BDL 1.0
Lead BDL BDL BDL 0.015
Mercury BDL BDL BDL 0.002
Nickel BDL 0.042 0.038 -
Zinc 2.63 0.067 0.099 5.0
BDL = Below Detection Limit(<0.01 mg/L)

The results indicate that 5% C stabilized LS/MD blend is mechanically and

economically viable for use in pavement base/subbase applications. Besides good

mechanical properties, the 5% C stabilized LS/MD blend provides a positive

environmental impact as environmental test results show no significant risk to the

groundwater or stream water line.

44 Conclusions

This research evaluates the effect of cement content and MD replacement on

density, UCS and durability against w-d cycles of cement stabilized LS/MD blends. The

MD is a non-plastic waste material, which can be used as a blended material to improve

gradation and swelling characteristics of LS prior to cement stabilization. The UCS

values at various w-d cycles of stabilized LSMD blends are compared with the
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specification of Department of Highways, Thailand for stabilized subgrade, subbase and

base materials. The conclusions can be drawn as follows:

1. Thedensity of LSMD blends decreases with increasing MD replacement due to
the low specific gravity of MD. The decrease in density is associated with the
decrease in UCS. Due to the high water absorption of MD, the OMC of cement
stabilized LS/MD blends increases with MD replacement ratio. As such, for the
same input of cement, the cement stabilized LS/MD blend with higher MD
replacement ratio possesses higher water to cement ratio, which results in lower
cementitious products and lower UCS.

2. The relationship between UCS and density is exponentia for 3% C stabilized
LS/MD blends and linear for 5% C stabilized LS/MD blends. The density of
cement stabilized LS/MD blends reduces to approximately 14 kN/m? when 40%
MD is used. As such, the stabilized LS/MD blends provide lower overburden of
the pavement structure on foundation than the conventional pavement materials.

3. Due to the reduction in swelling pressure of stabilized LMD blends by MD
replacement, the soaked CBR of stabilized LS/MD blends is higher than that of
stabilized LS for the same cement content. The lower swelling results in the
lower break-up of the cementation bonding. The optimum MD replacement ratio
providing the highest CBR is found to be at 20%.

4. Even though the UCS of cement stabilized LS meets the specification of
Department of Highways, Thailand, the UCS is very low, amost zero, after the
first w-d cycle. The 3% C with 20% and 40% MD can be used as lightweight

stabilized subgrade material while the 5% C with 20% MD can be used as



lightweight stabilized base material and 5% C with 40% MD can be used as
lightweight stabilized subbase material.

5. This study confirms the potential use of the cement stabilized LS/MD blends as
a sustainable lightweight pavement material with high durability against w-d
cycles. The use of MD furthermore results in significant reduction in

greenhouse gas emission.

6. From an environmental perspective, the TCLP results indicated that the 5% C
stabilized LS/MD blend can be safely used in sustainable pavement applications,
as the material poses no significant environmental and leaching hazards into the
soil, surface and ground water sources. This study indicates that MD can be used

as an environmentally friendly construction material in pavements.
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CHAPTER V

CONCLUSIONSAND RECOMMENDATIONS

51 Summary and conclusions

This thesis consists of three main objectives. The first is to investigate a
possibility of using melamine debris (MD) as replacement material to improve
mechanical properties of marginal lateritic soil. The second is to evaluate mechanical
and durability properties of cement stabilized melamine debrimargina lateritic soil
blends. The third is to investigate the environmental assessment of MD/marginal
lateritic soil blends with cement stabilization to ascertain them as green pavement
materials. The conclusions can be drawn as follows:

5.1.1 Possibility of usng MD as replacement material to improve
mechanical properties of marginal lateritic soil

Due to the low LA abrasion (of 11.3%) of MD, the MD replacement enhances
the durability against traffic load to the marginal lateritic soil (LS). The unit weight of
blends decreases with increasing MD replacement because of the low specific gravity of
MD. Even though the water absorption of blends increases with increasing MD
replacement, the swelling decreases with increasing MD replacement ratio because MD
is non-plastic material. The rate of swelling reduction with MD replacement is
essentially the same for all compaction energy values tested. This chapter indicates that

MD replacement can improve the geotechnical property requirement for engineering fill
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material according to national local authority. With 20% MD replacement, the physical
and mechanical properties of blends meet the requirement. The 50% MD replacement
blend is at the borderline of the specification for subbase material.

