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ABSTRACT

This is a geotechnical and environmental resealdutathe aging effects on the
mechanical properties of waste in landfills. Thgeobves of this dissertation are (1) to study
the aging effects on the mechanical propertiesast@/mixture in coastal landfills, and (2) to
evaluate the effects of waste biodegradation omrteehanical properties of municipal solid
waste.

Coastal landfill sites not only offer an option fdisposal but they also create a new
land space after the completion of landfilling iapdn. To perform proper design against
settlement, stability, and/or bearing capacity andfill sites, the investigation of the
geotechnical properties of the waste mixture lagach as deformation and shear strength, is
required. Therefore, this research focuses on #whanical properties of waste mixture layer
such as municipal solid waste incinerator ash,, s$ag, etc., in order to provide useful
information on geotechnical properties to utilizestal landfill sites after their closure. The
effects of aging on the mechanical properties aftevanixture in coastal landfill sites were
examined. A series of triaxial consolidated undedicompression tests (CU) and hydraulic
conductivity tests were carried out on waste mixtsamples before and after being cured in
water that simulated water in coastal landfill sifer different periods to understand the
change of mechanical properties of waste mixtuhe fesults showed that an increase in the
shear strength of the waste mixture samples witinguime was not due to bonding effect or
other effect to improve the strength propertiesaid phase but only due to the densification
of the waste mixture sample. In addition, scanrefgctron microscope results and X-ray
diffraction analysis on the waste mixture samplesficmed that ettringite and hydration
products were formed reducing the volume of voidcgpwhich in turn increased the shear
strength and reduced the hydraulic conductivitwaste mixture samples.

In the second stage, a large-scale triaxial testsubjected to waste mixture samples
due to the presence of large particles in coaatallfill sites. The value of shear strength
parameters obtained from the triaxial tests fogdasamples are similar with those of small
samples. However, the peak deviator stress foelaagmples was lower than those of small
samples. This is due to the dissipation of poreematessure that affects stress paths reducing
in the strength of large samples. The smaller whfeshear strength for large samples are
also related to the crushability of large partisiee. In the case of undrained condition and

rapid loading in coastal landfill sites, it is segted to use the large triaxial test.



In the next stage, the aging effect on the mechampioperties of waste in bioreactor
landfills was investigated. Lab-scale bioreactondfdls were constructed to simulate
municipal solid waste (MSW) landfills under anaecotonditions. Synthetic MSW (SMSW)
was prepared using different types of materialsreate an approximate representation of a
typical MSW sample in Vietnam. During the test, pthemical oxygen demand (COD) of
the leachate and gas production were measureddpmily for estimating the current
biodegradation phase. Then, SMSW was extractedtestdd for physical characteristics,
settlement and shear strength properties. Consiolideest and consolidated undrained (CU)
triaxial compression tests were conducted for ahitvaste and biodegraded waste. The
consolidation test showed that compression indek8W is reduced due to decreased of
organic content with biodegradation process thatemsed in the dry density of MSW
samples. From the triaxial test results, cohesamged from 4.4 to 10.1 kPa and friction
angle varied from 20.8° to 41.2°. The cohesion weasiced with the biodegradation and this
increased the concerns for the stability of biom@adandfills. The changes in the
geotechnical properties of the MSW due to wasteatkgion should be accounted in the

analysis settlement and stability of bioreactodfdis.
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CHAPTER 1: INTRODUCTION

1.1 General Remarks

Municipal solid waste (MSW) management is beconangorldwide challenge due
to the rapid urbanization and growth in populatibat is accelerating its generation rate
(Seo et al. 2004). MSV¢ the type of waste that includes primarily howddiwaste (e.g.
paper, plastic, package wrappings, food scrapsssgiippings, etc.). The MSW

constituents can be divided into organic and inoigéSee Table 1.1).

Table 1.1MSW composition for different income levels (Tchabaglous et al., 1993)

Countries income
Waste component

High Medium Low
Organic
Food Waste 6-30 20-65 40-85
Paper/Cardboard 20-45 8-30 1-10
Plastics 2-8 2-6 1-5
Textile 2-6 2-10 1-5
Rubber & leather 0-2 1-4 1-5
Wood & yard waste 10-20 1-10 1-5
Misc organic waste <1 <1 <1
Inorganic
Glass 4-12 1-10 1-10
Tin cans 2-8 1-5 1-5
Aluminium 0-1 1 1-3
Other metals 1-4 1 1-5
Dirt, ash etc. 0-10 1-30 1-40

Depending on the waste composition, there are wsnoethods to treat the waste
including reuse and recycling, composting, inciiera and disposal at landfill

(Williams, 1998). Table 1.2 shows a comparison akte treatment options for different



countries. In this table, landfilling is the maiptimn for solid waste disposal because
landfilling is the cheapest and easiest way to aispof wasteHowever, this kind of
disposal method presents problems associated agkhdf land to locate landfill sites as
well as air and water pollution. Thus, it is esgdrib propose and apply new methods as

waste management solutions.

Table 1.2 Comparison of waste treatment practices (%) (ADB1J0

) ) Composting? ) )
Country (Year) Untreated Sanitary Landfill _ Incineration
and Recycling

Bangladesh (2001) 88 10 2 0
China (2006) 48 43 2 8
European Unioh 0 45 36 19
Hong Kong 0 55 45 0
India (2001) 60 15 10 5
Japan (2005) 0 8 19 73
Nepal (2001) 70 10 5 0
Singapore (2007) 0 10 0 90
United States 0 54 34 13
(2007)

% or Bangladesh, India, Nepal, and Sri Lanka, therés reflect only composting activities. Recyclinghese countries is done by the informal sector,
and it is found that around 15%—-20% of total waisténdia for example, could be recycled.

® Average of 15 European Union countries.

Sources: ADB. 2005. Country reports for Bangladéstiia, Nepal, and Sri Lanka. Unpublished documentier RETA 6337:

Development Partnership Program for South Asia; ADB United Nations Economic and Social Commis&iosia and the Pacific. 2008tate of the
Environment in Asia and the Pacific 2000ew York: United Nations; and Zhu, D., et al. 800

Improving Municipal Solid Waste Management in IndidSourcebook for Policy Makers and Practitioneéf¢ashington, DC: World Bank.

Recently, bioreactor landfills have attracted diten as an option for waste
treatment. In a bioreactor landfill, MSW decompiositand stabilization is accelerated by
re-circulating the generated leachate, which ceeatmore favorable environment for the
biological decomposition of organic matter insitle tandfill. Some of the advantages of
bioreactor landfills include: 1) increase effectieduse density and landfill capacity; 2)
increase rate of gas production and 3) reducedbieat landfill maintenance after closure
(Barlaz and Reinhart 2004).

Nowadays, in Japan, it is difficult to construclamd waste disposal sites due to
limited available land. Incineration has becomelatson to reduce waste volume with up
to 78% of Japan’s waste being incinerated (Shimaekaal. 2007). Thus, coastal
landfilling has become an important disposal metbohunicipal solid waste incinerator



ash (MSWIA), and recently, many studies have bemtuded in the geotechnical
properties of MSWIA to reclaim landfill sites aftés closure and to reuse landfilled sites
land space. Normally, the types of waste accepted coastal landfill site include
MSWIA, industrial waste, surplus soil and dredgeatenal. Therefore, it is important to
understand the geotechnical properties of wastéungixn coastal landfill site.

This study focused on the aging effects on the m@@chl properties of waste.
There are different aspects related to aging effescich as the creep behavior, the
biodegradation and hydration process of materiginé effects is defined as the time-
dependent changes in the stress-strain propertidading all the mechanical properties
of geomaterials which could be described as a fomcf time (Tatsuoka et al. 2008). For
aging effects presented by Tatsuoka et al. (200®), authors focused on the rate-
dependent response of material due to viscous pxopech as creep and stress relation,
etc. It has been reported that the aging effectarmd increases its strength and stiffness
(Mitchell and Solymar 1984; Schmertmann 1991; Baxted Mitchell 2004; Mitchell
2005). There are various mechanisms that can exfilai aging effects in soil; however,
the dominant factors are mechanical and/or chemical

The aging effects of MSW material can be consideretionly creep behavior
similar to Tatsuoka et al. (2008), but also therddgtion of waste due to a high organic
content of MSW. The composition of MSW will be clgais with degradation process due
to MSW generate to COand methane in anaerobic condition. Therefore, the
understanding of the geotechnical properties of M8Wbe invaluable in assessing the
reliability of facilities constructed with such nesials. However, it is very difficult to
determine the mechanical properties of MSW due tgh hthe compressibility,
heterogeneous composition and the degradation 8/M3evious studies have discussed
the mechanical properties MSW (Landva 1990; Galdr dalero 1995; Hossain et al.
2003; Hossain and Haque 2009; Reddy et al. 200B@. results showed that the
mechanical properties of MSW vary with age and dgmasition. During the design and
operation of a bioreactor landfill, the settlemant stability of the landfill are crucial
issues. In this type of landfill, leachate reciatidn increases the water content and pore
water pressure which could lead to landfill inslibin the long-term. However, there are
few studies about the effect of biodegradationlenrmechanical properties of municipal
solid waste in a bioreactor landfill. In additioegarding the impact of biodegradation on
the strength of MSW, the results reported by redeas are not consistent. While some

researchers pointed out that shear strength decteasth an increase in MSW

3



decomposition (Hossain 2002; Hossain and Haque)2@der researchers reported an
increase in shear strength with decomposition cftevéReddy et al. 2009a; Reddy et al.
2009b; Machado et al. 2010). Therefore, selectidnappropriate shear strength
parameters during the waste biodegradation prooas®ins a challenging issue for
bioreactor landfill design.

In the case of coastal landfill sites, aging effentthe mechanical properties of
waste layer also need to be considered for reclamdh coastal landfill sites, MSWIA,
slag, surplus soil and dredged sand are mainlyodesh For MSWIA, the aging effect in
laboratory tests has shown an increase in the stesargth (Sato et al. 2001; Itoh et al.
2005; Towhata et al. 2010), a decrease in hydraiductivity (e.g., Doi et al. 2000;
Sato et al. 2001; Itoh et al. 2005; Towhata et2@ll0), and an increase of unconfined
compression strength (e.g., Doi et al. 2000). Tokowing mechanisms have been
proposed to explain the adding effects on MSWIA:

e Hydration and pozzonalic process (Sato et al. 200Wyhata et al. 2010).

« Self-hardening behavior (Itoh et al. 2005; Towrettal. 2010)

« Ettringite generation with time (e.g., Doi et ab(D).
However, there are not available studies abouadjireg effect of waste mixture in coastal
landfill sites. Therefore, this research investgathe aging effect on a waste mixture
layer in coastal landfill sites. In this researtie mechanical properties tests for waste
mixture samples were conducted after curing sedags in simulated surface water in
coastal landfill sites. This part also can be odesd the creep behavior as well as

hydration of waste mixture.

1.2 Objectives and Scope

The aim of this study is to investigate the effe€ttime dependency on the

mechanical properties of waste in landfill siteseTnain objectives of this research are:

1) To study the aging effects on the mechanical ptegseof waste mixture in a
coastal landfill site.

2) To evaluate the effects of biodegradation on thehaeical properties of

municipal solid waste.



1.3 Outline of Dissertation

This dissertation is divided in seven (7) chapt@iise main points and the research

methods of this study are listed in Table 1.2. Bagithe experimental work, consolidated

undrained triaxial (CU) test and consolidation ,tegre mainly used for estimating the

changes of the mechanical properties of waste tvite. The outline of this research is

shown in Fig 1.1 and summarized as follows:

1)

2)

3)

4)

5)

Chapter 1 presents the objectives of this reseamdhoutline the content of this
dissertation.

Chapter 2 includes a literature review of landfdlassification, waste
decomposition, and geotechnical issues relateaeactor landfill, as well as
geotechnical issues related to the utilizationazfstal landfills.

Chapter 3 describes the aging effects on the melaproperties of a
mixture waste sample that have been cured for up8tb days in simulated
coastal landfill leachate. In order to investigéte mechanical properties,
laboratory tests such as consolidation, CU triaxi@canning Electron
Microscopy (SEM) and X-ray diffraction analysis (RiRwere carried out on
waste mixture samples before and after being curled.author also proposes
the mechanism of aging effect on mechanical prasedf waste mixture layer
in coastal landfills.

Chapter 4 discusses the scale effect on shearg#irgmoperties of waste
mixture in coastal landfill site. In this chapter]arge triaxial test which is 15
cm in diameter and 30 cm in height of specimen easied out due to the
presence of large particles in the waste mixtunapéa. The comparison
between small and large triaxial test results isessary for better
understanding of the shear strength behavior oftevasixture in coastal
landfill sites.

Chapter 5 discusses the effect of waste biodegoadatn mechanical
properties of MSW in bioreactor landfills. In thchapter, the lab-scale
bioreactor landfills were constructed to simulateM&SW landfill under
anaerobic condition. Synthetic MSW (SMSW) was pregausing different
types of materials to create an approximate reptasen of a typical MSW

sample in Vietnam. During the test, pH; chemicaygen demand (COD) of



the leachate and gas production were measureddpiily for estimating the
current biodegradation phase. Then, SMSW was dgttaand tested for
physical characteristics, settlement and sheangtingoroperties. Consolidation
tests and consolidated undrained (CU) triaxial c@®gfion tests were
conducted for initial waste and waste after bioddgtion in order to estimate
the effect of biodegradation on the mechanical @rigs of waste in a
bioreactor landfill.

6) Chapter 6 discusses the results obtained from xiperienental results and
presents the practical implications of this study.

7) Chapter 7 summarizes the results of this study sugtjests further areas of
research in this topic.

Introduction
(Chapter 1)

Literature review
(Chapter 2)

Aging effects on the mechanical
properties of waste mixture in
coastal landfills sites
(Chapter 3)

Fig.

Scale effects on shear
strength of waste mixture in
coastal landfill sites
(Chapter 4)

Practical implications
(Chapter 6)

Conclusions and recommendations

(Chapter 7)

1.10utline of dissertation

Effects of biodegradation on
the mechanical properties of
MSW in bioreactor landfills
(Chapter5)




Table 1.3Main points and research methods in this study

Chapter

Main points Research methods

Mechanical properties of waste mixture in Laboratory test and

coastal landfill site:

» Material: waste mixture collected fron
a coastal landfill site.

« Mechanical properties test: CU triaxial
test (50mm x 100mm), hydraulic
conductivity

* XRD, SEM analysis

associated analytical metho

L

Scale effect on shear strength of waste
mixture in coastal landfill site:
» Material: waste mixture collected from
a coastal landfill site.
* Large triaxial test (150 mm x 300 mm)
« Comparison of shear strength results

small and large samples

Laboratory test

Effect of biodegradation on mechanical
properties of municipal solid waste in
bioreactor landfills:
» Material: synthetic municipal solid
waste
* Bioreactor tests

» Consolidation and triaxial CU test

Laboratory test and
associated analytical metho

L




CHAPTER 2: LITERATURE REVIEW

2.1 General Remarks

The effective utilization of natural resources isracial issue for every country
due to population expansion and the consumptiathha@ge resources. The production of
large amounts of waste makes it difficult to ugedfdling as a disposal method due to the
lack of available land. Thus, the implementatiorBd®s programs is important to reduce
the amount of waste to be disposed. In additiahigy recycling and the construction of a
sound material-cycle society need to be promoted.

Nowadays, as waste generation increases signifjcambridwide, a greater
demand for both waste collection and innovativattreent options, is required (ADB
2011). The main target of municipal solid waste V)Smanagement is to treat the waste
in an environmentally and socially acceptable manngith appropriate clean
technologies. This approach could reduce the enwiemtal problems, including air
pollution, soil and groundwater contamination, amtissions of greenhouse gases.

The aging effect is an important factor on the na@atal properties of waste in
bioreactor landfills and in the mechanical promsrtof coastal landfill sites. In this
research, the aging effect on the mechanical ptiegesf waste is studied. The purpose of
this chapter is to briefly introduce (1) a genedaksification system for landfill sites, (2)
the decomposition bioreactor landfill, (3) the apieffects on mechanical properties of
waste in bioreactor landfill and (4) the aging eféeon the mechanical properties of

coastal landfill sites.

2.2 Classification of landfill sites

Landfill sites can be categorized according torthegation into inland landfills
and coastal landfills as shown in Fig. 2.1. In dapaland landfill sites are classified into
3 categories as shown in Fig. 2.2. According ts ttiassification: a) Non-degradable
waste landfills are used for reclaiming stable tafses (e.g. plastics, metals, concrete,
waste rubber, and waste glass; b) degradable anctipal solid waste landfills are used

for reclaiming incinerator ash and sludge. In tiyize of landfill an impermeable cover



system is not required, as semi-aerobic and aersymtems in Japan should allow
infiltration to occur in order to achieve the steation of landfilled waste for future use

after closure; c) hazardous waste landfills areduUse hazardous substances, and they

required a cement concrete layer to contain theen@data 2009).

Inland landfill site Coastal landfill site

Fig. 2.1Classification of landfills due to its location

The Standard for landfill sites in Japan allows titdization of a natural layer
with a thicknesg 5 m and a hydraulic conductivity1x10-7 m/s. If these conditions are
not achieved, it requires one of the following thtmer systems: (1) two geomembranes
(GMs) which sandwich a nonwoven fabric or otherhoois material, (2) a GM underlain
by an asphalt-concrete layer5 cm in thickness with a hydraulic conductivitylx10°
m/s, or (3) a GM underlain by a clay liner 50 cm in thickness with a hydraulic
conductivitys 1x10® m/s (Kamon and Katsumi 2001).

In Japan, due to inland limitation, the locatiofidamdfills have been diversified
to coastal areas (Inazumi 2011). The role of codatalfill sited has been increasing
steadily (Inazumi 2011). Coastal landfill sites@aat for only 2% of the total number of
sites, but 28% of landfill volume due to its lapgpacity (Tanaka et al. 2005).
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Fig. 2.2Types of inland landfill sites in Japan
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2.3 Aging effects on the mechanical properties of MSWhi bioreactor
landfills

This section summarizes a literature review abdwg &ging effects on the
mechanical properties of MSW. Previous studies haiscussed the mechanical
properties of MSW and pointed out that the meclamooperties of MSW vary with age
and decomposition (Landva 1990; Gabr and Valerdb18fbssain et al. 2003; Hossain
and Haque 2009; Reddy et al. 2009a).

2.3.1 Decomposition of MSW in bioreactor landfills

Decomposition of waste in a landfill site is usyadkplained as a four-phase time
sequence (Barlaz et al. 1989). The processes ticat @t each phase of decomposition
can be summarized as follows:

Phase 1- Aerobic Phaseéifter the initial placement of the waste, the oxyge
present in the voids is consumed for the,(QPoduction. During the aerobic phase,
leachate strength is relatively low and the gasipced is mainly C@and N with no
methane production.

Phase 2 - Anaerobic Acid Phada:this phase carboxylic acids accumulate and pH
decreases. The gas produced is still mainly @{h little methane production at the end
of the phase. The decomposition of solid is estehddb be between 15-20% based on
laboratory data.

Phase 3 - Accelerated Methane Production Phéseincrease in pH and methane
production, a decrease in carboxylic acid concéntraand a methane concentration of
50-60% marks the onset of this phase. Due to theredee in carboxylic acid
accumulation, pH increases significantly. Solidsaleposition occurs in this phase but
most of the methane is due to depletion of carboxadids accumulated in phase 2.

Phase 4 - Decelerated Methane Production Phase: rate of methane production
decreases but the methane and carbon dioxide doaens remains the same as in the
previous phase, about 60% and 40% respectively. Tdte of cellulose and
hemicelluloses decomposition reaches its maximurthiatstage. In the earlier phases
refuse decomposition leads to the accumulatioradiaxylic acid whereas in the fourth

phase the rate of polymer hydrolysis exceeds thergbhases and no accumulation of
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carboxylic acids are observed. Solid decomposisd0-70% in this phase depending on

the methane production and operational managemactiqes.

Aerobic  Anaerobic Accelerated Decelerated
100 Acid Methane Methane

- oC 02 Rate 906
%CH
€ 4
60 680
40 453
20 o 227
Fe
2
[

Gas Composition (%)
Methane Production Rate
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2 ) 5
€ 1 Acids pH a 100 =
- N e A I
k!
2 75 z
% Solids s g s
% 5 Remaining 7 |50 £ {'f,‘,
<
g o
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a ‘\—u_/’——_u

Cellulolytics
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N

&

o 7 20 2734 41 48 69 a0 111

Day

Fig. 2.3Summary of observed trends in refuses decomposition
with leachate recycles (Barlaz et al. 1989)

The pH value of leachate is another indicator ef decomposition stage (Hossain
2003). The optimum pH for anaerobic systems ramgdseen 6.5 and 7.6 (Parkin and
Owen 1986). Gas generation and decomposition haes been reported to be highest at
near neutral pH levels (Alyousfi et al. 1993).

In general, the pH of leachates range betweenrtl B8 for conventional landfills
(Kjeldsen et al. 2002) and from 5.4 to 8.6 for bator landfills (Hossain 2002). Initially,
the pH of leachate may be neutral; however, afteranset of anaerobic conditions, the

pH drops especially during the acid forming phdses drop in pH is most likely caused
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by the volatile fatty acid production and their acwilation in the leachate (Townsend et
al. 2004). The pH, however, will tend to becometraas methanogens consume these
acids.

In the case of leachate recirculation in a biomaletndfill, MSW decomposition is
accelerated and this increases potential instaliilithe landfill. Therefore, the study of
the effects of MSW decomposition and geotechnioaperties in a bioreactor landfill are

of high relevance.

2.3.2Aging effects (biodegradation) on the mechanical mperties of MSW in
bioreactor landfills

In contrast to the traditional landfill approach,bebreactor landfill operates to
rapidly transform and degrade the organic companehthe waste mass (see Fig. 2.4).
The bioreactor landfill accelerates the MSW decositppn and its stabilization by re-
circulating the leachate (Reddy and Bogner 2003gieludy et al. 2008; Valencia et al.
2009). Leachate recirculation in a bioreactor ldhdfonsiderably changes the
geotechnical characteristics of the waste, andetber increases the concern for waste
stability (Reddy and Bogner 2003). MSW settlemerd ahear strength are discussed in

the following sections.

Anaerobic Bioreactor

Monitoring ik o
1o~ "
3 («% »
e Leachate | Liquids Addition
Gas Collection

Fig. 2.4 Anaerobic Bioreactor (Waste Management, March 2pp®5-27).

13



2.3.2.1 Settlement of municipal solid waste in bieactor landfill

The MSW settlement is very important for a bioreactandfill during its
operations. The MSW settlement is difficult to detme due to the heterogeneous,
anisotropic and unsaturated condition of the MSWe Bettlement of MSW depends
mainly on the amount of organic content, initiahsi¢y, fill height, stress history, water
content, composition and waste decomposition (Eahd Berthouex 1990). The
mechanisms of settlement in MSW are not clear aadymesearchers have been focused
in trying to identify them. The settlement of MSW ¢ommonly estimated using the
theory of one-dimensional consolidation (Fassetlel1994; Hossain 2003), with the
total settlement divided into primary and secondaygponent (Sowers 1973; Fassett et
al. 1994; Hossain et al. 2003).

There are various equations that explain the setthd® undergoing degradation.
Sowers (1973) presented the estimation of settlerasrihe following equations:

For initial compression,

5, = ﬁ‘fg o (2.1)

=

where,s; is the settlement due to initial compression (&))js stress increase in stratum

(kPa);H, is initial height of the MSW (m)g, is the modulus of elasticity (kPa).

For primary compression according Terzaghi theory,

S, = H,Cllog[(g, + Ag) /ay] (2.2)

where,5,, is the settlement due to primary compression fin)s the height of refuse
after initial compression (my!is modified primary compression indesx; is existing
overburden pressure at the middle level of therl@fa); Ao is increment of overburden

pressure at middle level of the layer (kPa).

And for secondary compression,

S, =H,Chlog[t/t,] (2.3)
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where,s . is the settlement due to secondary compressionHmis the height of refuse

after primary compression (mf,, is modified secondary compression index; t is the

time; t,, is time for primary compression to occur.

Many researchers have noted that the MSW settlerdesteases as MSW
degradation increases. For example, Wall and 4&B95) conducted a study to evaluate
the effects of biodegradation on settlement andttmly time reduction by applying
leaching recirculation in the landfills. They obesd that biodegradation has very little
effect on the secondary settlement rates. Totakrofsolids decomposed during the test
period (250 days) was 1 % whereas the secondatiersent at the same period
accounted for 4 % deformation. The results preseloyeGabr and Valero (1995) showed
a high compressibility of waste. Typical values itsf modified primary compression

index () are in the range of 0.2 to 0.5 depending on thess level, whereas rate of
compression index;, was in the range of 0.2% to 3%. It also appearaticipincreased

with increasing organic content. Similar resultsoashowed that compression ratio
decreased with decreasing organic fraction (Sow@r8; Chen and Lin 2009) as well as
with the increasing contribution of incompressibteaterials. Chen and Lin (2009)
reported trends of decreasing. @ith increasing waste depth and increasing wagée a
(i.e., waste decomposition).

However, other researchers have showed an oppestionship between MSW
and waste decomposition with the compression ind@¥, increasing with waste
decomposition. For example, Hossain (2003) conduateest with eight 4 L reactors for
both conventional landfill and bioreactor landfillehe reactors were filled with refuse to
prepare samples at different stages of decompodguiiocompressibility testing. The state
of decomposition was quantified by the methanedyiahd the cellulose C plus
hemicellulose (H) to lignin (L) ratio ((C+H)/L). Ehcoefficients of primary compression
(Co) for bioreactor samples showed an increasing treitld decreasing (C+H)/L ratios.
C. increased from 0.16 to 0.36 as (C+H)/L decreasau fL.29 to 0.25. The creep index
range was estimated at 0.02-0.03 for bioreactor pksmmin various states of
decomposition. The magnitude of the biological degtion index{g) depended on the
degradation phase with the highest value of 0.18inéd during the phase of accelerated
methane production.
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In this research the modeled for long-term settl@mgth three terms is presented in Eq.
(2.4)

AH | t, | ty | ty
?—Cm- Dg(a)-l-[?g Dg(a)+ﬁ'c"f Dg(g) (2.4)

where G =compression index, which is a function of strésgel and degree of
decomposition (~0.03);; t=time for completion of initial compression (~16-Hays);
to=time duration for which compression is to be eatdd (~100 to 2,000 days);
Cg=biodegradation index (~0.19)s=time for completion of biological compression
(~3,500 days); G=creep index; and,ttime for the creep at the end of biological
degradation. A similar behavior of MSW settlemerdreasing with degradation was also
confirmed by Reddy et al. (2009a). They determitedchanges in settlement of a MSW
landfill which was subjected to leachate recirdokatfor about 1.5 years. The authors
pointed out that due to the low amount of leachatgrculation; the extent of MSW
degradation was minimal, leading to only minor elifinces between the properties of
fresh and landfilled MSW.

Overall, past researches have not systematicallyackerized the change in waste
compressibility as a function of degradation anel tbsults of MSW settlement related
with MSW decomposition are not consistent (See dahl)

Table 2.1Summary of primary and secondary compression ificen various researches

Aged waste Modified primary Modified secondary Author
(years) compression index | compression index
) ) 0.02 Sowers (1973)
15-30 0.2-0.5 0.002-0.003 Gabr and Valero(1995)
Fresh - 0.004 Wall and Zeiss (1995)
Fresh 0.16-0.36 0.02-0.03
. C:=0.19 Hossain (2003)
Fresh waste 0.24-0.33
Reddy (2009a)
15 0.19-0.24
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2.3.2.2 Shear strength of municipal solid waste ibioreactor landfills

Shear strength of MSW is an important propertyadidswaste for landfill stability
analysis (Hossain and Haque 2009; Reddy et al. §0F®st-failure investigations have
highlighted some common triggering factors suclhnigh pore pressures (resulting from
leachate injection or excessive infiltration dueptwr surface drainage) and inadequate
interface shear strength (waste-foundation soiktesgeosynthetics or within composite
liner system).

Table 2.2 summarizes of various landfill failureeets and an example of landfill
failure in the Philippines was shown in Fig. 2.5.

Table 2.2Summary of various landfills failure events.

Year Landfill location Q () Comments References
North America 110,000 Single rotational failure. Heavy rainfall Koerner &
1984 Unlined Soong
( ) for 3-days. (2000)
Translational failure.
Mobilization of post peak shear Eid et al.
1996 Rumpke ,USA 1,200,000 strength in the brown native soil was
) (2000)
the suggested primary reason for
failure.
o Rotational failure. Precipitation ten dayﬁ/I |
Payatas, Phillipines rior to the incidence erry etal.
2000 : 15000 p _ :
(Unlined) The slope failure due to gas-pore wate(2005)
interaction in saturated waste.
Translational failure happened after 3
. days of heavy rain. Failure was Koelsch et al
2005 Bandung, Indonesia 2,700,000 (riggered by water pressure in the soft

(Unlined) subsoil in combination with a severe  (2005)
damage of tensile elements due to a
smouldering landfill fire

Various researches have tried to analyse the stresmgth of MSW. Determination
of shear strength properties for MSW is difficultedto the heterogeneity of MSW, time-
varying properties, and strain incompatibility beem the MSW and underlying materials
(Eid et al. 2000). MSW shear strength parametgrerted in the literature vary widely
with friction angles going from £0to 53, and cohesion values ranging from 0 to 67 kPa
(Landva 1990; Eid et al. 2000; Hossain and Haqug9R0in the case of a bioreactor
landfill, the accelerated decomposition of the M$@uld considerably affect the shear
strength and therefore increase the concern forewsability (Hossain and Haque 2009).

Moreover, in a bhioreactor landfill, water contentreases with leachate recirculation,
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which may change the effective shear strengthhigidase, undrained strength should be
suitable for estimating the landfill stability.