5.1.2 Durability and engineering properties of marginal lateritic soil
improved by melamine debris and Portland cement for pavement application

LS, is typicaly blended with non-plastic materials to improve its gradation and
swelling characteristics and subsequently stabilized with Portland cement to form
pavement subbase and subgrade materials. MD can be used as a blended non-plastic
material. The density of LS/MD blends decreases with increasing MD replacement due
to the low specific gravity (1.38-1.69) of MD. , By replacing LS with 20% and 40%
MD, all the index properties and gradation of LS are improved and meet the Department
of Highways specifications for stabilized base and subbase materials. Although the UCS
of cement stabilized LS meets the specification of Department of Highways, Thailand,
the UCS is very low, amost zero, after the first w-d cycle. The 3% C with 20% and
40% MD can be used as lightweight stabilized subgrade material while the 5% C with
20% MD can be used as lightweight stabilized base material and 5% C with 40% MD
can be used as lightweight stabilized subbase material. This study confirms the potential
use of the cement stabilized LS/MD blends as a sustainable lightweight pavement

material with high durability against w-d cycles.

5.1.3 Environmental assessment of cement stabilized marginal lateritic
soil/melamine debris blends for pavement applications
To be used as a sustainable material, even due to rainfall or stormwater events,

the cement stabilized LS/MD blends must not pose any risk to the groundwater tables or
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water streams beyond. Therefore, in order to use the cement stabilized LS/MD blendsin
road construction, the environmental risk assessment needs to be ascertained. The
results indicate that 5% cement LS/MD blends at 20%MD can be safely used in
sustainable pavement subbase applications. In addition, the leachability of heavy metals
(chromium and nickel) is reduced when MD is used to blends with LS. This study

indicates that MD can be considered as an environmentally friendly pavement material.

5.2 Recommendations for futurework

Study afield performance of cement stabilized LS/MD blends

Develop a design method for road pavement using cement stabilized LS/MD
blends

Study the possibility of using MD as replacement in of cement stabilized
recycled materials.

It isrecommended to study SEM at different ages of curing time all samples.
Study on the effect of water content on engineering and mechanical
properties of materials, it isinteresting.

It isrecommended to the field research using the data from this study to

confirm the implementation is actually assured.
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1. Introduction

Quality pavement subbase/base and engineering fill materials
are becoming increasingly scarce to source for road infrastructure
projects. Therefore, modification of soils on site is an attractive and
economical option to improve their mechanical properties
(Chinkulkijniwat and Horpibulsuk, 2012; Horpibulsuk et al., 2006,
2011, 2013 and Du et al, 2013, 2014). The most common soil
improvement technique is to compact the locally available soil
blended with high quality materials. Compaction is a practical and
economical technique to improve the mechanical properties of soils
by the application of either static or dynamic force (Horpibulsuk
et al, 2008, 2009 and Bo et al, 2014). The usage of recycled ma-
terials blended with high quality materials to stabilize marginal
soils has significant engineering, economical and environmental
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benefits (Arulrajah et al,, 2014a,b; Kampala and Horpibulsuk, 2013;
Kampala et al., 2013 and Phetchuay et al., 2014),

Recent usages of recycled materials in pavement applications
includes recycled glass for pavement and footpath bases (Disfani
et al,, 2014; Arulrajah et al,, 2013, 2014ab and 2015), spent coffee
ground in road work embankments (Arulrajah et al, 2014¢, 2015h),
construction and demolition materials used with geotextile in
permeable pavements (Rahman et al, 2015}, overburnt distorted
bricks as aggregates for pavement courses (Mazumder et al., 2006),
sand reinforced with plastic wastes (Consoli et al, 2002) and
crushed brick as supplementary material in bound pavement
(Disfani et al., 2014).