Regarding MSW shear strength, results from previsuglies shows opposite
results. On one side, the following studies showed MSW shear strength decreases
with an increase of MSW decomposition (see Fig). ZBr example, a direct shear test
was conducted by Landva and Clark (1991) on MSWpéasnfrom different landfills in
Canada. The results showed that cohesion andofrietngle for a MSW sample, that was
left for a period of one year in a container wexduced from 23 to 10 kPa and 42° to 9°,
respectively. This change may not be fully attrdslitiue to decomposition effects. Gabr
and Valero (1995) observed that for MSW samplesvéen 15 to 30 years old, the
cohesion value decreased with the moisture coniéet.change that was measured in the
angle of internal tensile stress depended on tkeohgvaste. Similar behavior could be
found in the results reported by Hossain (2002 @hthor estimated the shear strength
parameters based on the degree of decompositioy aiect shear test. The state of
decomposition was quantified by the methane yieldted to the celluloseCf plus
hemicelluloseHl) to lignin () ratio C + H)/L. It was also found that at the initial stage of
decomposition, when (C+H)/L ratio is 1.29; the tinoa angle was 32°. However, at a

fully decomposed state (i.e., when (C+H)/L is 0.2 friction angle was 24°.

Fig. 2.5Aerial view of Payatas landfill failure in Philippe (Zekkos 2005).
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The results presented by Hossain and Haque (206@)had a similar trend. The
authors conducted laboratory-scale bioreactor Idsdfwhich simulated MSW
decomposition phases. A number of consolidatednddai(CD) triaxial tests were
performed to evaluate the shear strength of MSV& fEist results showed a remarkable
decrease in friction angle with decomposition. AR strain level, the friction angle
decreased from 26.7° in Phase [, to 19° in Phasd ¢ increased percentage of plastic
materials in the MSW composition present in thelfistages of decomposition created
more potential sliding surfaces, and decreasexhgar strength.

On the other side, other researchers have alsotegjpan increase in shear strength
with decomposition of waste (Machado et al. 2008¢dR/ et al. 2009c; Machado et al.
2010). The change of MSW properties with decompmsitan be illustrated by the data
of Machado et al. (2008) in Fig. 2.7. In this figua reduction of about 24% in the
modulus of elasticity and of about 9% in the ultiengension strength of plastic material
was observed after 4 years since deposition wasnodsd. The results presents by Reddy
et al. (2009a) also showed a trend of decreasihgsion and increasing angle of friction
with the age of MSW. The study determined the ckang shear strength of landfilled
MSW which was subjected to leachate recirculatmmabout 1.5 years. Based on triaxial
CU tests on landfilled MSW, the effective stressapaeters, cohesion and friction angle
were 34 kPa and 23respectively, while the values for 15 years ol8\M were 38 kPa

and 16.
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Fig. 2.6Rate of change in friction angle at different stagdecomposition (Hossain, 2002)
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Table 2.2Summary of shear strength parameters from previesearchers

Aged waste Friction | Cohesion | Type of

) Author
(years) angle €) | (kPa) experiment
Fresh 42 23 _ Landva and Clark

Direct shear test
1.0 9 10 (1991)
o Gabr and
15-30 34 17 CU triaxial test
Valero(1995)
Initial stated of
N 32 0
decomposition Direct shear test | Hossain (2002)
Fully decomposed state 24 0
Initial stated of
o 26.7 11.2 o Hossain and Haque
decomposition CD triaxial test
(2009)
Fully decomposed state 19 2.4
Fresh 23 34
CU triaxial test Reddy 2009a
15 16 38
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Fig. 2.7 Stress—strain curves: (a) new samples; (b) 4 yddrsamplegMachado et al. 2008).
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Due to the differences in the results obtainedhantbpic by various researches, it
is relevant to estimate the effect of biodegradatio the settlement and shear strength of

MSW in a bioreactor landfill.

2.4 Geotechnical considerations of coastal landfill sis

In the case of coastal landfill site, aging effemtsmechanical properties of waste
mixture may be very important. In coastal landfilSWIA, slag, surplus soil and
dredged sand are mainly disposed and become migfuneaste. However, there is no
study related to aging effects of waste in codatalfill site. There is need to study aging
behavior and discover the mechanism for waste maxtuorder to utilize coastal landfill
sites after closure. This section describes the N/S\Wbmposition and the types of
coastal landfill sites in Japan and types of wésé is disposed in them. In addition, a
summary of previous researches on the aging eftettsmechanical properties of waste

mixture is presented.

2.4.1Municipal solid waste incinerator ash

Billions of tons of MSW are produced every year Matide. Waste management and
utilization strategies are a major concern in maoyntries. Incineration is a common
technique for treating waste, as it can reduceemastss by 70% and volume by up to 90%,
as well as providing recovery of energy from wastgenerate electricity (Lam et al. 2010).
Generally, municipal solid waste incineration (MSWtoduces two main types of ash, that
can be grouped as bottom ashes (BA) and fly ash&¥ (The chemical and physical
characterization of the ash will depend on the amsiipns of the raw MSW, the
operational conditions, the type of incinerator amdpollution control system design.
Table 2.4 shows the chemical composition of MSWBANT different incineration
facilities. It can be observed that the major eletaare Si, Al, Fe, Mg, Ca, K, Na and Cl
and the most common oxides ash found in bottonasesisiQ, Al,O3 CaO, FeOs, N&O,
K20.
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Table 2.3Bulk chemical composition of MSWI bottom ash froiffefent incineration facilities

(Wei et al. 2011)

Major/minor composition (y#6)

MSWI bottom ash samples

R-04 S-08 S-09 F-09
SiO; (1V) 31.93 43.69 37.25 36.49
Al,O; 16.65 14.03 15 14.48
FeO; (Il) 5.97 6.21 5.16 7.89
TiO, (V) 1.45 1.51 1.63 1.63
MnO (II) 0.08 0.08 0.09 0.1
P,0s (V) 0.02 <0.01 <0.01 <0.01
CaO 33.4 24.67 31.33 28.5
MgO 3.33 2.18 2.58 2.71
N&aO 2.53 2.46 2.31 2.53
K,0 0.85 15 1.01 0.99
C 2.22 2.16 1.72 2.53
Cl 1.08 1.27 1.57 1.8
S 0.4 0.21 0.35 0.32
Trace composition (mg/kg)
Zn 3193 3098 3295 3253
Cu 2321 2288 1710 2481
Pb 687 1149 1079 698
Cr 393 158 441 363
Ni 105 79 133 119
Ba 1126 942 835 904
Sb 4 5 4 4
Sn 111 81 64 13
Sr 271 276 362 319
As <1 <1 <1l <1
Zr <5 <5 <5 <5
Y 1 2 3 2
Cd 1 <1 <1 1
Co 5 8 7 9
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In Japan, about 48 million tons of MSW were disgledrin fiscal year 2008 (see

Fig. 2.8) and about 80% of this amount was inciteetalncineration of MSW is very

effective in reducing the volume and assisting e tdecomposition of hazardous

chemical compounds.
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Fig. 2.8Waste flow in Japan in 2008 (Ministry of the Envinoent, 2010)

Recently, the increasing percentage of MSWIA hasgkd the composition of the
waste that is disposed (Plata 2009). In 2004, nicae 75% of MSWIA were mainly
disposed at coastal landfill sites (Shimaoka et28D7). Land reclamation in coastal

landfill sites has been carried out on large stalBokyo and Osaka bay (Aburatani et al.

1996). In the case of Osaka bay Phoenix projebgsta strict standard for the waste to be
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accepted, e.g. waste must be non-hazardous, igridgs should be less than 15% and
water content in percent of dry weight up to 30%&se conditions help to improve and
facilitate future land utilization. Types of wasdecepted into coastal landfill site of the
Phoenix Project include MSW, industrial waste, tugsoil and dredged sand (See Table
2.4).

Table 2.4Type and amount of waste of the Phoenix Projentt(thillions n)

o _ Industrial
) ) Municipal solid ) Surplus  Dredged
Landfill location name waste - disaster Total
waste soil sand
waste
Izumiotsu coastal landfill site 390 720 1,270 720 , 108
Amagasaki coastal landfill site 220 290 700 390 0,6
Kobe coastal landfill site 580 620 300 0 1,500
Osaka coastal landfill site 540 580 280 0 1,400
Total 1,730 2,210 2,550 1,110 7,600

In recent years, the number of coastal landfilsin Japan has increased due to the
limitation of inland space for waste disposal (Kats et al. 2009). Coastal landfill sites
account for only 2% of the total number of dispastds in Japan, but receive nearly 30%
of the waste produced because of their relativatgdr size (Tanaka et al. 2005). In
coastal landfill sites, natural clay deposit of sndinan 5 m in thickness and a hydraulic
conductivity not exceeding 1x¥0m/s, play the role of bottom hydraulic barrier.eTh
guideline for containment systems to be used istabdandfill has been published by the
Japanese Ministry of Transport (Katsumi et al. 200%e barrier systems to be used in
coastal landfill sites are presented in Fig. 2.atkimi et al. 2009). The caisson type can
be used for handling toxic residues, but it hahalew penetration depth. The double
sheet-pile type quay wall has a good penetratiggthdand has proven to be practical
from the constructive and economic point of viewaeTrubble mound is used for stable

and non-toxic waste material (Inazumi et al. 2008).
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Fig. 2.9Side barrier systems for Japanese coastal lan(fitlepted from Katsumi et al. 2009)

2.4.2Aging effects on the geotechnical properties waste coastal landfill sites

To ensure future reclamation of coastal landfitlesiareas, it is necessary to
thoroughly understand the geotechnical propertiesvaste mixture layer in coastal
landfill sites. However, there is limited informati on the geotechnical properties of
waste mixture in coastal landfill sites. Previousdges show that the hydration of an ash

sample with calcium versus time resulted in a desgeof permeability and compression
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of the ash material (Yoichi et al. 2000), and atkat ash-water interaction caused
transformation of its physical, chemical, mineratad) and geotechnical characteristics
(Singh and Kolay 2002). Das and Yudhbir (2006) @nésd the geotechnical properties of
low calcium and high calcium fly ash. The resuliggested that the gain in strength with
time (self-hardening) of high calcium fly ash wa&02Zimes higher than the low calcium

fly ash due to hydration of reactive minerals atabgy phase and formation of ettringite,
calcite and calcium silicate hydrate. Towhata e(2010b) indicated that when MSWIA

were submergence in water, cementing material egvére grains of ash reducing the
pore structure of ash which reduced which in tugordase the hydraulic conductivity of
the MSWIA sample.

In the case of coastal landfills, MSWIA, slag awd are disposed in them and the
result is a waste mixture. However, there is neaesh available about the geotechnical
properties of waste mixture in coastal landfillhefefore, in this research, the aging
effect on the mechanical properties of the wasteture layer in coastal landfills is
discussed in detail in chapter 3. The results cbeldsed to improve land utilization after

coastal landfill closure.
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CHAPTER 3: AGING EFFECTS ON THE MECHANICAL
PROPERTIES OF WASTE MIXTURE IN
COASTALLANDFILL SITES

3.1 General Remarks

Coastal landfilling is an important method formbsal of municipal solid waste
incinerator ash (MSWIA), slag, soil, etc. in JapMore than 75% of MSWIA were
disposed at coastal landfill sites in 2004 (Shinsaek al. 2007). In general, coastal
landfill sites are located at strategic points hie port areas of Tokyo and Osaka with
relatively easy access from the metropolitan ar€asstal landfill reclamation is a key
option considering Japan’s land limitation; forstlieason, it is important to understand
the strength and deformation properties of the evasixture layers and the bearing
capacity of the ground. Limited research is avddabgarding the engineering properties
of the waste mixture layers in coastal landfilesiand the geotechnical characteristics of
waste mixture that includes incinerator ash, skl surplus soil. One of the examples is
Osaka Bay Phoenix Project, which is a coastal IAmtbject that started in 1990 and has
45 million n? of total capacity; soil exploration was carried atithe MSW landfill zone
of Amagasaki offshore disposal site to determire physical and dynamic properties
(Aburatani et al. 1996). In this research, theltatat weight of the waste layer in the
Osaka Bay varies between 15-18 kN/depending on the depth of waste layer and the
internal friction angle ranges from 24.% 35. The reclaimed land is considered
equivalent to loose alluvial sandy soil with an rage value of standard penetration (N-
value) of 4.5.

Time dependency on the waste mixture properties bgaymportant. However,
there is also limited information about the changeghe geotechnical properties of the
waste mixture with time. A consolidated drainedvtral test was carried out on waste
incinerator ash under three different conditionduding dry, wet and water immersed
conditions (Sato et al. 2001). The results showednarease in the strength of the
incinerator ash samples with longer curing peridde to the hydration of the samples
and the pozzolanic reactions. Moreover, an incnggsitrength in the incinerator ash
samples that were submergence in water was alswteepby Itoh et al. (2005) and

Towhata et al. (2010a). The results of these rebees showed a reduction in the pore
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structure of ash and a decrease in the hydraufidwaivity of incinerator ash samples. A

study carried out by Doi et al. (2000) showed tha&t unconfined compression strength
improved with increasing time, while hydraulic coetlvity decreased together with a

reduction in the compressibility of incinerator asmples. The authors pointed out that
ettringite generated with time caused an increasled strength of material.

In coastal landfill sites, waste mixture is subneergin seawater and the
geotechnical properties of waste are expecteddagdhwith curing time. However, there
IS no available research that evaluates the skresgsh and deformation properties of the
waste mixture when waste mixture samples interaith wimulated coastal landfill
leachate for a long time. Therefore, this studyestigates the aging effect on the
mechanical properties of waste samples submergsohinlated surface water in coastal
landfill site with time. In this research, wasteximre specimens were collected before
disposing them in the coastal landfill site and gkeswere cured in a simulated leachate
for different time periods to simulate conditions a coastal landfill site. A series of
triaxial consolidated undrained compression teGld)(and hydraulic conductivity tests
were carried out on waste mixture samples befodeadier they were cured in seawater.
Scanning electron microscope (SEM) and X-ray difitm (XRD) analysis were also
conducted for further understanding of the chanigegeotechnical properties of waste
mixture after being cured in seawater. Based on éxperimental results and
observations, the interaction of waste mixture Wetichate is discussed in this chapter.

3.2 Materials and methods

3.2.1Materials

The waste mixture samples and the simulated watercaastal landfill site
employed in this study were obtained from the adsndfill site in Osaka Prefecture.
The waste mixture samples were collected beforegbdisposed at the coastal landfill
site. Approximately 200 kg of wet waste mixturengde include incinerator ash; slag and
surplus soil, etc. were collected and then dried hmom with an average temperature of
20°C. After that, large pieces such as glasses orsragke removed and the sample was
sieved with 9.5mm opening sieve and set aside usél Figure 3.1 shows the particle

size distribution of the waste mixture sample, deteed according to JIS A1204. The
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grain size distribution was 85.9 % sand (>0.075 8% silt (0.005-0.075 mm) and
6% clay (<0.005 mm). The uniformity and curvatucefticients were 127.8 and 2.63,
respectively. The material was well graded withagtiple size distribution similar to SG-
F (sand gravely with fine particle) following th&S8 0051. The specific gravity of the
waste mixture sample was 2.67. X-ray florescenax®pscopy (XRF) was performed to
determine the chemical composition of the waste tumé&x samples. The chemical
composition of the sample is shown in Table 3.Je fifain components of the sample are
CaO; FgO; and SiQ. The XRF shows that lime (CaO) is the main comporeé the
sample (51.6 %) and it is related to the hydrasibitity of the sample.