Melamine Debris (MD) is an industrial waste resulting from
plate and cup manufacture, This MD cannot be reprocessed for
manufacturing plates and cups (Siwadamrongpong et al, 2012). It
was reported by Srithai Superware Public Co,, Ltd, a largest mel-
amine tableware company in Thailand, that the company releases
400 tons of MD annually. Presently, this MD is disposed by com-
bustion at a very high temperature, which is costly and has sig-
nificant negative environmental effects. The sustainable usage of
MD in civil engineering applications will provide a lower carbon
footprint and result in positive social and economical impacts for
governments, industry and consumers.

The usage of MD in marginal soil improvement for pavement
application is innovative and of interest to the industrial sectors
and national road authorities, particularly as road construction
typically requires a large quantity of quality material, This paper
investigates physical and mechanical properties of marginal later-
itic soil blended with MD at various replacement ratios to ascertain
it as an engineering fill material. This research will enable MD
traditionally disposed to landfill, to be used in a sustainable manner
as a non-plastic replacement material for marginal soil (high fine
content) improvement.

2. Materials and methods

Marginal lateritic soil samples were collected from a borrow pit
in Maung district, Sakonnakhon province, Thailand (Fig. 1a) at
approximately 1.5 m depth. The lateritic soil is composed of 21.7%
fine-grained particles and 78.3% coarse-grained particles in which
25.6% is gravel and 31% is sand. The specific gravity of coarse-
grained particles is 2.67 and the liguid and plastic limits are
40.7% and 209%, respectively. According to the Unified Soil Classi-
fication System (USCS), the lateritic soil is classified as clayey sand
(SC). The grain size distribution curve is shown in Fig. 2 and basic
properties are summarized.in Table 1, According to the local road
authority specifications for subbase (DH-52{15/2532) and for engi-
neering fill materials {DH-S208(2532), this lateritic soil does not
meet the requirement of the local standards, and will require
blending with a higher quality material if it is to be considered as a
pavement subbase or fill material.

Melamine Debris (MD) was obtained from Srithai Superware
Public Co., Ltd, Nakhon Rachasima, Thailand, MD particles are
shown in Fig. 1b. The grain size distribution of MD {Fig. 2) shows
that MD is composed of 0.9% fine-grained particles and 99.1%
coarse-grained particles. It is a non-plastic material and is classified
as poorly graded sand (SP) based on USCS. The bulk specific grav-
ities of fine-grained and coarse-grained particles are 145 and 1.38,
respectively,

The laboratory evaluation program on marginal lateritic soil/MD
blends included specific gravity, water absorption, Atterberg limit,
particle-size distribution, modified Proctor compaction, Los
Angeles (LA) abrasion, California Bearing Ratio {CBR) and swelling
tests, All tests were undertaken following relevant American As-
sociation of State Highway and Transportation Officials (AASHTO)

(©

Fig. 1. Fhotos of {a} Melamine Debris {MD) {b} Lateritic Soil {c) Lateritic soilMD blends
at 50:50 ratio.

and American Society for Testing and Materials (ASTM), The later-
itic soil: MD ratios studied were 100:0, 50:50, 60:40, 70:30, 80:20,
90:10 and 0:100. Fig. 1c shows the particles of lateritic soil/MD
blend at 50:50 ratio.

The specific gravity and water absorption tests were performed
in accordance with AASHTO T85-70 and AASHTO T 84, respectively.
Atterberg limit tests were performed in accordance with AASHTO T
90. Particle size distribution analysis tests were performed in
accordance with AASHTO T 27-70. The particle size distribution
analysis and Atterberg tests were conducted on samples both
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before and after medified compaction tests to investigate the par-
ticle breakage due to compaction.

Medified compaction effort was used fo determine the
maximum dry density (MDD) and optimum moisture content
(OMC) of the lateritic soil/MD blends. The modified compaction
tests were conducted by following the AASHTO T 180. LA abrasion
test was performed in accordance with ASTM C131-69 and C535-
69. LA abrasion test is the most widely specified test for evalu-
ating the resistance of aggregates to abrasion and impact forces
(Papagiannakis and Masad, 2007},

California Bearing Ratio (CBR) was investigated in accordance
with AASHTO T 193, The CBR tests were carried out on the blends
subjected to modified Proctor compaction effort at the eptimum
water content and soaked for 4 days to simulate the worst-case
scenario { Arulrajah et al., 2014b},

3. Results
3.1. Physical properties

Since MD is classified as a nen-plastic material, MD replacement
can increase the coarse-grained material contents and
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Fig. 3. Particle size distribution of lateritic soil/MD blend at 408 MD replacement.

subsequently reduce plasticity of the marginal lateritic soil. Table 1
presents the physical and mechanical properties of lateritic soil MD
blends at various MD replacement ratios. The water absorption of
coarse-grained MD (=6.99%] is slightly higher than that of lateritic
soil {=595%; while the water absorption of fine grained MD
(=9.72%) is 2.3 times higher than that of lateritic soil (=4.19%). As
such, the water absorption values of both coarse and fine grains for
the lateritic soil/MD blends increase with increasing MD replace-
ment ratio. However, the specific gravities of the blends decrease
with increasing MD replacement ratio due to lower bulk and
apparent specific gravities of MD.

The grain size distribution parameters including Dyg, Dag, Dsa.
D, Cu, Ce and gravel, sand, and fine contents are also summarized
inTable 1. Figs. 26 show the particle size distribution curves of the
lateritic soil{MD blends at MD replacement ratios of 50%, 40%, 30%,
20% and 10%, respectively compared with the upper and lower
boundaries of subbase materials specified by the Department of
Highways, Thailand. It is noted that the MD particles larger than
3.80 mm {Dgy)} are above the upper boundary and MD particles
finer than 105 mm {Dyq) are below the lower boundary.

The results indicate that MD replacement reduces fine content
of the lateritic soil. Almost all particle sizes of the lateritic soil MD

Tahle 1

Physical and mechanical properties of marginal lateritic soil, MD and lateritic seil MD blends before modified compaction test.
Sample description MD Lateritic soil: MD Lateritic soil Remark

50:50 G40 70:30 80:20 90:10

Bulk specific gravity Coarse-grained 138 201 208 221 220 218 267 AASHTO T85-70
Bulk specific gravity Fine-grained 145 1.98 203 219 202 229 3.03 AASHTO 84
Apparent specific gravity Coarse-grained 153 232 241 257 257 254 318 AASHTO TR5-70
Apparent specific gravity Fine-grained 1.69 244 251 273 253 286 347 AASHTO 84
Water absorption Coarse-grained 6.99 G4 661 640 658 634 585 AASHTO T35-70
Water absorption Fine-grained (£) 472 959 932 956 593 865 415 AASHTO B4
LA abrasion valee (£) 13 41.1 433 476 504 514 581 ASTM C131,0535
wi (&) 378 384 389 393 389 407 AASHTO TS0
Wi (] = 267 258 238 232 229 209 AASHTO T20
Ip (%) - 111 126 15.1 166 17.0 128
Dy (mm) 0,90 - - - - - -
Dsp (mm) 2.00 125 200 0.85 150 1.20 1.80
Dyg (mmm) 300 350 400 350 380 350 450
Dyg (mmm) 380 475 520 500 530 490 550
C. 422 - - - - - -
Ce 117 - - - - - -
Gravel size content (%) 246 413 4138 419 44,2 409 473 Retained#4
Sand size content (%) 745 418 363 369 3359 389 30 Passed#4-Retain#200
Fines size content {%) LA} 169 184 212 189 202 217 Passed# 200
Classification-USCS 5P Shi M 5M 5C 5C SC
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blend at 50% MD replacement are within the acceptable boundaries
for subbase materials except the fine content being slightly higher
than upper boundary (15%). This blend is potentially suitable as a
subhase material if more MD replacement (>50%) is used. Even
though the gradation of all tested blends does not meet this spec-
ification, the fine content is reduced significantdy with increasing
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Fig. 6. Particle size distribution of lateritic soil/MD blend at 105 MD replacement.