To prepare a leachate that simulates the surfaaeaser conditions in a coastal
landfill site, 30 L of water retained in the coadendfill site which collected in Osaka
Prefecture, were mixed with waste mixture in a teutkh a waste mixture -water ratio of
1:10 by mass. The mixture was stirred daily foragsdand then it was filtered through a
sieve of 75um opening. After that, the pH and the calcium @mration of the seawater
were measured and the results showed that theugalobncentration and the pH of the
seawater were 1850 ppm and 7.95, respectively. imolate conditions in a coastal
landfill site, waste mixture samples were curedimulated water in coastal landfill site
for up to 180 days.
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Fig. 3.1Particle size distribution of waste mixture samples
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Table 3.1Chemical composition of waste mixture sample (%)

Ca0O FeO; SiO, AlLO; TiO, SO; KO 2ZnO Cr,0; MnO CuO

51.61 20.40 9.11 4.28 3.30 2.77 1.66 1.87 1.57 0.540.52

3.2.2Methods

3.2.2.1. Preparation of MSWIA specimens

In this study, 27 specimens were prepared anddieAtespecimens were prepared
by compacting 5 layers of waste mixture in to atspllindrical mold (50 mm diameter
and 100 mm in height) 80% of maximum dry densit®@lg/cni) with optimum water
content of 34.5% according to the value obtainedthfthe Standard Proctor Compaction
Test (Fig. 3.2).
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Fig. 3.2Compaction curve for waste mixture samples

As a result, the wet density of the specimens vpasoximately 1.6 g/crh which
was within the range of the in situ value in a ¢tgbicoastal landfill site. As shown in
Table 3.2, geotechnical tests were conducted forgeries of samples: series A (A1-A3)

for initial samples and series B (B4-B24) for saenfilat were cured in seawater. For
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series A, CU and hydraulic conductivity tests weoaducted after compacting without
being cured in simulated leachate. For series Bjpaxted samples were removed from
split cylindrical mold and then fixed with two pex of a half acrylic mold (50 mm
diameter and 100 mm in height). Then, the upper laneér surfaces of the specimen
were placed on filter paper and porous stone tmnvaWater intake and drainage during
curing time. These samples were saturated andreeé-&or 24 hours in a vacuum
desiccator and then cured for a predetermined gefdime in a seawater tank with an
average room temperature of 202°C. Consolidated-undrainded triaxial and hydraulic
conductivity tests were conducted on the samples &f 14, 28, 60, 90, 120, 150, and
180 days of curing time. Consolidated-undraindéaki@l test with pore water pressure
measurement were carried out on waste mixture s@eE. These specimens were
saturated by applying a vacuum procedure to keepnatant confining pressure of 20
kPa (Rad and Clough 1984). After reaching the fstap (-70 kPa for cell pressure and -
90 kPa for sample pressure) de-aired water waslated into the specimen for 3 hours
and then sample pressure and cell pressure wergcegdio -20 kPa and 0 kPa
respectively. Back pressure was increased stepepyusitil it reached 240 kPa and cell
pressure was 220 kPa. After that, pore pressuifiaent (B-value) was checked to have
a B-value larger than 0.95 and ensure samples fukyesaturated. As detailed in Table
2, specimens were consolidated with an effectivefioimg pressure of 50, 100 and 150
kPa and sheared at a constant strain rate of O.BPaintil 15% of axial strain was
reached.

Hydraulic conductivity tests were conducted on wasixture specimens using a
falling headwater-constant tailwater system. Théestatic setup of the hydraulic
conductivity test is shown in Fig. 3.3. The samecapens (50 mm x 100 mm) that were
used for the CU tests were subjected to the hydraahductivity. These specimens were
saturated following the same procedure used irtCthdriaxial test. The head loss across
the test specimen during permeation was measurddrenorded. The volume of the
effluent was also measured to calculate hydraulendactivity. The hydraulic
conductivity test continued until changes in hydicaiconductivity with time were

negligible.
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Table 3.2 Results of CU Triaxial test

Confining Dry density | Dry density Pe-ak Axial
Sample ) ) B value | deviator )
D pressure | before curing | after curing 0 Stress strain
(kPa) (g/cn) (g/cn) (%)
(kPa)
Samplesat | Al 50 1.02 0.95 242.6 15.0
initial A2 100 1.02 0.95 276.8 14.9
condition A3 150 1.02 0.95 320.3 14.9
Samples Bl 50 1.02 - - 360.2 8.0
cured for 7 B2 100 1.02 - 0.95 388.9 5.6
days B3 150 1.02 - 0.96 4111 8.0
Samples B4 50 1.02 1.02 0.95 329.5 10.1
cured for 14 | B5 100 1.03 1.03 0.95 393.9 15.0
days B6 150 1.02 - 0.94 429.2 8.3
Samples B7 50 1.02 - 0.98 373.4 12.0
cured for 28 | B8 100 1.03 - 0.96 427.9 10.1
days B9 150 1.02 - 0.95 438.6 13.7
Samples B10 50 1.02 1.03 0.95 357.8 14.8
cured for 60 | B11 100 1.02 1.04 0.95 416.5 8.0
days B12 150 1.02 - 0.97 444.3 9.6
Samples B13 50 1.02 1.09 0.95 401.6 15.0
cured for 90 | B14 100 1.02 1.03 0.95 448.8 15.0
days B15 150 1.02 1.09 0.95 485.5 15.0
Samples B16 50 1.02 1.02 0.97 355.5 15.0
cured for 120| B17 100 1.03 1.03 0.98 458.0 7.2
days B18 150 1.02 1.03 0.95 486.0 7.2
Samples B19 50 1.02 1.04 0.96 410.5 8.1
cured for 150| B20 100 1.02 1.06 0.95 500.3 14.4
days B21 150 1.02 1.17 0.97 630.6 10.2
Samples B22 50 1.02 1.26 0.95 493.9 10.7
cured for 180 | B23 100 1.02 1.05 0.95 546.3 11.6
days B24 150 1.02 1.10 0.95 612.5 5.3

Note: - Missing data
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3.2.2.2 XRD and Microscopic Analysis

The mineralogical content of the waste mixture dasmpvere determined by a X-
ray diffractometer (RAD-2B, Rigaku Corporation, ngiCu target with a Ni filter and
input energy of 40kV and 20 mA). After running Ctibkial test, samples were stored at
a constant temperature of 3038°C in an oven for 24 hour. Then, part of these sampl
was taken and grounded to powder with a partide smaller than 7pm. The resulting
powder was analyzed with XRD. The angle scanné§irghged from 3 to 40

Fragments of 5 mmfrom the samples that were used for the triaéat, twere

dried at at 30+ 0.1°C in an oven for 24 hour. Then the SEM device (FSI0LV,
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JEOL) was used to observe the changes of micrasteicThe SEM images were
observed at a magnification of about 100-5000 koawakvidence of crystallization and

other chemical reactions to be identified.

3.3 Results and discussions

3.3.1CU tests

3.3.1.1 Stress-strain and pore pressure in CU tests

The CU test results are summarized in Table 3gurEs 3.4 to 3.6 show the stress-
strain curves for samples cured in simulated leteacfram O to 180 days. Generally, the
deviator stress increases dramatically from O & &f axial strain and reaches a peak
after 6% of axial strain. After that, the deviagiress reaches an almost constant value
until 15% of axial strain. The increase in strengfithe waste mixture samples versus
curing time was observed. For samples that sustanew confining pressure (50 kPa),
the peak deviator stress at initial conditions wheut 250 kPa, while the peak deviator
stress of samples cured in simulated leachate nvdseirange of 300 to 500 kPa. In the
case of samples that sustained a higher confiniagspre (150 kPa), the peak deviator
stress under initial conditions was 300 kPa, whike peak deviator stress for samples
cured in simulated leachate for 180 days incre&segproximately 600 kPa, which was
two times higher than that of samples at initiataditions. It can be observed that samples
that were cured in simulated leachate showed aehigleviator stress compared to
samples under initial conditions.

Figures 3.7 to 3.9 show the results of pore pressersus axial strain. For the
initial samples under 50 kPa confining pressure plore water pressure shows an
increase trend at the initial stage until it reathepeak value (20kPa) and then it reduces
steadily to about zero at 15% of axial strain.dntcast, pore water pressures increase and
reach a peak at 2% and then keep a constant vatile axial strain of 15% is reached
for initial samples under 100 and 150 kPa confirpngssure. The samples under initial
condition showed a contractive behavior in sheapragess due to the positive value of

the pore water pressure when the axial strain asa@ from 0 to 15 %.
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Fig. 3.9Pore pressure versus axial strain for samples urfiekPa confining pressure

Based on the experimental results, it was obseivaidthe pore pressure increases
with the raising of the confining pressure and mgperiods. For samples that sustained
50 kPa of confining pressure, pore water pressuaenatically increased in the initial
shear stage which indicates a contractive beha#iter reaching the peak value, at axial
strains of about 1%, pore water pressure gradultyeased to a negative value for all
the samples except those without curing. The peai water pressure was about 40 kPa

and the largest negative pore pressure was appatedyn-60 kPa for samples cured in
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simulated water in the coastal landfill site for018ays. The increased in the negative
pore pressure showed an increased dilatancy behaliwaste mixture samples with
curing time.

The pore water pressure results for samples theaised 100 kPa of confining
pressure are shown in Fig. 3.8. In this case, sesnpired for 60, 90, 120, 150 and 180
days in simulated water in the coastal landfiké sitso show a dilatancy behavior due to
the negative results of pore water pressure. Tla& pere water pressure was about 80
kPa and the largest negative pore pressure wasxappately -20 kPa for samples cured
in simulated water in the coastal landfill site 80 days. The positive value of pore
pressure of samples that sustained 100 kPa cogfprgssure was twice the one obtained
for samples under 50 kPa confining pressure, wh#enegative value of pore pressure of
samples that sustained 100 kPa confining pressasealbout one third of the one from
samples under 50 kPa confining pressure.

In the case of specimens under an effective cargipressure of 150 kPa, all waste
mixture samples showed positive values of pore-watessure. The pore-water pressure
increases to a peak at a small axial strain of ab®w and then starts dropping from its
maximum value as the strain increases continuod$lg.initial buildup of positive pore-
water pressure suggests that the specimens erhdlmibtractive behavior. The reduction
in the positive pore-water pressure after the pedicates that the specimens change
from contractive to dilative behavior during theeahing process. In fact, the pore water
pressure of specimen for 7 days curing had sinédravior to the initial one. After 7
days curing, the waste mixture sample had a sggmfi change in peak pore water
pressure compare to initial one.

From the stress-strain and pore pressure in CU4 testilts, it is observed thifie
shear strength of the waste mixture samples inesea#th curing time due to change of
pore water pressure. It is possible that the fammatdf hydration products fills the pores
in the waste mixture fabric and this in turn afféleeé behavior of pore pressure. Thus,
materials with denser structure show a higheraliey and that is related to the negative

pore pressure that was generated during shearitg$s.
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3.3.1.2 Stress-path

The deviator stress (q) and the mean effectivessti@’) are calculated by
following Egs. (3.1) and (3.2):

q=(c'y—0's] (3.2)

p'=(¢'y+25";)/3 (3.2)

whereo’; ando’z are the effective axial and confining stress. Tfiective stress paths
were plotted in a p’-q plane as it can be seenigs.F3.10 to 3.12. The stress paths
showed a similar tendency. From the beginningsstpaths showed an increase of pore
pressure with the stress path moving to the lefil yoore pressure reduces and the
effective pressure increases moving the stressipttihe right direction. In addition, the
stress paths also showed an increase of sheagtstreith curing time. The stress paths

values clearly increased with curing time.
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3.3.1.3 Critical state

Critical state soil behavior captures the largaistbehavior of soils in terms pf,
g and void ratice. The critical state line (CSL) is the loci of arél state conditions in the
e-p’-q space (Roscoe et al. 1958). Its projection onpthg space defines the strength

parameters as presented by:
_ gs ( E'Sinqbss )
3

—_ ‘I = — :
Ps sing,.

cs

(3.3)

where CS denote critical state. The second term appliesaxsymmetric, axial

compression, and it is a function of the constamtime critical state friction anglg_..

In order to compare the shear strength under tme sdfective confining pressure
(100kPa) at different effective stress path, tlikcat lines were drawn from the origin of
the p’-g plane with different slopes accordingMgs (See Fig. 3.13). The critical state
lines were plotted wittMs = 1.8; 1.9; 2.1; 2.3; 2.4. It was observed that dfffective
stress path is shifted to the upper left. Mhgfor initial samples and samples cured for 7,
14, 28, 60, 90, 20, 150 and 180 days is 1.8; 1.9:23; and 2.3-2.4, respectively.
Therefore, theM increased with curing time. It can be determineat the longer the
curing period the greater the shear strength.

600 —

500

400

B |nitial
7d
14 d
28d
60d
90d
» 120d
® 150d
* 180d

300

200

Deviator stress, q (kPa)

100

: : : , : , : , .
0 50 100 150 200 250 300
Mean of effective stress, p' (kPa)
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3.3.1.4 Modulus of elasticity

The Modulus of Elasticity was obtained from the idéw stress-axial strain curve.
This is a nonlinear curve (See Figs. 3.4 to 36}hls research, the Modulus of elasticity
for waste mixture samples was calculated with pihecedure which proposed by
Kondner (1963). In Kondner model, the stress-straimve can be represented by
hyperbolic equations:

a+b.:s (3.4)
This equation can also be written as:

£
—O-"l_g":i:a—i_b.g (35)

A plot of g/(g'; — ') versuss will be a straight line with a slope (b) and an

intercept (a) with the ordinate. The modulus afsétity of soil is given by the equation.

E=1/a (3.6)

For all the tests, the Modulus of elasticity varetween 25 and 65 MPa (Table
3.2). This modulus depends on the confining pressund shows a similar behavior to
dense sands. In the case of specimens under amivaffeonfining pressure of 150 kPa,
all waste mixture samples showed an increase ofuMiscelasticity with curing time (See
Fig. 3.14). In particular, the Modulus elasticityr fsamples cured for 180 days is about
twice the value obtained for samples under indaidition.

Table 3.2Modulus of elasticity

Curing period Modulus of elasticity (MPa)
(days) 0’ 5=50 kPa 0'5=100 kPa 0’ 5=150 kPa

25.8 28.3 32.2

39.2 37.7 40.6
14 32.4 41.0 42.7
28 40.2 435 44.5
60 39.0 42.4 47.2
90 44.3 48.8 50.1
120 39.0 46.7 44.8
150 45.9 52.3 64.4
180 52.3 60.4 60.6
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3.3.2Hydraulic conductivity tests

The hydraulic conductivityk] test results are presented in Table 3.3. Asguri
time increases, the hydraulic conductivity shovdeereasing trend. ThHevalue of waste
mixture samples decreases from 4.19 X &f/s to 5.92 x 1®cm/s for samples at initial
conditions and samples cured for 180 days, resfagtiThe range ok is similar to thek
value for incinerated ash sample presented bydtat. (2005).