MD replacement ratic and can be possibly used as the engineering
fill material. Due to the reduction in fine content, the liquid limit
{we) and plasticity index (I) reduce; ie., wy is 39.9%, 39.8%, 38.9%,
384% and 7.8% and Pl is 170, 166, 15.1, 12.6 and 111 for MD
replacement ratios of 10%, 20%, 30%, 40% and 50%, respectively.
Consequently, the lateritic soil{MD blends approach to a silty ma-
terial type with increasing MD replacement ratio; ie, they are
classified as SM, SM, SM, SC and SC for MD replacement ratios of
10%, 20%, 30%, 40% and 50%, respectively while the lateritic soil is
classified is SC. I is noted that wy and [, of these blends meet the
consistency limits specified for engineering fll materials (w; < 40%
and f, < 20%).

Besides the Atterberg limits and gradation, the durability of the
lateriric soil particles is improved by the MD replacement. The MD
has a relatively low LA abrasion of 113% compared to the lateritic
soil with LA equal to 58.1% Therefore, the MD replacement im-
proves the LA abrasion of the lateritic soil by reducing the 1A
abrasion value for the blends. The LA abrasion of lateritic soil de-
creases from 58.1% (for 0% MD replacement) to 41.1% (for 50% MD
replacement ). Even without the MD replacement, this lateritic soil
is considered as durable for subbase and engineering fill materials
based on LA abrasion requirement of <60% (DH-S, 1996).

3.2, Mechanical properties

The mechanical properties of compacted blends as an engi-
neering fill material were evaluated. The modified compaction test
results (Table 2 and Fig. 7) show that the blends at various MD
replacement ratins exhibit bell-shaped compaction pattern, typical
of traditional geo-materials (Horpibulsuk et al, 2008, 2009}, The
compaction characteristics of all blends were determined approx-
imately using parabolic functions where the peak was defined as
MDD and OMC. The maximum dry density (MDD} of the MD is
relatively low (8.2 kN/m’) compared to that of lateritic soil
{21.6 kiN/m*}, which is attributed to the lower specific gravity of
MD. The MD replacement significantly reduces the MDD of blends
from 21.6 kN/m (for 0% MD replacement) to 160 kN/m® (for 50%
MD replacement). The MDD values of the blends are between those
of the lateritic soil and MD, which are 19.4 kN/m®, 189 kN/m’,
182 kN/m® and 173 kNfm® for 10%, 20% 30% and 40% MD
replacement, respectively. This significantly lower MDD, typical of a
lightweight fill material, decreases the overburden on the founda-
tion, which is an advantage over traditional pavement subbase
materials. The decrease of optimum moisture content (OMC) is
associated with the increase in MDD, which is typical of compacted
geomaterial (Horpibulsuk et al, 2008, 2009). The OMC increases
from 7.6% (for 0% MD replacement) te 14.0% (for 50 MD replace-
ment}. The OMC valuesare 11%, 9%, 12%, and 12.5% for 10%%, 20%, 30%
and 40% MD replacement, respectively. The OMC of lateritic soil is
lower than that of MD and lateritic seil MD blends because of lower
water abserption of lateritic soil

The soaked CBR values at modified Proctor energy of each blend
increases with MD replacement ratio while the swelling values
decrease with MD replacement ratio as shown in Table 2. The
soaked CBR values at modified Proctor energy of each blend are
13.5%, 15.5%, 16.0%, 20.0% and 21.0% for 10%, 20%, 30%, 40% and 50%
replacement, respectively. The swelling values at modified Proctor
energy are 6.40%, 3.05%, L60%, 0.31% 0.86% and 0.55% for the MD
replacement ratios of 0%, 10%, 20%, 30%, 40% and 50%, respectively.

4. Discussion
The MD replacement technique has the advantage of reduced

particle breakage of the blends due to compaction as evident from
Figs. 2-6. The lateritic soil particles were broken down
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Table 2
Physical and mechanical properties of marginal lateritic soil, MD and lateritic soil MD blends after modified compaction test.
Sample description 1) Lateritic soil: MD Lateritic soil Remark
50:50 G040 030 80:20 90:10
Compaction (Modified ):Max Dry Density {KN/m*) 8.2 160 173 182 189 194 216 AASHTO T180
Compaction (Medified): OMC (%) 100 140 125 120 o0 11.0 760 AASHTO T180
California Bearing Ratio (Soaked 4 days) (%) = 21.0 20,0 160 155 13.5 a3 AASHTO T193
Swell (Soaked 4 days) (%) & 031 0.55 0.86 1.60 3.0 640 AASHTO T193
w (%) - 331 388 407 30 449 456 AASHTO TS0
Wp (&) 271 264 2449 2533 259 246 AASHTO T80
Ip (%) - 11.0 124 158 177 19.0 210
Dy (mim) 08 2 - -
Dsp (mm) 173 065 085 0,60 065 055 =
Dsp (mm) 260 275 3.5 275 3.00 2.90 250
D (mim) 3.20 4.00 4.50 4.00 450 4.20 400
C 40 = i 2 = = i
Co 1.2 = = e = = —
Gravel size content (%) 19.5 35.1 377 344 386 373 358 Retained#4
Sand size content (&) 781 a62 419 4149 364 325 329 Passed#4-Retaind 200
Fines size content () 24 18.7 204 237 250 25.2 313 Passed#200
Classification-USCS SP sM SM 5C 5C SC 5C

significantly, particularly for particles smaller than 10 mm while
the MD particle breakage is insignificant. By comparing Tables 1
and 2, it is evident that after compaction, the gravel-sized and
sand-sized particles content of lateritic soil decreases while the silt-
sized and clay-sized particles content increases; ie., the coarse
{gravel and sand) content decreases from 78.3% to 68.7% while the
fine (silt and clay) content increases from 21.7% to 31.3% after
compaction. The coarse {gravel and sand ) content of MD decreases
from 99.1% to 97.6% while the clay content increases from 0.9% to
2.4% after compaction. The change in coarse material content of MD
is minimal because the decrease in gravel-sized particles is asso-
ciated with the increase in sand-sized particles (Table 2}. As such,
MD replacement possibly prevents the breakage of the coarse
aggregate and hence the minimal reduction of the fine content as
noted by the small increase in fine content with increasing MD
replacement ratio. The difference in fine content of the blends
before and after compactionis 5.0%, 5.1%, 2.5% 2.0% and 1.8% for MD
replacement ratios of 10%, 20%, 30%, 40% and 50%, respectively. This
implies that the higher MD replacement results in lesser particle
breakage. The soil classification of the blends before and after
compaction remains the same for all MD replacement except 30%
MD replacement. At 30% MD replacement, the soil classification
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changes from SM to SC, which indicates that this replacement ratio
is at the threshold limit for this replacement method.