Towhata et al (2010a) carried out a research staiogut incinerated ashes
submerged in water that also showed a decreasgitrdrydraulic conductivity where the
generation of cement products reduced the porectates of the samples. However,
neither the cement generation processes nor tieeafyproducts generated were specified.

In this research, the decrease in hydraulic comdtyctcould be related to the
reduction in pore structure in the waste mixtune@as due to an increase of hydration
products generated during the curing time as oksemmm XRD and SEM results

mentioned later.
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Table 3.3Hydraulic conductivity test results

Curing period (days)  Hydraulic conductivity k (cm/s)

0 4.2 x 10
7 3.6 x 1¢f
14 2.1x1d
28 4.6 x 10
60 3.0x1d
90 3.0x1d
120 2.9 x1d
150 2.7 x1d
180 5.9 x 16

3.3.3X-ray Diffractograms

Figures 3.15 to 3.19 show the XRD results for atisamples and samples that
were cured for 90, 150 and 180 days. As showngn Fil5, calcite, gypsum and quartz
can be clearly observed in the samples under liciaditions. Calcite shows the highest
intensity (580 cps; ®29.£). The peak of quart and gypsum are reduced dreatigtior
samples cured in simulated leachate. In simulatadhate, Cland sulfate ions (SO)
show the highest concentration. The gypsum is meduf the calcium contained in the

waste mixture samples react as described in Ef). (3.
cd* (ag) + SQ*(aq) + 2 HO — CaSQ * 2H,0 (3.7)

After that, the waste mixture samples react witpsgyn to form ettringite. Ettringite is
the substance responsible for the strength of cebesed solidification agents, and it is

represented by the following reaction formulas:

3CaO Al,05 + 3CaSQ + 32H,0 — 3CaO0 Al,03-3CaSQ-32H,0 (3.8)

4Ca0 Al,05-F&0; + 6CaSQ + 2Ca (OH) + 62H0 — (3.9)
—3Ca0 Al,0;-3CaSQ- 32H,0+3Ca0 Fe0s 3CaSQ: 32H,0

In this research, the largest peak of ettringit&=2°) was observed in samples

cured for 180 days. Previous research inferred tiha&t formation of ettringite
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(3Ca0.Ab03.3CaSQ.32H,0) caused a significantly decrease in moisture esinby
combining large amount of water molecules in itgstals, leading to early strength
development in stabilized soil (Kamon and Nontanahal 990).

The hydration products are expected to contriboitdhé increase in shear strength
of material. In this study, XRD peaks indicate gnesence of cementing products such as
calcium silicate hydrate, Ca0O.Si8,0 (CSH) and Ca0.AD3;Si0,.H,O (CASH).
Previous studies investigated the formation of ggimg products (CaO-SiEH,0, CaO-
Al,03-H,0) by XRD and SEM (Kamon and Nontananandh 1990agdjaran et al. 1997,
Rajasekaran 2005). These studies demonstratedtibastrength of lime or cement
stabilized soil is primarily governed by the forioat of cementing products. Similarly,
cements products can be seen in Fig. 3.16 to 3ift® almanges in pattern of XRD of
waste mixture samples. As illustrated in theserbguXRD patterns of samples cured in
seawater for 60, 90, 150, and 180 days showed aexew peaks compared to the
samples at initial conditions. These new XRD peakiscate the presence of cementing
products such as CSH peak 8:31.3 and CASH peak at6215.8. Previous research
on stabilized soil also showed an increase in hyairgproducts such as CSH and these
products are the main reaction products that duuttito the strength development of
stabilized soil. The strength increased in corredpace with X-ray intensities of CSH

products (Ariizumi 1977; Kamon and NontananandhO1$@&mon et al. 2001).
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700+  cs:Ca0.4Si0, .
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Intensity (cps)

Fig. 3.15XRD results of waste mixture samples under init@iditions
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Fig. 3.16XRD results for waste mixture samples cured fod&®s in simulated leachate
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Fig. 3.17XRD results for waste mixture samples cured fod8¢s in simulated leachate
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Fig. 3.18XRD results for waste mixture samples cured for d&¥s in simulated leachate
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Fig. 3.19XRD results for waste mixture samples cured for d8@s in simulated leachate
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3.3.4SEM image analysis

Figure 3.20 shows the microstructure of waste mixtsamples under initial
conditions. Based on the observation of the SEMragi@ph, the surface of samples at
initial conditions has numerous irregular particles

The SEM images of samples that were cured in sea@t 60, 90, 150, and 180
days were shown in Figs. 3.21 to 3.24. There wadewr difference between the samples
under initial conditions and samples that were @doe 60, 90, 150, and 180 days at 100-
fold magnification. However, clear differences ¢@nobserved a 5000-fold magnification
for samples under initial conditions and sampled there cured in simulated leachate.
The presence of needle-like ettringite can be yaditerved in samples that were cured
for longer periods, more than in the initial sanspl€he presence of ettringite that fill up
the voids in the waste mixture structure and atstémae time, strengthen the connection
between waste mixture particles. As a result, dleison leads to an increase in the peak
deviator stress and a reduction in hydraulic cotidilg of the waste mixture samples.

Fig. 3.21SEM image of waste mixture samples cured for 6& dayulated leachate
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Fig. 3.24SEM image of waste mixture samples after beingcctoe 180 days in simulated

leachate
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3.3.5Effect of curing on mechanical properties of the wste mixture samples

The relation between peak deviator stress and reffactive stress for samples at
different curing period is illustrated in Fig. 3.25 order to estimate the shear strength
parameters for all waste mixture samples, a linagrpolation have been used to
determine them. The shear strength parameterslatbe cohesion intercepts and 2)
the angle of frictionp. These parameters, associated with the linearpotation, can be

obtained using the following two equations:

. o M
3 —sin (¢’
=y @11

whereM is the slope of peak strength envelope Aiglthe g-intercept of the peak

strength envelopes in p’-q stress space.

700 ———————————————
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Fig. 3.25Peak of deviator stress versus mean effectivesstoesamples at different curing

periods.

50



In this figure, a unique behavior of peak deviatess was observed. The peak
strength envelope for all samples shows a smaleréifice between slopes of peak
strength envelope lines. It means that there isigwificant change in friction angle and
cohesion of specimen with curing period. The cotwapdiagrams of waste mixture and
simulated leachate interaction shown in Fig. 3.@6la be used to explain this behavior.
When curing specimens, the interaction of wastetunéxand simulated water in coastal
landfill generated hydrations products and thatum reduces the pore structure of
samples. However, the waste mixture crystals aachtfdration products are considered
to have the same cohesion and friction angle aatlléad to no changes in cohesion or
friction angles in the specimen cured in simulateder in coastal landfill from O to 180

days. According to Mohr-Coulomb failure criticahet shear strength z{) can be

expressed in the following form:

I = ¢ + 0'tang (3.12)

where ¢ is effective stress. The Eg. (12) indicated theg shear strength of sample

include bond resistance and internal friction. Buthis study, the cohesion and angle
friction are kept constant. Thus the increase gaslstrength of samples after being cured
is not due to the bond effect or other effect t@rove the shear strength properties of

solid phase.

Hydrations groducts

Initial MSWIA P! articles crystals  Hydratjons prodsct

Cured in simulated leachate rigutime longer

Fig. 3.26Conceptual diagrams of waste mixture and simulltachate interaction
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The cohesion and friction angle obtained for thetevanixture samples are 0 kPa
and 46.7, respectively. Table 3.4 shows a summary of previcesults by various
researchers. It could be observed that the frictiogle of the waste mixture samples in
this research is larger than that one presente@digh et al. (1998), Maeno et al.(1997)
and Consoli et al. (2007) while it is smaller thasults presented by Becquart et al.
(2009). The difference of these friction angleslddae related to the difference in density
and resistance of angular particles as well as ositipn of samples. In the case of
cohesion, the results present in this study arsistant with previous studies (Maeno et
al. 1997; Consoli et al. 2007; Becquart et al. 2009

Table 3.4Summary results of various researchers

Curing
c’ (0] k Density Type of waste
period References
(kPa) ©) (cm/s) (g/cnt) mixture
(days)
Maeno et al.
0 3.2 33.3 - 1.25 Bottom ash (1997)
0 0 37.2 1.1x 16 1.17
Municipal bottom ash (i%tgg etal.
41.3 2.6 x 18 1.27 (1998)
Doi et al.
0 - - 1.0x 16 1.16
MSW incinerated ash (2000)
180 - - 1.0 x 18 1.14
Consoli et al.
0 12.7 447 - - Coal bottom ash (2007)
MSW incinerated Becquart
0 0 55.8 i i bottom ash et al. (2009)
0 4.2 x 10° 1.02 _ _
_ 0 46.7 Waste mixture This research
180 5.9 x 10 1.1-1.2

Note: - Not available
MSW: Municipal solid waste mixture

The relation between shear strength with curing tior samples under 150 kPa is
shown in Fig. 3.27. The results showed that for @am that sustained 150 kPa of
confining pressure and were cured in simulatedhigi@cfor 180 days, the shear strength
Is two times higher than the one for samples umdgal conditions (i.e. 600 kPa against

300 kPa). The results can be attributed to the gdmmn pore water pressure and the
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changes in the structure of the material due tagydreeration of hydration products during
the waste mixture and simulated leachate intenactids previously discussed, the
structure of the waste mixture is densified du¢htd pozzolanic reactions that cause the
formation of hydration products (ettringite and QSkhd, in turn, reduce the sample’s
pore structure contributing to an increase in sksg@ngth. The waste mixture samples
that were cured in waste mixture and simulatedHatec showed an increase in dry
density that went from 1.02, after 14 days to 1.2fier 180 days (see Table 3.2).
Therefore, the shear strength’s improvement ofwhaste mixture samples with curing
time is related to the changes in pore structuaedbntributed to a decrease in pore water
pressure and; an increase in the dry density ofrtaeerial. The XRD and SEM results
support explaining the changes in pore structurthefwaste mixture samples described

above sections.
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Fig. 3.27Peak deviator stress versus curing period for wastaure samples under 150 kPa

confining pressure

The results of the XRD intensity for ettringite ses the peak deviator stress of
waste mixture samples are plotted in Fig. 3.28&his figure, the shear strength of waste
mixture samples shows an incremental trend withireonease in XRD intensity of

ettringite. A similar behavior, where shear strénigicreased due to ettringite formation,
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have been previously observed in stabilized soiKbynon and Nontananandh (1990) and
Kamon et al. (2001).
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Fig. 3.28Variation of peak deviator stress with XRD diffriact intensity of ettringite

From the test results, the hardening mechanism a$tav mixture can be
summarized in Fig.3.29. When waste mixture samyglast with simulated leachate, Ca
reacts with SG forming gypsum. Then, waste mixture samples reattt gypsum to
form ettringite. After that, the pozzolanic reaaosotake place generating hydration
products such as CSH and ettringite. As a redudt,pore structure of waste mixture is
reduced by the generation of hydration productsciwtilled the pore structure in the
waste mixture samples as observed by the SEM anbD ARalysis. Therefore, waste
mixture samples become denser showing an increaseir dry density. The hydraulic
conductivity of waste mixture samples is reducedthe case of CU triaxial test, the
densification of the waste mixture samples andréaiction of their pore structure lead
to an increase the negative pore pressure durangttbaring process due to the dilatancy
effect. A higher dilative behavior was observedmwinger curing periods. In addition,
samples under low confining pressure showed a hidhative behavior and a higher

deviator stress with increases in curing time.dswbserved an increase in shear strength

54



in samples under low confining pressure comparsamples under higher confining
pressures. Thus, the pore water pressure playsjar mude in the increase of shear

strength of waste mixture material.

[ Simulated Ieachate]
Cl, SO*

| cd", S0, AlLO; Fe0; |

\ 4
[ Pozzolanic reaction]

4
[ Hydration substances (CSH, CAH, CASH, MSH) atidingite ]

v
[ Increase in dry density, reduction of pore strm:tqr

A 4

v

Decrease in hydraulic conductivit;} Negative pore pressure generated

(dilatancy behavior) at small confining
pressures. Improvements shear strengt

with curing time due to densification.

Note: CHS: Ca0.SioH,0, CAH: Ca0.A}Os.H,0, CASH: Ca0.AI0;.4Si0,.H,0, MSH: 3MgO.SiQ.2H,0

Fig. 3.29Mechanism of waste mixture and simulated leaclesetion

3.4 Summary

This study investigated the effects of waste mixtand simulated coastal landfill
leachate interaction on the shear strength andaljidrconductivity of the waste mixture
layer in order to utilize a coastal landfill sithea closure. The main components of the
waste mixture layer are incinerator ash, slag anld Bhe experimental results obtained

are summarized below:
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1) Waste mixture samples were submerged in simulaeathhte and cured in
maximum 180 days. The initial and cured sampleseveeibjected to the test for
mechanical properties. The results show that tlearsktrength and dilatancy of
waste mixture samples increased with curing timeweéler, cohesion and friction
angle do not change with curing period. Thus, apartant finding is that the
increase in shear strength with curing time is eha¢ to cementation or bonding
effects but only to densifications of waste mixtsa@mples due to hydration. The
mechanism of this behavior is that the structurthefwaste mixture is densified due
to the pozzolanic reactions when the waste mixsamples were submerged in
simulated leachate that causes the formation ofdtieh products (ettringite and
CSH). Moreover,the waste mixture crystals and the hydration pritsluare
considered to have the same cohesion and fricigleaand that lead to no changes
in cohesion or friction angles in the specimen duresimulated leachate in coastal
landfills. In addition, the trend of pore water ggare generated was that initial peak
pore water pressure increased as curing time isedeand final pore water pressure
decreased. The larger curing period, the highesitleand an increase in dilatancy
of waste mixture samples are. It was also foundttieeffect of dilatant behavior is
higher in samples under small confining pressur@n tin samples under high
confining pressure. The pore water pressure cai@thto the increase in stress
paths and strength of waste mixture samples asased curing time.

2) The results from the SEM and XRD analysis showetharease in the formation of
ettringite and other hydration products, such asdC®ith curing time. This
behavior may be related to the formation of theselpcts that decreased in pore
structure of waste mixture samples. The SEM andX&so confirmed the
mechanism of curing waste mixture in coastal ldhsites.

3) Waste mixture samples showed an increase in thello®aof elasticity with curing
time. This trend is consistent with the increabshear strength of waste mixture
samples. Therefore, waste mixture layer in thighstould be used for construction

due to its have adequate bearing capacity.
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CHAPTER 4: SCALE EFFECTS ON THE SHEAR STRENGTH OF
WASTE MIXTURE IN COASTAL LANDFILL SITES

4.1 General Remarks

In Japan, a significant volume of municipal solidste incinerator ash (MSWIA),
slag and soil are disposed in coastal landfillssiteated in Tokyo and Osaka bay. Future
reclamation of these final disposal sites is anargmt goal. Thus, it is relevant to
understand the strength and deformation propeofidéise waste mixture layers in coastal
landfill sites to utilize the land after closureowever, the particle size distribution of the
waste mixture ranges frofine-grainedto coarsegrained(gravel, glass, etc.) affecting the
estimation of the geotechnical properties of thestezanixture sample in coastal landfill
sites.