The particle breakage leads to the increase in liquid limit and
plastic limit of lateritic soil. Without MD replacement, wy increases
from 40.7% to 45.6% and Pl from 19.8% to 21.0% after compaction.
Whereas changes in wy. and 1, of the blends after compaction is
insignificant particularly for 50% MD replacement. Since the me-
chanical properties of compacted marerials is governed by the
after-compaction physical properties, increased particle breakage
results in poorer mechanical properties. In other words, the MD
replacement prevents particle breakage and hence the improve-
ment of mechanical properties, which are soaked CBR and swelling.

Generally, bearing capacity as measured by CBR and swelling of
the compacted materials are controlled by the fine content. Higher
fine content causes the higher water holding capacity in which the
water acts as a lubricant among the soil particles and results in
loweer bearing capacity or CBR. As such, the higher MD replacement,
which reduces the fine content and water helding capacity, results
in the higher soaked CBR.

Even though the water absorption increases with increasing MD
replacement (Table 1), the swelling of the blends decreases. In
other words, the higher water absorption of the blends is not
associated with the higher swelling because the MD is non-plastic
and non-swelling material. Increased MD replacement increases
the non-plastic material in the blends, resulting in a decrease in
swelling.

Fig. & shows the spaked CBR values at different compaction
energy levels in logarithm function. For a particular MD replace-
ment ratio, the soaked CBR significantly increases with compaction
energy, £. There are two linear slopes and the slope change is found
al E = 2681 kljm® (modified Proctor energy). The second slope
{E > 2681 KJ/m’) is steeper than the first one (E < 2681 kjjm’),
indicating that the compaction energy is more significant on the
increase in soaked CBR when E > 2681 kJjm>. For a particular en-
ergy, the soaked CBR increases with the MD replacement ratio; ie.,
the 50% MD replacement exhibits the highest soaked CBR for all £
values. It is obvious that the first slope of all the blends is essentially
the same and the second slope of 50% replacement blend is the
highest. This implies that the rate of soaked CER development with
MD replacement ratio at E < 2681 kjjm’ is essentially the same
even with different MD replacement ratios,

Fig. 9 shows the swelling versus logarithm of E relaticnship for
various MD replacement ratios. Similar to the soaked CBR versus
Iogarithm of E relationship, the E = 2681 kljm’ is regarded as the
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threshold limit separating the first and second slopes of swelling
versus logarithm of E relationship for lateritic soil. Without MD
replacement, £ can reduce the swelling, especially when
E > 2681 kljm” as seen that the second slope is remarkably lower
than the first slope. The MD replacement significantly reduces the
swelling; ie., the swelling of lateritic soil reduces more than twice
when enly 10% MD is replaced. The first and second slopes of the
blends are essentially the same and can be represented by a gentle
linear function when MD replacement is greater 20%. It is noted
that the swelling of the blends is significantly reduced even at a
small £ level unlike the marginal lateritic soil {without MD}, which
requires high £ level to increase attractive forces ameng saoil
particles.

Based on an analysis of soaked CBR and swelling test results, it is
practical to relate the soaked CBR and swelling of blends at various
compaction energies in term of MD replacement. Figs. 8 and 9 show
that the improvement rate of soaked CBR with MD replacement
ratio is significantly dependent upon E and F = 2681 kJjm® is found
to be the threshold limit. Whereas the improvement rate of
swelling with MD replacement ratio is marginally dependent upon
E. As such, the predictive equations {Figs. 10 and 11 ) for soaked CBR
and swelling in term of MD replacement ratio are presented as
follows:
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Hg. 9. Swelling versus compaction energy relationship for lateritic soilf MD blends.
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CBRyp
CBRy

—1.365exp(0.010MD) for 119?kj;"m3 <E<2681ij.-“'1n3
1

R _ 1 231 exp(0.009MD) for 2681K /m* <E<3591K /m?
CBR, j /
(2)

Ssﬂ: 10.867 exp(~0.06MD} for 2681K] /m’ <E<3591K] /m’
0
(3

where CBRyp and CBRg are the soaked CBR at different MD
replacement ratios {ranging from 0% to 50%} and soaked CBR at 0%
MD replacement, respectively and Syp and 5 are the swelling at
different MD replacement ratios (ranging from 0% to 50%) and
swelling at 0% MD replacement, respectively. These predictive
equations are useful for predicting soaked CBR and swelling at
different MD replacement ratios based on the values of lateritic soil
{without MD replacement ). The coefficients of correlation of these
equations are greater than 0.91, confirming the validity of these
equations. The formulation of the predictive equation is on sound
principle and can be fundamental to other marginal soils.