The stress-strain behavior of a sample materiabisally investigated by a triaxial
test. When triaxial tests are run, the maximumigarsize of the samples must be less
than one-sixth of the diameter of the specimenréfbee the standard triaxial test, with a
specimen of 50 mm in diameter, cannot be usedefdiameter of the waste mixture
sample is larger than 9.5 mm. In this researclgelacale and small-scale triaxial tests
were carried out on waste mixture samples to sthdyeffect of specimen size on the
shear strength of the samples. This chapter detifsthe effects of particle size and

confining pressure on the shear strength of wasture samples.

4.2 Background

Triaxial testing is widely used to evaluate the ashetrength and mechanical
behavior of geomaterials. Limitations arise frora #ize of the triaxial apparatus and the
maximum particle size g, of the materials to be tested.

Numerous research studies have attempted to irctk@snaximum particle size of
the specimens tested by increasing the size dieiteng apparatus in order to accurately
measured the mechanical behavior of geomateriadmr{es 1952; Holtz and J. 1956).

Various tests and results related to large scaleraxents are summarized in Table 4.1.
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Table 4.1Summary of the scale effect for different materials

Dimension of

Type of test Type of material ) Comments Source
specimen
Rounded gravel and | 152.4 mm x ¢ increase with gy Hennes
crushed rock 304.8 mm increased (1952)
o Cerato and
@ reduce with increased
Dense sand - ) Leteggee
box size
(2006)
Large direct
Increase gravel caused| )
shear test Simoni and
an increase in peak and
Sand and gravel - | Houlsby
constant volume friction
(2006)
angles
Sand with uniform ¢ reduce as mean Kirkpatrick
particle size particle size increase (1965)
River sand and 228.6 mm x ¢ increase with increase Holtz and
gravel 571.5 mm gravel content Gibbs (1956)
Large triaxial
_ Undrained strength
test Decomposed granite | 100 mm x 200 | o Kokusho
_ ) ] increase with increase
soils and river soil mm c (2004)
u

Note: - unknown

Omax Maximum diameter of material

Previous studies have investigated the effectrgelad particles on shear strength of
soil by using large triaxial test and reported tthegt increase in gravel content decreases
the density and shear strength of the materialgdsay et al. 1990; Fragaszy et al. 1992).
Kirkpatrick (1965) studied the Leighton Buzzard g¢amth uniform particle sizes using
triaxial tests; the results showed a reductionrictibn angle as the mean particle size
increased while the porosity was kept constant. él@s, other researchers concluded
that the shear strength of mixture (soil and ghawvelreases with gravel content (Vallejo
2001; Yagiz 2001; Kokusho et al. 2004; Simoni arauldby 2006). For example, three
kinds of particle gradation; RS1, RS2, and RS3Herriver soils and DGS1, DGS2, and
DGS3 for the decomposed granite have been studiedydlic and monotonic loading
triaxial tests to investigate the effect of thetigée gradation on the undrained shear

characteristics (Kokusho et al. 2004). The stredbsof the decomposed soils and river

58



soils are presented in Fig. 4.1 and 4.2. A comparef the two figures reveals that in the
soils of higher G (DGS2 and DGS3), the pore pressure cannot devielgative values as

in the river soils samples (RS2 and RS3) that Hawer Cu and suddenly turns to the
reverse direction resulting in smaller undrainedaststrength. This is probably caused by
the crushability of the decomposed granite soilsvinch the contact between coarser

grains is too weak to bear strong pore pressurdtardfore dilative environment.
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Fig. 4.1Effective stress path obtained in undrained moriotmading tests for decomposed soll
(Kokusho et al. 2004)
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Direct shear test is another method that can Heeadito determine the shear
strength. Hennes (1952) and Simoni and Houlsb@g&pAQtilized this method to test sand
and gravel samples; the results showed that thi@ddf gravel to the mixture causes an
increase in friction angle. However, Cerato andebeggger (2006) studied the scale
effect of direct shear tests on sands and obsexwstreased in friction angle when the
maximum particle size increased. Their study shotlat the friction angle measured by
direct shear testing depends on sample size ahththanfluence of sample size is also a
function of sand type and relative density. Theyatoded that for dense sand, the
friction angle measured by direct shear testsdaced as the box size increases at a ratio
of at least 1:50 between box width and particle.siz

There is no available research on the effectsrgklgarticle on the shear strength
of waste mixture samples in coastal landfill sit€kerefore, this chapter presents the

results of larger triaxial test (150 mm x 300 mur)Wwaste mixture samples.

4.3 Materials and methods

4.3.1Materials

The waste mixture utilize for the experimental wankthis study was obtained
from the coastal landfill site in Osaka Prefectukesample of approximately 200 kg of
wet waste mixture was collected before being disgoat the coastal landfill site. The
waste mixture sample is mainly composed by inctoerash, slag and surplus soll, etc.
One the sample was bought to the laboratory; itthwes dried in a room with an average
temperature of 2 + 1 °C. After that, large pieces, such as glasses dtsrowere
removed and the sample was sieved with a 9.5mmingpeaieve and set aside until use
for small triaxial test. In the case of samplesléoge triaxial test, particle size includes
particles with a diameterl9 mm. Figure 4.3 shows the particle size distrdsubf the
waste mixture sample, determined according to JI8304 for small and large samples.
The material was well graded with a particle sizgtribution similar to SG-F (sand
gravely with fine particle) following the JGS 0050he specific gravity of the sample was
2.67
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Fig. 4.3Particle size distribution of waste mixture samgtessmall and large triaxial tests

a) Dnax=9.5 mm (for small triaxial tet b) Dmax=19 mm (for large triaxial test)
Fig. 4.4Particle size of waste mixture sample for small kange triaxial test

The maximum diameter of waste mixture for small &rde triaxial test is 9.5mm

and 19 mm, respectively (see Fig. 4.3). Picturesavhples used for both test can be
observed in Fig. 4.4.

4.3.2Methods

For large CU triaxial test, specimens were prepdngdcompacting 5 layers of
waste mixture in to a split cylindrical mold (150mdiameter and 300 mm in height) 0.8
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times of maximum dry density (1.28 g/&mwith optimum water content of 34.5%
according to the value obtained from the StandaodtBr Compaction Test (Fig. 4.5).

17 L B L A A L R

1.6 + -

1.5 -

1.4 - Zero air void line

1.34 531&(:1289/0”13

1.2 1

Dry density (g/cm®)

1.1

o+
26 28 30 32 34 36 38 40 42

Water content (%)

Fig. 4.5Compaction curve for waste mixture samples

In this test, D/ga= 15/1.9= 7.89 (where D is diameter of specimelaige triaxial
test and gax is the maximum particle size of waste mixture): simall CU test, the same
procedure and tests were conducted as describethapter 3. The small CU test
conducted on small samples (50 mm x 100 mm) asngiweChapter 3. The target of
conducting small and large samples in triaxial te$b consider the effect specimen size
on shear strength of waste mixture is considereds krucial to estimate the shear
strength of waste mixture in coastal landfill sifes future land utilization. The initial

conditions for large and small triaxial test arewh in Table 4.2.
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Table 4.2Initial condition of waste mixture samples

. f Confining Dry density after Void ratio e 5 5
ypeo pressure consolidated (after max
Triaxial test 3 ) value | (mm)
(kPa) (glcm ) consolidated )
50 1.02 1.62 0.95
For small
o 100 1.02 1.62 0.95 95
triaxial test
150 1.02 1.62 0.95
50 1.02 1.61 0.95
For large
o 100 1.03 1.56 0.95 19
triaxial test
150 1.06 1.53 0.95

Small and large CU triaxial tests were carried ontwaste mixture specimens
following the same procedure. These specimens wsai@ated by applying a vacuum
procedure (Rad and Clough 1984) to keep a constarfining pressure of 20 kPa. After
reaching the final step (-70 kPa for cell pressamd -90 kPa for sample pressure) de-
aired water was circulated into the specimen fbo@rs and then sample pressure and cell
pressure were reduced to -20 kPa and 0 kPa resglgctBack pressure was increased
step by step until it reached 240 kPa and cellsomeswas 220 kPa. After that, pore
pressure coefficient (B-value) was checked to Bwelues larger than 0.95 and ensure
that samples were fully saturated. The samples weresolidated with an effective
confining pressure of 50, 100 and 150 kPa and sdeat a constant strain rate of

0.5%/min until 15% of axial strain was reached.

4.4 Results and discussions

4.4.1CU test for large triaxial test

Figure 4.6 shows the stress-strain curves for Iaagaples. The deviator stress
increases dramatically from origin to reach a peallie at about 2% of axial strain. After
that, the deviator stress decreases steadily 15% of axial strain and the stress-strain
curves illustrate the strain softening behaviomalste mixture samples. This behavior

significantly change compare with the results foal samples.
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Figure 4.7 shows the pore water pressure versa sixain. For specimens that
sustained 100 and 150 kPa of confining pressume,pibre water pressure increases
dramatically from 0% to 2% of axial strain and fr@% to 15% it has a mild but steady
increases. In the case of specimen that sustaih&®® of confining pressure, pore water

pressure has a constant value from 2% to aboutak&8bstrain.
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Fig. 4.6Stress-strain curves for large samples
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Fig. 4.7Pore pressure results versus axial strain for largeal test
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The deviator stress (gq) and the mean effectivesstfp’) are calculated by following

Egs. (5.1) and (5.2):

q=(01—03 (4.2)
p'=(0'y+20'5)/3 (4.2)

wherec’; andao’zare the effective axial and confining stress. Big§.shows the effective
stress paths were plotted in a p’-q plane. In figisre it can be observed that from the
beginning, stress paths moves to the right ungildéviator stress reach a peak value and

after that the deviator stress starts decreasiegaan increase in pore water pressure.

4.4.2CU test for small triaxial test

Figure 4.9 shows the stress-strain curves for ssaatiples. Generally, the deviator
stress increases dramatically from O to 2 % oflastrain and reaches a peak after 6% of
axial strain. After that the deviator stress reacheconstant value until 15% of axial
strain. The stress-strain curves illustrate thairsthardening behavior of waste mixture

samples.
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Fig. 4.9Stress-strain curves for small samples

Figure 4.10 shows the pore pressure results vargabkstrain. For samples under a
confining pressure of 50 kPa, the pore water presstaows an increase trend at the initial
stage until it reached a peak value of about 2@kRikthen it is reduced steadily to nearly
zero at 15% of axial strain. Pore water pressureigged in samples that sustained 100
kPa confining pressure, showed a similar trend gzanples under 50 kPa but reaching a
pore pressure peak value of about 50 kPa and #durting steadily until reaching about
35 kPa. However, for samples under 150 kPa, poteryaessure increases and reaches a
peak at 2% and then keeps a constant value unakeh strain of 15% is reached. The
samples under initial conditions in small triaxiabt showed a contractive behavior in

shearing process due to the positive value of the water pressure when the axial strain
increased from 0O to 15 %.
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Fig. 4.11Stress paths f@mall triaxial test

Figure 4.11 shows stress paths for samples in stmaltial test. From the
beginning, stress paths showed an increase ofgpessure with the stress path moving to
the left until pore pressure reduces and the éfieqressure increases moving the stress
path into the right direction.
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4.4.3Effect of particle size on shear strength of wasteixture sample

In order to compare the peak strength envelopedrenshear strength parameters
for large and small samples, the shear strengtiinpeters are determined using a linear
interpolation. Figure 4.12 shows the peak stremjtemall samples and large samples.
The shear strength parameters-cohesion interce@nd the angle of frictiong-

associated with these peak strength envelopes eabtained using the following two

equations:
. 3M
o =sin () 43)
. |3 —sin (")
¢=f 6 cos(g') (4.4)

where M is the slope of peak strength envelope &nd the g-intercept of the peak

strength envelopes in p’-q stress space.
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Fig. 4.12Peak strength envelopes of small samples and sammeles
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Table 4.3Shear strength parameters results

Tests @(°) c'(kPa)
Small triaxial test 46.7 0
Large triaxial test 44.78 2.8

Failure for initial sample with 5x10 cm Failure for large sample with 15x30 cm

Fig. 4.13Sample failure for small and large specimen

The shear strength parameters are shown in Tabl&HBe cohesion and angle of
friction obtained are 0 kPa, 48.%r small sample, and 2.8 kPa, 44.78r large sample,
respectively. The direction of peak strength enpeléor samples and larger samples is
similar. Thus, the strength parameters resultsabm®st no change. The most important
reason for the change in shear strength is retat@dre water pressure generated. In the
large sample, due to large diameter of mixture &vasid large specimen the pore water
pressure generated are higher compare to thosmall samples. The change in pore
water pressure contributed to the change in shieamgth of large sample compare with
small samples. Thus, most important reason focki@nge in shear strength is related to

pore water pressure generated. In the large sampéejts the large diameter, the pore
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water pressure generated is higher compare tetwts obtained for small samples. The
change in pore water pressure contributed to tobee@sed in shear strength for large
sample compare with small samples.

The differences in stress paths for small and laayaples could be related to the
crushability of the larger samples. The crushabibt larger samples were observed in
Table 4.2, although the initial of dry density fmall and large samples are the same but
the void ratio were reduced in consolidated stepdme samples compared with small
samples. These results showed that the volumergé lsamples was reduced due to
crushability. This behavior has been observed iprevious research conducted by
Kokusho (2004) and described early in this chapter.

The two major factors governing the shear strergfttgranular materials are
interlocking between particles and particle breakahe interlocking between particles
increases the shearing resistance, while the bgeaké particles decreases the shear
strength. In this test, the larger samples hacdetabgeakage of particle and that lead to
lower shear strength compare with results obtain@eh small samples. The results of
this study show that as the size of particles meee the shear strength of waste mixture
decreases. These results are consistent with seprdtsented by Kirkpatrick (1965);
Fragaszy et al. (1990) and Kokusho et al. (2004).

4.5Summary

Based on the experimental results, the followingnsarizes about the scale effects
of specimens on the mechanical properties of wastaure in coastal landfills:

1) In coastal landfill sites, the presence of larggiglas in waste mixture can change
the results of triaxial test. It is necessary tbneaste the change of shear strength if
the waste mixture sample contains large particléals, the comparison between
small and large triaxial test is necessary to wtdad better the shear strength
behavior and pore water generated from waste nax@amples. In this research, the
particle size of the larger samples for large tebhxest 15cmx30cm is larger than
9.5mm. In the large triaxial test, the pore wateespure generated is higher
compared to the results obtained for small sanmghliesto the longer dissipation time

of pore water pressure.
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2)

3)

The shear strength for small samples is higher thase of large samplesiowever, the
direction of peak strength envelope for sampleslarger samples is similar. Thus,
the strength parameters results are almost no ehdinig suggested that the change
in pore water pressure contributed to the changesréss paths and shear strength of
material. The differences in stress paths for small and laggeples could be also related to
the crushability of the samples.

The test results showed that an increase in dianoétparticle size does not changed the
shear strength parameters of waste mixture in ablasidfill site. However, if a rapid loading
act on the waste mixture in coastal landfill sitbg, change of pore water pressure generated
for large samples should be consider to preventirtbbility of slope.Moreover, the

crushability of larger samples can increase thigese¢nt of coastal landfill sites.
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CHAPTER 5: EFFECTS OF THE BIODEGRADATION ON THE
MECHANICAL PROPERTIES OF MUNICIPAL
SOLID WASTE IN BIOREACTOR LANDFILLS

5.1 General Remarks

Landfilling is a primary disposal method for mumpiai solid waste (MSW) in many
countries including Vietham. The predominant forwfs waste disposal facility in
Vietnam are open and controlled dumping sites. Mdghem do not have a necessary
liner system or a cover system (Nguyen 2004), carensure landfill stability and pose
various environmental problems such as potentiaumpl water contamination and
emission of uncontrolled landfill gases.

Recently, the use of bioreactor landfill has iased due to its many advantages:
increase in rates of gas production; increase vwsabelization; increase in rate of landfill
settlement; and decrease in leachate disposal @stdi@sure cost (Reinhart et al. 2002).
Therefore, bioreactor landfills should be consideme appropriate alternative to address
landfill management problems in Vietnam.

In bioreactor landfill, leachate is recirculatedetohance waste biodegradation and
the geotechnical properties of waste are expectetidnge with time due to this process.
Thus, we should consider the time dependency (aginghe mechanical properties of
waste in this type of reactors. In bioreactor ldisjfwaste biodegradation is related to the
changes of the mechanical properties of the w&impressibility and shear strength are
the most important parameters to be considered.

The compressibility characteristics of waste arspecial concern when designing
temporary and final closure covers for landfills e(ttarachchi et al. 2009). The
compressibility of MSW is commonly estimated usitng theory of one-dimensional
consolidation (Fassett et al. 1994; Hossain e2@03), with the total settlement divided
into primary and secondary components (Sowers 19P8vious researches have
performed settlement experiments to investigateeffect of MSW degradation on the
compressibility characteristics of waste in biotead¢andfills. It has been found that the
rate of landfill settlement depends primarily onstegacomposition, operational practices
and factors affecting biodegradation (Wall 1995ss#in et al. 2003; Hettiarachchi et al.
2009).
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There are few studies about the effect of biodeggrad on the mechanical
properties of municipal solid waste in a bioreadsndfill. In addition, regarding the
impact of biodegradation on the strength of MSV¥, ribsults reported by researchers are
not consistent. While some researchers pointedhatitshear strength decreased with an
increase in MSW decomposition (Hossain 2002; Hossaid Haque 2009), other
researchers reported an increase in shear strasittjtilecomposition of waste (Reddy et
al. 2009a; Machado et al. 2010). Therefore, selecbf appropriate shear strength
parameters during the waste biodegradation proosssins a challenging issue for
bioreactor landfill design.

In this research, laboratory-scale bioreactor ldisdivere employed to investigate
the degradation of waste using samples that reaitteednaerobic decomposition phase.
A series of consolidation tests and consolidatedrained triaxial tests were carried out
on these MSW samples to evaluate the biodegradaffents on the compressibility and

shear strength properties.

5.2 Materials and methods

5.2.1Synthetic municipal solid waste preparation

The composition of MSW in Hanoi city (Vietnam) igarly 51% biodegradable
(organic materials, paper and textiles) and 49%-hiodegradable (plastic, rubber,
leather, wood, metal, glass and inert matter) bighte(see Fig. 5.1). Figure 5-2 shows
the composition of the synthetic municipal solidstea(SMSW) used in this study, which
simulates the composition of municipal solid wast¥iethnam (see Fig. 5.1). SMSW was
shredded into 10 mm pieces, and then deionizedrwate added to adjust water content
to 54.6% (wet weight basis).
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Fig. 5.2Composition of SMSW

5.2.2Bioreactor setup

The experimental setup of the lab-scale bioredatmifills constructed to simulate
a MSW landfill under anaerobic condition is showrig. 5.3. Two bioreactor tests were
run for a length of 35 and 118 days, respectiviglythese tests, the internal temperature
of the bioreactors was maintained at 35°C +0.1yGding temperature controllers.
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Fig. 5.3The schematic of bioreactor experiment

The bioreactors were made of acrylic resin and&d8 cm inner diameter and 50
cm height. These bioreactors were equipped witeethports: Port 1 was used for
drainage; Port 2 was used to recirculate the ldachad Port 3 was used to collect gas
generated by the decomposition. These bioreacters ¥illed with 8 kg of SMSW and
the initial height of the SMSW layer was 40 cm. tleate was stored in a 2 L plastic
bottle at the bottom of bioreactor and recirculateth a 500 ml/d of flow rate using a
peristaltic pump. Gas was collected in 5L and 1@ds bags and the volume was
measured by water displacement method. After sgaiime bioreactors were purged with

nitrogen to displace oxygen from the system.

5.2.3Degradation monitoring

During the time of the test, pH and chemical oxydemand (COD) of the leachate
as well as gas production were measured periogditailestimating the phase of waste.
Figure 5.4 shows the pH for waste after 35 days,piH of the leachate reached values
below 5.7, therefore the waste material was consitleto reach the anaerobic
decomposition phase. After 118 days, the waste rlahtwas considered to reach the

methane production phase, when the pH of the léaahas nearly 8 (See Fig 5.4). Then,
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SMSW was extracted and tested for physical chaiiatits, settlement and shear strength

properties.

-O- SMSWA
- SMSWM

0 20 40 60 80 100 120
Time (d)

Fig. 5.4 pH for waste at anaerobic phase and methane phase

5.3Mechanical properties of waste in bioreactor landfis

5.3.1Physical tests

The SMSW after 35 days and 118 days acceleratemhgsgsition are in an aerobic
phase (SWSWA) and methane phase (SWSWM). Theseleamgre subjected to
various physical tests including particle size ritisition test, wet water content, organic
content and specific gravity according to Japariedestrial Standard (JIS). These tests

were also conducted for the initial SMSW beforedeeomposition (SMSWI).

5.3.2Consolidation tests

A series of consolidation tests were conductedSMSWI and SMSWA. Both
waste samples were compacted into the consolidatign60 mm inside diameter and 20
mm in height). The water content of samples is showTable 5.1. Dry unit weight for
SMSWI, SMSWA and SMSWM were 5.9; 6.3 and 6.6 kRl/nespectively. The loading
method described by JIS A1217 was adopted to deterthe coefficient of primary
consolidation. Tests were run under a verticakstrange of 9.8-1256 kPa.
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5.3.3Consolidated undrained (CU) triaxial tests

The bioreactor landfill may become unstable if higbre water pressure is
generated by leachate recirculation. Thereforeectiffe strength parameters should be
carefully evaluated. In this research, consolidatadrained (CU) triaxial compression
tests were conducted for SMSWI and SMSWA. Specimere compacted at initial wet
unit weight about 12 kN/by using a cylindrical split mold with 50 mm diareeand
100 mm height. Samples were saturated by appliedwa procedure and back pressure
of 240 kPa to get pore pressure coefficient (B)hargthan 0.95. Samples were
consolidated with effective confining pressure0f 100 and 150 kPa and sheared at a

constant strain rate of 0.5%/min until 20% of strai

5.4 Results and discussions

5.4.1Physical tests

Table 5.1 summarized the physical properties aado#iticle size distributions for
the SMSWI, SMSWA and the SMSWM samples. It candenghat particle size of waste

is reduced due to the biodegradation process ibitreactor landfill.

Table 5.1Physical properties of SWSWI, SMSWA, and SMSWM

Specific gravity (-)

Parameters Water content (%) Organic content (%)
SMSWI 54.7 1.57 47.5
SMSWA 56 1.80 36.9
SMSWM 60 1.83 30.8

Another important finding is that the specific gtsof the waste samples increases
with the decomposition of the waste particles ia Hioreactor landfill. This process is
related to the reduction of organic content fronb4a for fresh waste (SMSWI) to 36.9
% for waste in the anaerobic phase (SMSWA) and%8d@ waste in the methane phase
(SMSWM).
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5.4.2Consolidation characteristics

Figure 5.6 shows the change of axial strain versrsolidation pressure in log

scale. The final cumulative strain under a pressfire256 kPavas approximately 46%

and 30% for SMSWI and SMSWA, respectively. Compmssatio G: was used to

calculate MSW settlement..Cis the slope of compression curves in Fig. 5.6 iand

related to the coefficient of primary consolidatiéyas shown in Eq. 5.1:

CcE= Cc-"f(l + el}j

(5.1)

wheree, is initial void ratio of waste samples.

Consolidation pressure (kPa)

10 100 1000 10000

10+

Axial strain (%)

404

50

204

301

-8 SMSWI
-#- SMSWA
—- SMSWM

Fig. 5.6Compressibility at different phases
The compression ratio of waste is shown in Tabke SMSWI and SMSWM

samples showed a higher compression ratio dueetp ltigger particle size and low dry
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density compare to that of SMSWA samples. This etablso shows that the
compressibility of the waste is governed by aneaske in voids ratio due to solids loss.
Table 5.3 compares the results from this study whth compressibility of waste
reported in previous research. The modified congesratio varied from 0.16 to 0.35
(Landva 1990; Hossain 2002; Vilar and Carvalho 20@&ttiarachchi et al. 2009; Reddy
et al. 2009a; Reddy et al. 2009b). The modified m@ssion ratios obtained from the
consolidation test run in this research are witthia range of values reported in the

published literature.

Table 5.2Compression ratio results

WOfwaste SMSwWI SMSWA SMSWM

Initial void ratio 2.07 2.25 2.3

Compression ratio 0.24 0.16 0.14

Table 5.3Compressibility of waste

Modified
Source Age of MSW (years) Test type compression
ratio (C' ;)
Fresh waste ( SMSWI) Laboratory 0.19
This study Waste in anaerobic phase ( SMSWA)  Laboratory 0.16
Waste in methane phase (SMSWM) Laboratory 0.14
Reddyet al (2009a) Fresh Laboratory 0.16-0.31
Reddyet al. (2009b) 15 Laboratory 0.19-0.24
Reddyet al. (2009c) Fresh Laboratory 0.24 -0.33
Hettiarachchi (2005) Fresh Laboratory 0.18-40.2
Hossainet al.(2002) Fresh Laboratory 0.16 — 0.25
Landva & Clark (1990) Fresh Laboratory 0.35
Dermusoglet al (2006) 10 Laboratory 0.13-0.26
Vilar & Carvalho (2004) 15 Laboratory 0.21
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In order to estimate the long-term settlement ofte@amples, consolidation tests
were conducted under constant stress of 88.3dkRag 25 days. Figure 5.7 shows the
relationship between axial strain and elapsed tioneSMSWI and SMSWA samples
under a constant pressure of 88.3 kPa. The ratengfterm settlement was quantified

using the modified secondary compression index & shown in Eq. 5.2:

C',. = As/loght (5.2)

wherele is a change of axial strain and lagis the change of time (see Fig. 5.9).

Using Eg. 5.2, the modified secondary compressigiex (Cy:) of SMSWI and

SMSWA were 0.01 and 0.006, respectively. Theselteesinow similar behavior with
primary consolidation of waste.
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Fig. 5.7Axial strain versus log time for long-term settlarhe

The modified secondary compression index, J of fresh waste and waste in
anaerobic phase were calculated and summarizeadbie 5.4. The results show that
secondary compression ratio is not constant. Theerdadensity of fresh waste may

cause the larger value of, than that of waste at anaerobic phase.
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Table 5.4Secondary compression ratio

Source Modified Secondary Compression ratio

This study 0.01 (Fresh waste)
0.006 (Waste in anaerobic phase)

Hossain et al (2002) 0.05-0.22
Wall and Zeiss(1995) 0.033-0.056
Gabr and Valero(1995) 0.015-0.023
Boutwell and Fiore (1995) 0.006-0.012
Fassett et al. (1994) <0.1
Landva & Clark (1990) 0.35
Bjarngard and Edgers (1990) 0.004-0.04
Oweis & Khera (1990) 0.001-0.04
Landva et al. (1984) 0.0005-0.029

5.4.3CU shear strength properties

Typical stress- strain curves for SMSWI, SMSWA &MdSWM were introduced
in Fig. 5.8 to Fig. 5.10. Deviator stress increaséh axial strain almost continuously,
without any peak in the stress-strain curve whigltonsistent with results obtained by
other researcher (Grisolia and Napoleoni 1996; Mdohet al. 2006). This mechanical
respond could be related to the reinforcementharfmaterial (15.6% of plastic material

with respect to the total weight) in the compositad SMSW.
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Fig. 5.8Stress-strain behavior for SMSWI
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Fig. 5.10Stress-strain behavior for SMSWM

The relation between pore water pressure versuas stxain for SMSWI, SMSWA,
and SMSWM are presented in Fig. 5.11 to 5.13, dsmdy. From these figure it can be
observed that pore water pressure under initialditioms is higher that during the
anaerobic phase and the methane phase.
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The results were interpreted in terms of the deviatress (q) and the effective
mean pressure (p’), following Eq.5.3 and Eq.5.4emelo’ ; ando’zare the effective axial

and confining stresses.

qg = [5‘1 - 5‘3] (5.3)
p'=(g',+ 2d';) (5.4)
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Fig. 5.11Pore water pressure for SMSWiI
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Fig. 5.12Pore water pressure for SMSWA
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Due to the lack of peak strength, shear strengthirndd at 15% of axial strain is
used to plot the strength envelope in p’, q plasee(Fig.5.14). As the slope strength
envelope of the SMSWM and SMSWA samples increakag)er shear strength is
observed in these samples than in the SMSWI samples
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Fig. 5.14Strength envelope for SMSWI, SMSWA and SMSWM

Shear strength parameters results are presenieabla 5.5. These results show an
increase of friction angle but a decrease in camesi MSW. The increase of friction
angle of SMSWA and SMSWA could be explained by thange of waste structure.
Decreases in particle size and organic contenthareesult of the biodegradation process.
Therefore, the increase in the density of the whsters and the changes in the porous

structure caused an increase in the friction adghleng the anaerobic phase. Figure 5.15
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compares the CU results of this research with pressstudies. The results show that the
higher organic content of waste samples leads dbehnicohesion results. The trend of
MSW behavior in this study characterized by a trethére a decrease in cohesion and an
increase in the angle of friction with MSW age albeserved. This trend is similar to the
observed in the results presented by Reddy e2@09@).

Table 5.5Strength parameters results

Phase (0] c
SMSWI 20.8 10.1
SMSWA 32.0 4.6
SMSWM 41.2 4.4
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Fig. 5.15Shear strength parameters
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5.5 Summary

Based on the experimental results, the MSW behavlmserved during the

consolidation and triaxial tests can be summaraetbllows:

1) In bioreactor landfills, waste mass is reduced tdugiodegradation of organic
content such as food waste and garden waste amd paggucts. The organic
material is converted to G@nd methane. In this research, the results of lab-
scale bioreactor tests showed that particle sidepane structure of MSW are
reduced due to biodegradation of waste. The carestodn tests showed that
the compression indexes are reduced due to biodkstya process. These
results are consistent with previous researchhéncbnsolidation tests, MSW
samples were prepared under disturbed and normadigolidated conditions.
Thus, the consolidation test does not considerbibdegradation progress
during consolidation test that might affect theuitss of compression index
when conducting long-term settlement. The combamatf settlement and
biodegradation in one facility would be suitableesiimate the settlement of
MSW in bioreactor landfills. In real bioreactondill sites, the volume of
waste decreases due to biodegradation and theedsitg might decrease for
fresh waste. However, the density is increasedherdegraded waste, if the
waste layers are compacted. Thus, the results isfrédsearch should be
carefully used to estimate the settlement of MSWianeactor landfill.