Table 3 summarizes the physical and mechanical properties of
the blends ar varieus MD replacement ratios compared with the
requirements for subbase and engineering fill materials specified
by the Department of Highways, Thailand. It is evident that the
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Fig. 11, Relationship between normalized swelling and MD replacement ratio.
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Table 3
Mechanical properties of lateritic soil/ MD blends cempared with requirements for engineering fill and subbase materials.
Sample description Subbase material (DH-5205/2532)  Engineering fill material (DH-S208/2532) MD  Latenitic soil: MD Lateritic soil
50:50 60:40 70:30 B0:20 90:10
LA abrasion value (%) <60 <60 113 411 433 476 504 514 581
California Bearing Ratio (¥) 25 =10 - 210 200 160 155 135 93
Swell (%] <4 <3 = 031 055 086 160 3.05* 640
w (%) <35 <40 — 378 384 339 398 399 407
Ip (%) <11 <20 - 111 126 151 166 170 198
Remark —  Meet to Selection Material ~ “Not meet.

marginal lateritic soil has lower soaked CBR and higher swelling
and wy than the requirements for both subbase and engineering fill
materials. MD replacement can improve these unfavorable re-
quirements. With 205 MD replacement, the physical and me-
chanical properties of blends meet the requirement for engineering
fill material. The 50% MD replacement blend is also at the border-
line of the specification for subbase material

5. Conclusions

The marginal lateritic soil improvement by MD replacement is
found to be a sustainable engineering fill material based on this
research. The laboratory evaluation of the lateritic soil/MD blends
at different MD replacement ratios included physical property tests
such as particle size distribution, Atterberg limits and LA abrasion,
as well as mechanical property tests such as soaked CBR and
swelling.

MD replacement reduces plasticity, unit weight and particle
breakage of lateritic soil, resulting in the improvement of both
physical and mechanical properties of marginal lateritic seil. The
higher particle breakage resistance minimizes the fine content after
compaction; hence, the soaked CBR increases and swelling de-
creases with increasing MD replacement ratio. With the lower unit
weight and better mechanical properties, the lateritic soil/MD
blends provide lower overburden of the pavement structure on
foundation and higher stability than the conventional fill materials.

The compaction energy, E affects the rate of soaked CBR devel-
opment with MD replacement ratio whereas the E insignificantly
affects the rate of swelling reduction with MD replacement ratio. As
such, two predictive equations for soaked CBR in term of MD
re?]acemem ratio are proposed for £ < 2681 ldfm:‘ and £ > 2681 kJ{
m°, respectively while a unique predictive equation for swelling in
term of MD replacement is proposed for various E values, The
predictive equations for soaked CBR and swelling proposed are
useful for geotechnical and pavement practitioners. The soaked CBR
and swelling of blends at varigus MD replacement ratios and E
values can be predicted once the soaked CBR and swelling of
lateritic soil {(without MD) are known. The formulation of the
proposed equations is based on sound principles and can be
potentially extended to other types of marginal soils.

MD replacement can improve the mechanical property
requirement for engineering fill material according Lo national local
authority. The MD traditionally destined for landfill can be used as a
replacement material to stabilize lateritic soil for developing the
sustainable engineering fill material. With 20% MD replacement,
the physical and mechanical properties of blends meet the
requirement. The 50% MD replacement blend is at the borderline of
the specification for subbase material.
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