2) Itis necessary to understand the change of setilenf MSW landfills over
time. The long-term settlement was estimated bysaclihation tests. The
modified secondary compression inde®’ ) was not constant for waste
samples as it was observed for soil samples. Feshrésults, it was observed
that C’',. decreases as the waste degradation increases. Using a single
value of C',, may lead to unrealistic settlement estimatesandfills. It is
suggested that the changes of secondary compressiax should be
considered for calculating the settlement and ktyabif bioreactor landfills.

3) Inthis research, the stabilization phase of MSWiareactor landfills has not
been defined due to the lack of gas compositionléachate. Thus, the
consolidation and triaxial test results do not tak& consideration the

stabilization phase of MSW in bioreactor landfills.
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4)

5)

CU test results showed that the stress-strain hameave curves and peak
deviator stress are not reached until 20% of agiahin. The strength

parameters showed the increase in the frictiornduthe anaerobic condition
due to the a) increase in the density of the wiasters, b) the changes in the
porous structure of MSW samples, and c) the redef@omponent in MSW

composition (plastic is 16%).

The cohesion of MSW samples decreased with MSWegiatiation due to

the reduction of organic content. It is stronglgaemended to consider the

changed of cohesion for stability of bioreactordiis.
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CHAPTER 6: PRACTICAL IMPLICATIONS

6.1 Coastal landfill sites

The shear strength parameters are important fona&ng the stability of coastal
landfills. In this research, the aging effect ba shear strength of the waste mixture layer
in coastal landfill sites was studied in Chaptear®®l the results showed that the shear
strength of samples increased with curing time. Slnear strength of the waste mixture
samples ranged from about 250 kPa to 650 kPa.

The results also showed that the increased inr fteength is not related to the
bonding effect or the friction angle of the wasttore sample. However, the change of
density is an important factor on the developméshear strength. Therefore, the density
of the waste mixture layers should be carefullyestigated in coastal landfill sites.

Another factor that is important to determineondler to utilize a coastal landfill
site after closure is the bearing capacity of tlaeste mixture layer. The bearing capacity
determines the capacity of the waste mixture lagesupport foundations and therefore
defines its geotechnical performance. The resultshis research showed that waste
mixture samples exhibited a self-hardening behawitir a shear strength capacity > 200
kPa. This bearing strength capacity can be useddsic structures, such as houses,
according to the Japan Waste Management Conséssatciation where an N-value=15-
30 or allowance bearing capacity of 100-200 kRagsiired (JWMCA 1994).

In the case of waste mixture has the particle Eimge than 9.5mm, results of this
research suggested that it is necessary to usddrgestriaxial test for investigating the
shear strength behavior. Although an increaseamdter of particle size does not change
the shear strength parameters of waste mixtureastal landfill site. However, the pore
water pressure generated for large samples inrlangeial test are much higher than
those of small samples. Thus, if a rapid loading @t the waste mixture in coastal
landfill sites, the change of pore water pressweregated for large samples should be
consider to prevent the instability of slope. Moren the crushability of larger samples

can increase the settlement of coastal landféksit
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6.2 Bioreactor landfills

Bioreactor landfills are operated to enhance refdseomposition and waste
stabilization by implementing leachate recirculatioln general, waste biodegradation
leads to changes in the physical and mechanicadepties of waste. This study tested
synthetic MSW (SMSW) with controlled composition ¢tdserve the changes of the
mechanical properties of MSW with the degradatioocess. In the case of settlement,
the compression index and modified secondary cosspe index are not constant. These
parameters change with the degradation processefbine, to calculate the settlement of
the waste layer in a bioreactor landfill; it is gegted that the waste layer should be
divided into the separate layers depending on thegradation phase. This approach may
improve the accuracy of the estimation of the wastdement in bioreactor landfills.

The waste in a bioreactor landfill does not havsirggle age, but rather have
different ages associated with their respectivéilstation stages (Hossain 2009). The
age of the waste in a MSW landfill can be dividetbidifferent degradation phases such
as aerobic, anaerobic, methane, etc. As time pagsdise solid waste layers are expected
to move to next phase of decomposition. Finallgrattomplete stabilization, all solid
waste layers would be at the final stage of decaitipo. In the same way, shear strength
parameters for solid waste will change, causingeonfor landfill slope stability.

In this research, the shear strength parametetregmmn and friction angle) were
measured during the CU tests. From the resultgsioh ranged from 4.4 to 10.1 kPa and
friction angle varied from 20.8° to 41.2°. The csioa was reduced with the degradation
and this increased the concerns for the stabifityiareactor landfills. The changes in the
geotechnical properties of the MSW due to wasteatkgion should be accounted in the
analysis and design of landfills, particularly l@actor landfills.

Leachate recirculation places concerns for the filhretability under undrained
condition. The effective shear strength parametdrsined in this research are very
important to estimate the stability of a bioreademdfill. Using the changes of shear
strength with degradation, MSW within a landfiliche divided into different layers with
changes of strength properties. These data canbéné@mput into a modelling program to
predict stability.

Due to the heterogeneous nature of landfills, caermpmodelling of the waste layer
requires analysis with experimental data from laoter landfills is needed and all of the

tests results in this study might be utilized tsess the stability and settlement of
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bioreactor landfill. For slope stability analysi$§ lmioreactor landfills, it is needed to
consider site-specific conditions in order to maleasonable estimation for slope

stability.
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CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

The main results of this research are summarizéollasys:

In chapter 3, the author discussed the mechaniogkepties of the waste layer in a
coastal landfill site. In this chapter, mechantesks such as CU triaxial test and hydraulic
conductivity were carried out in the initial andred samples in simulated leachate for
180 days. The CU test results showed that ther stiemngth of waste mixture samples
increased with curing time and the pore pressuik dasignificant impact on shear
strength development. However, cohesion and dricingle do not change with curing
period. Therefore, an important finding is that therease in shear strength with curing
time is not due to cementation or bonding effeais dnly to densifications of waste
mixture samples due to hydration. The mechanisitiisfbehavior is the waste mixture
crystals and the hydration products are considerdthve the same cohesion and friction
angle and that lead to no changes in cohesionatioft angles in the specimen cured in
simulated leachate in coastal landfills. The SEM XRD also confirmed the mechanism
of curing waste mixture in coastal landfill sitéche results from the SEM and XRD
analysis showed an increase in the formation oingtte and other hydration products,
such as CSH, with curing time, the increase of isls&@ngth due to densification of
sample. In addition, the trend of pore water presgenerated was that initial peak pore
water pressure increased as curing time increasgdireal pore water pressure decreased.
The larger curing period, the higher density andnarease in dilatancy of waste mixture
samples are. It was also found that the effectilataht behavior is higher in samples
under small confining pressure than in samples whagh confining pressure. The pore
water pressure contributed to the increase insfpashs and strength of waste mixture
samples as increased curing time. Moreover, wastiire samples showed an increase
in the modulus of elasticity with curing time. $hrend is consistent with the increase of

shear strength of waste mixture samples.
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In chapter 4, large-scale triaxial test and a srralkial test were conducted in
waste samples. This chapter deals with the effettarge particle size on the shear
strength of waste mixture samples. In the caseastevmixture has the particle size large
than 9.5mm, results of this research suggestedttisatecessary to used the large triaxial
test to investigate the shear strength and porervméssure generated behavior in large
sample. The large specimen had 15 cm in diametér3@ncm in height, while small
specimen had 5 cm in diameter and 10 cm in heighe CU triaxial test results showed
that the peak deviator stress of large specimerss snaaller than the one observed in
small specimens. Although an increase in diametgradicle size does not change the
shear strength parameters of waste mixture in ab&mtdfill site. However, the pore
water pressure generated for large samples inrldrigexial test are much higher than
those of small samples due to longer time dispatf pore water pressure in large
samples. Moreover, the crushability of large sas@eanother factor that contributes to

the change of pore water pressure and peak degi@éess in large samples.

In chapter 5, lab-scale bioreactor tests were coteduo simulate MSW bioreactor
landfill under anaerobic condition. Synthetic MSB8MSW) was used in the tests. Then,
SMSW was extracted and tested for physical chaiiatits, settlement and shear strength
properties. The results of lab-scale bioreactotstehowed that particle size and pore
structure of MSW are reduced due to biodegradatiowaste. The consolidation tests
showed that the compression indexes are reducedodbi@degradation process. These
results are consistent with previous research. Wewen the consolidation tests, MSW
samples were prepared under disturbed and norroatigolidated conditions. Thus, the
consolidation test does not consider the biodegi@d@rogress during consolidation test
that might affect the results of compression indéren conducting long-term settlement.
In the case of CU test, the results showed thastiless-strain has a concave curves and
peak deviator stress are not reached until 20%xiall atrain. The strength parameters
showed the increase in the friction during the amiaie condition due to the a) increase in
the density of the waste layers, b) the changékarporous structure of MSW samples,
and c) the reinforce component in MSW compositiplagtic is 16%). In addtion, the
cohesion of MSW samples decreased with MSW biodiagian due to the reduction of

organic content.
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7.2 Recommendations and future research

7.2.1 Coastal landfill sites

In coastal landfill sites, the long-term deformatjoroperties of the waste mixture
layer are an important issue. In this study, it whserved that the hydraulic conductivity
of waste mixture samples decreased with curing aaime that in turn change the rate of
consolidation of the waste mixture layer in coaalfill sites. Therefore, studying the
long term deformation of the waste mixture layeowdt be considered for analysis in
future research.

As shown chapter 3, the effects of pore pressubaber due to changes in the
structure of the voids lead to an increase in beasstrength of the waste. Therefore, it is
necessary to consider the shear strength of theinspe structure by Consolidated
drained (CD) triaxial compression tests. In additithe seismic loading should be taken

into account in triaxial tests to estimate the iitglof coastal landfill sites.

7.2.2Bioreactor landfills

In this research, the consolidation tests weraezhout on disturbed MSW samples
that may affect results. In the future, undisturlsesnples should be considered. In
addition, a combination of settlement and biodegtiad in one facility would be suitable
to estimate the settlement of MSW in bioreactodfdis. In real bioreactor landfill sites,
the volume of waste decreases due to biodegradatidrihe dry density might decrease
for fresh waste. However, the density is increalmedhe degraded waste, if the waste
layers are compacted. Thus, the results of thisareh should be carefully used to
estimate the settlement of MSW in bioreactor lahdfi

It is recommended to take into account the biod#mran process when
determining the mechanical properties of MSW fosigie and construction of bioreactor
landfills. It may be very important issue for erggning designers to evaluate the stability
of landfills by using a suitable shear strengthueabf MSW at different biodegradation
levels.

Consolidated drained triaxial tests of MSW should donducted for bioreactor
landfills taking into account biodegradation to adleaa better understanding of the
behavior of MSW. This will help engineers to makeod decisions in the design,
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construction as well as in the maintenance of bicia landfills. To estimate settlement
and stability of bioreactor landfills, numericaladysis might suitable because it can be
simulate bioreactor landfills model and then poegewr pressure, consolidation and safety
factor are calculated with the changes of biodegjfrad for MSW layers in the model.
Based on the information generated in this reseagghluation of failed waste

slopes may provide useful insight.
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Appendix A: Large triaxial test machine

This apparatus can be used to conduct soil mechaperiments in order to
investigate the geotechnical properties of geonadseemployed for slope stability and
foundation bearing capacity.

+  Overview:

This apparatus is used to determine the mechapiogkrties of a cylindrical soll
specimen by performing a standard Triaxial tesh abnstant strain rate and measuring
stress, strain, pore pressure and volume changesbfhin various soil parameters. The
following tests can be conducted:

(1) Standard Triaxial compression tests: Unconatdéid undrained Triaxial
compression test, UU (JGS 0521), Consolidated &indd Triaxial
compression test, CU (JGS 0522), Consolidated &inedd Triaxial
compression test with pore water pressure measmism CU (JGS 0523),
Consolidated Drained triaxial compression test, (@GS 0524).

(2) Special Testing Feature
While conducting triaxial compression tests, ipassible to incorporate loading

or unloading at any designated stress or straial,len the strain-controlled or stress-

controlled way.

+ Testing Apparatus:

a. Triaxial cell: (2 sets)

1. Standard specimen diameter 50mm x height 100met 1
2. Large specimen diameter 150mm x height 300met 1 s

b. Axial loading machine (DD Motor) (1 set)

c. Pressure increasing equipment (1 set)

d. Double tube burette, water tank for saturationedl water (1 set)

e. Sensors (1 set)

f. Experiment control and data logging equipmeraruter & TC-32K) (1 set)

g. Test control software (MFT) (1 set)

h. Others accessories (1 set)

« Functional specifications and performance:

1) Loading machine and drive unit
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Loading range: capacity 100 kN, Stroke 100 mm, 8pee
0.00005~5mm/min
2) Loading frame (Reaction frame) (Geo-Researshtirie made)
Capacity: 200kN, loading space 330 mm x 500 mm&r@én (Ht.)
3) Triaxial cell:
1) Specimenitp 50 mm x h 100 mm)
i) Specimenip 150 mm x h 300 mm)

+ Test Control/Computer Software:

Triaxial compression testing software, MFT is pmetalled in the computer.
Besides controlling the outputs to the DD Motor &Rlregulators for CP and BP, it can
also acquire data from the TC-32K Data Logger gtspecified interval.

- '.'"."':
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-:r # "
P
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1l . B ~

i
i

Fig. A.1Complete testing system
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MNotebook

computer Power 8W
DD motor servo
Data logzer TC-23K on 5W
Back pressura
motitor
Back pressure regulator
Cell pressure f:u P‘:;rsm
Auto/Manual
Switch Valve

VA converter

Sensor
Connection

Switch box

Fig. A.2Measurement and control parts
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- Large Triaxial Cell

Attachment for deformation Gauge Fiston

Piston stopper

Cell protection
fing Axial support
Cap
Cell pressure
coupler
an Support
Crylindrical
cell
Specimen top drain
Daouble eylinder
butettle
Pedestal Lower support ning
with porous
metal
Top/bottom drain
wvalve
Cell
pressure Pore pressure tranducer Support fag
tranducer
Back/pore Specimen to burettle (Volume
pressure measurement) Valve
Specimen top
Specimen drain drain valve
valve

Fig. A.3Large triaxial cell (15x30cm)
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-Double burrettle cylinder, Tank supply water

- \I l

Double burettle cylinder Tank supply for de-airing water

- Sensors

- Cell pressure tranducer
Pore/Back pressure tranducer  puge i) pranducer

- Accessories

Cylinder apparatus for

membrane extension Lifter with handle for

Large-size triaxial cell

Fig. A.4Other accessories in triaxial test
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Appendix B: Lab-scale bioreactor landfill

7z 1 ‘ Recirculationleachate
Temperature ‘ : tube

controller

Gas
Bag (Tedlar)

Column
D=19cm,
H=50cm

Mini pump

gas

Fig. B.1Experimental set-up for lab-scale bioreactor ldhd§ied in this study
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